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Comments on OSHA’s Proposed Rule: Occupational Exposure to Beryllium and Beryllium Compounds 
in Construction and Shipyard Sectors 


Submitted by North America’s Building Trades Unions 
Docket No. OSHA-H005C-2006-0870 


 


These comments are submitted by North America’s Building Trades Unions (NABTU) on behalf of its 14 


affiliated national and international unions and the 3 million working men and women they represent. 


NABTU strongly disagrees with OSHA’s proposal to remove protections for construction workers 


exposed to beryllium and urges the agency to maintain the current beryllium standard, which protects 


all workers equally against this known carcinogen. 


The final rule on occupational exposure to beryllium and beryllium compounds, published in the Federal 


Register on January 9, 2017, protects all working people from beryllium exposure, including workers in 


general industry, construction and maritime (29 CFR § 1910.1024, 29 CFR § 1926.1124, and 29 CFR § 


1915.1024, respectively). The final rule lowered the Permissible Exposure Limit (PEL) to 0.2 µg/m3 8-


hour time weighted average (TWA), and created a Short-term Exposure Limit (STEL) of 2.0 µg/m3 over a 


15-minute sampling period, an action limit (AL) of 0.1 µg/m3 8-hr TWA, and other provisions such as 


exposure assessment, methods for controlling exposure, respiratory protection, personal protective 


clothing and equipment, housekeeping, medical surveillance, hazard communication, and 


recordkeeping, all of which are essential to successfully reducing risk. The final rule, including all the 


aforementioned protections, went into effect on May 20, 2017. 


The proposed amended rule would lessen the protections the final rule promised construction and 


maritime workers by removing the ancillary provisions for these sectors, only keeping the PEL and STEL. 


Our objections are twofold – first, construction workers have significant risk of material harm to their 


health through their exposure to beryllium; second, the ancillary provisions are necessary to provide 


adequate protection because the PEL and other existing standards fail to do so. 


I. Construction Workers Face Significant Risks of Harm from Beryllium Exposure. 


OSHA promulgated the final beryllium standard in construction based on “supportive testimony and 


comments from stakeholders along with exposure data in the record indicating the potential for 


exposures above the action level” (82 FR 29187), and evidence that those exposures caused significant 


negative health effects (82 FR 29183).  


In support of the final rule protecting construction workers from the hazards of beryllium exposure and 


to provide evidence of significant risk, NABTU submitted comments (OSHA-H005C-2006-0870-1679), 


testified at the public hearing (OSHA-H005C-2006-0870-1756), and submitted post-hearing comments 


(OSHA-H005C-2006-0870-1805). NABTU’s evidence established that construction workers exposed to 


beryllium develop beryllium sensitization (BeS), chronic beryllium disease (CBD), and lung cancer 


(Ex.1679, pp. 1-4). This included evidence of significant risk of beryllium exposure among workers 


engaged in tasks associated with abrasive blasting using copper and coal slag, including abrasive blasting 
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operators, pot tenders, and cleanup workers/helpers1,2,3. Additional peer-reviewed publications 


demonstrated the prevalence of BeS and CBD among other construction workers who had worked at 


Department of Energy nuclear weapons sites. These workers perform tasks such as maintenance, 


renovation, repair, and demolition in beryllium-contaminated facilities4,5. In support of this evidence, 


National Jewish Medical and Research Center submitted data and stated:  


Overlooked are construction trades workers who are often exposed at beryllium-using facilities 


as subcontractors. Unfortunately, these individuals are not usually part of a company medical 


surveillance program and are often not made aware of the potential for exposure. Our group at 


National Jewish has evaluated five individuals who developed CBD after being exposed to 


beryllium while employed as construction contractors in a beryllium processing plant in Ohio. 


Current and former construction trades people at nuclear weapons plants across the US have 


also developed BeS and CBD, as demonstrated by screening program at the Hanford Nuclear 


reservation, Oak Ridge and the Savannah River Site. Studies at the Rocky Flats Plant have shown 


tradesworkers to be at increased risk of developing BeS and CBD (Stange 2001). (Ex. 0155, p. 3; 


Ex. 2042, p. III-6) 


Additionally, Washington Group International, which provides construction services at DOE facilities 


stated:  


…several significant beryllium exposure groups are construction/demolition employees, landfill 


employees (dump location and equipment operators), maintenance work forces and custodial 


workers. Areas that have had beryllium operations in the past routinely have beryllium 


contamination found within ventilation systems, between floor boards, in cracks of floor tiles, 


mixed within building insulation, mixed within general building dust and contained in materials 


that are being placed/dumped into landfills. The listed worker categories are at risk due to 


exposure by airborne dust that may be created by their respective work activities. Without 


information to protect themselves, they may not don appropriate PPE while performing their 


work duties. (Ex. 2042, p. III-6) 


                                                           
1
 “The potential for beryllium exposure from abrasive blasting operations using coal slag: a brief summary of 


research conducted by CPWR - The Center for Construction Research and Training” CPWR 2013.  
2
 John Meeker, Harvard School of Public Health; Pam Susi, CPWR; Anthony Pellegrino, New Jersey D.O.T. Field 


Evaluation of Worker Exposures Using Abrasive Substitutes for Silica Sand. Unpublished data, 2005. 
3
 Meeker J, Susi P, and Pellegrino, A. (2006). Comparison of occupational exposures among painters using three 


alternative blasting abrasives. Journal of Occupational and Environmental Hygiene, 10/2006: D80-4. 
4
 Welch L, Ringen K, Bingham E, Dement J, Takaro T, McGowan W, Chen A, Quinn P. Screening for beryllium disease 


among construction trade workers at Department of Energy nuclear sites. American Journal of Industrial Medicine, 
46: 207-218, 2004. 
5
 Welch L, Ringen K, Dement J, Bingham E, Quinn P, Shorter J, Fisher M. Beryllium disease among construction 


trade workers at Department of Energy nuclear sites. American Journal of Industrial Medicine, 56:1125-1136, 
2013.  
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From the risk information in the record, including the aforementioned evidence, OSHA concluded 


abrasive blasters, pot tenders, helpers, cleanup workers, and construction workers who perform 


maintenance, renovation, repair, and demolition in beryllium facilities have the potential for adverse 


health effects from beryllium exposure.  


In addition to acknowledging that beryllium exposure is associated with BeS and CBD, OSHA confirmed 


that beryllium is a well-recognized lung carcinogen. The International Agency for Research on Cancer 


(IARC) classified beryllium as a Group 1 carcinogen (carcinogenic to humans) citing sufficient scientific 


evidence in humans and experimental animals for lung carcinogenicity of beryllium and beryllium 


compounds. OSHA acknowledged “the best available evidence indicates that there is a significant risk of 


CBD and lung cancer to workers in construction and shipyards based on the exposure levels observed” 


(82 FR 29221). 


In its notice of proposed rulemaking, OSHA does not question its conclusions regarding the significant 


risks of material health impairment among construction workers. Instead, it reiterates that “OSHA has 


evidence that workers are exposed to beryllium above 0.2 µg/m3 in abrasive blasting in construction” 


(82 FR 29221), and that because “there is significant risk of material impairment of health [even] at the 


new lower PEL of 0.2 µg/m3, the Agency continues to believe that it is necessary to protect workers 


exposed at this level” (82 FR 29183). Therefore, OSHA continues to agree with NABTU that construction 


workers have a significant risk of beryllium exposure and consequent material impairment to health, 


and that they accordingly require protection from beryllium.  


In promulgating the final rule, OSHA acknowledged its obligation, when setting a PEL at a level that still 


exposes workers to significant risks, to “require all feasible measures for reducing” those risks (82 FR 


2477). And it concluded “that the ancillary provisions in this final standard provide significant benefits to 


worker health by providing additional layers and types of protection to employees exposed to beryllium 


and beryllium compounds” (82 FR 2478). Despite still acknowledging that beryllium exposures, even at 


the PEL, will expose construction workers to significant risks, OSHA is nonetheless now proposing to 


eliminate the ancillary provisions in the final rule, and instead to rely solely on the PEL of 0.2 µg/m3 and 


STEL of 2.0 µg/m3 to protect construction and maritime workers. The sole reason for this proposal is 


OSHA’s unsupported view that other standards adequately provide the protections the ancillary 


provisions would otherwise provide. As explained in the next section, this is simply not the case. 


 


Until this proposal, OSHA has never attempted to revoke protections against a known carcinogen from 


any group of workers. Nor has OSHA ever promulgated a health standard to protect against a known 


carcinogen that does not include ancillary provisions to ensure workers are adequately protected.  


OSHA included construction and maritime workers in the final rule to “ensure that workers exposed to 


beryllium in the construction and shipyard industries are provided with protection that is comparable to 


the protection afforded workers in general industry” (82 FR 2640). OSHA’s attempt to revoke 


protections for construction and maritime workers discriminates against these workers based solely on 
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their industry sector and not on scientific evidence.  The ancillary provisions in §1926.1124 are required 


to protect construction workers from the risk of BeS, CBD, and lung cancer. 


II. Current Construction Standards do not Provide an Adequate Substitute for the Beryllium 


Standard’s Ancillary Provisions. 


OSHA has concluded that construction workers are primarily exposed to beryllium when engaged in 


abrasive blasting, and suggests that current standards provide these workers with all of the protections 


they would otherwise get through the beryllium standard’s ancillary provisions (82 FR 29183).  In 


particular, OSHA asserts that its construction standards for Ventilation (29 CFR § 1926.57), Criteria for 


personal protective equipment (PPE) (29 CFR § 1926.95), and Hazard Communication (29 CFR § 


1926.21), or general industry standards which apply to construction, Respiratory Protection (29 CFR § 


1910.134) and Hazard Communication (29 CFR § 1910.1200), are adequate to protect construction 


workers from beryllium exposure. This is a deviation from OSHA’s previous conclusion, “Together, these 


provisions, along with the new TWA PEL of 0.2 µg/m3, will substantially reduce workers’ risk of material 


impairment of health from occupational beryllium exposure” (82 FR 2552); however, there is no 


evidence to support these assumptions. Previous evidence in the record proves that the current 


standards are not enough to protect construction workers. NIOSH testified, “Existing regulations 


requiring use of enclosures with ventilation and airline respirators in abrasive blasting are not sufficient 


to protect workers from exposure to beryllium” (Tr. 19). The AFL-CIO commented, “Existing 


standards…do not take into account serious sensitivity health effects associated with beryllium; OSHA 


cannot solely rely on compliance with such standards to protect works from beryllium exposure” (Ex. 


1689, p. 6).  


OSHA has already discounted the benefits of the rule to construction workers in the Final Economic 


Analysis: “Given uncertainties about the level of existing respirator use among other workers involved in 


abrasive blasting operations, OSHA conservatively assigned no benefits related to a reduction in their 


airborne exposure to beryllium” (Ex. 2042, p. VII-10).  OSHA nonetheless concluded, in promulgating the 


final rule, that the other standards were not an adequate substitute for the ancillary provisions, stating, 


“The OSHA Ventilation standard in construction (1926.57) and Mechanical paint removers standard in 


shipyards (1915.34) provide some general protections for abrasive blasting workers but do not provide 


the level of protection provided by the ancillary provisions contained in the final standards such as 


medical surveillance, personal protective equipment, and beryllium-specific training” (82 FR 2637). 


OSHA has provided no justification for its change in view, other than blanket statements with no 


supporting evidence. 


In the following sections, we will demonstrate first, the value of the ancillary provisions in the final rule, 


and second, why the cited standards do not adequately protect construction workers from the 


significant risks posed by beryllium exposure. 
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 A. All of the ancillary provisions provide benefits to construction workers. 


The ancillary provisions are longstanding and foundational to OSHA’s comprehensive 6(b)(5) standards 


to protect workers from the most toxic substances, such as beryllium. Each provision, on its own, 


provides a benefit to workers and protects them from the material impairment of health they continue 


to experience from exposures at the PEL. Moreover, the ancillary provisions, working together with the 


PEL, protect almost all workers from unnecessary beryllium exposure and from the threat of BeS, CBD 


and lung cancer.  The ancillary provisions provide a roadmap for employers to put in place the proper 


engineering controls, work practices, planning, training, and PPE that OSHA has concluded are necessary 


to protect against exposures to beryllium. Other ancillary provisions, such as medical surveillance, 


further protect workers who, even with all the other safeguards in place, may still be overexposed and 


have a resulting health condition. The ancillary provisions serve a particularly essential role in protecting 


workers from beryllium, because of the significant risk of material impairment that OSHA recognizes 


continues to exist at the PEL of 0.2 µg/m3.  


Exposure assessment 


Exposure assessment, or assessing workers’ exposure to toxic substances, is a foundational principle of 


industrial hygiene. It is a “well-recognized and accepted risk-management tool” (82 FR 2651) used by 


industrial hygienists to characterize workplace exposures. The initial assessment is an essential tool for 


employers to understand the extent of exposures on their worksites and to identify the necessary 


controls, and subsequent monitoring is necessary to determine if the chosen controls are working 


effectively.  The requirement that employers characterize, control, and evaluate exposures to beryllium 


ensures workers that their exposures are kept below the PEL and STEL, and ensures employers that they 


are meeting their legal obligations.  


This provision in the final rule not only follows traditional industrial hygiene practices, but includes 


flexibility for contractors through allowing performance or scheduled monitoring options. 


Written exposure control plan 


The final rule requires employers to create written exposure control plans, which provide them with a 


clear plan of where exposures occur and how to control those exposures. This helps employers 


understand the risks of beryllium exposure present in their worksite and ensures that the controls are in 


place to prevent or protect against beryllium exposures. Pre-project planning is already integral to 


everything that happens in construction from the bidding stage and throughout the project. It is just as 


important for employers to have a written plan to protect their workers from beryllium as it is for them 


to plan on having the right materials, equipment and trades together to complete a task.  


Planning for beryllium-specific tasks requires the employer to take account of the unique toxicity 


features of beryllium. Requiring a written plan is essential for protecting workers against the significant 
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risk of health effects at low exposures and protects against dermal exposure, as employers are less likely 


to follow control methods that are not written down.  


A key feature of written exposure control plans, in addition to a description of the engineering controls, 


work practices and substitute materials for each task, is a description of how employers will limit 


exposures of workers not engaged in beryllium tasks. Limiting workers access to work areas where 


beryllium tasks, like abrasive blasting, are occurring is critical to protecting those workers. Without a 


written plan, we are certain construction employers are unlikely to take the steps necessary to 


adequately control beryllium exposure.  


Competent person 


As stated in previous comments in the record (Ex. 1805, pp. 4-5; Ex. 1805, Attachment 2, pp. 106-114), a 


competent person is important to ensure there is an agent of the employer on site who has the 


knowledge to recognize and evaluate beryllium hazards and the appropriate authority to correct those 


hazards. Unlike fixed workplaces, where it is common to have a full-time safety professional, 


construction workplaces typically do not have safety professionals on-site. Hazards must therefore be 


recognized and controlled by site personnel. Requiring a competent person for beryllium is especially 


valuable because of the significant risk of BeS, CBD and lung cancer at low exposure levels and the ability 


for beryllium to be absorbed through the skin. Having a person with the knowledge and authority to 


address these beryllium-specific hazards provides employers with the flexibility to control beryllium 


exposure before exposures exceed the PEL. Moreover, the final rule assures that the employer’s 


exposure control plan is properly implemented by assigning that role to the competent person.  


OSHA has previously recognized the importance of having a competent person in the construction 


industry by including it in 20 of its construction standards, including lead, asbestos, cadmium, and silica 


(82 FR 2666), providing benefits for workers exposed to a variety of construction hazards.  


PPE 


The PPE provision in the final rule explicitly recognizes that workers need protection from both 


inhalation and dermal exposures. OSHA determined that dermal exposure to beryllium has been 


demonstrated to cause skin irritation and sensitization, and that non-soluble beryllium is capable of 


releasing beryllium ions in biologic fluids, such as sweat. Moreover, laboratory studies have confirmed 


the transdermal absorption of fine non-soluble beryllium particles (approximately one micron size) 


across intact skin, particularly in flexure points, while non-intact skin is common among workers 


engaged in heavy work, such as construction work (82 FR 2488-2489). Exposure assessment studies have 


correlated airborne exposure with surface contamination and demonstrated transfer of contaminants 


on body surfaces, while epidemiologic studies support dermal exposure as an important route for 


beryllium sensitization that can be reduced through interventions that reduce surface contamination.  


Thus, the beryllium standard requires PPE use, removal, storage, cleaning, and replacement according to 


the written exposure control plan and contains beryllium-specific triggers such as the PEL, STEL, or 
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dermal contact with beryllium. This provides additional protections for construction workers through 


these performance-based PPE requirements, for example, addressing potential for BeS through doffing 


exposures. This provision fulfills OSHA’s intention “to prevent dermal exposure to beryllium and prevent 


the accumulation of airborne beryllium on clothing, shoes, and equipment, which can result in 


additional inhalation exposure” (82 FR 2678).  


In its notice of proposed rulemaking, OSHA justifies its proposal to eliminate this provision by asserting 


that no benefits will be lost, since “[b]aseline usage of respirator and PPE is far higher in construction 


and shipyards” (82 FR 29216). OSHA has provided no evidence for this assertion, and NABTU strongly 


disagrees with the statement. In fact, NABTU previously submitted evidence that showed that, with the 


exception of abrasive blasting operators wearing type CE respirators, construction workers’ use of PPE 


during abrasive blasting operations is extremely limited (Ex. 1805, p. 3). Dermal protection from 


beryllium exposure is essential for construction workers as for other workers. 


Hygiene areas and practices 


Hygiene areas and practices including washing facilities, change rooms, and eating and drinking areas 


provide protections not only for abrasive blasting workers, but for all construction workers who may be 


exposed to beryllium, such as those who come in to perform maintenance, repair, renovation, or 


demolition of worksites that contain beryllium.  


Hygiene areas and practices reduce the spread of beryllium. When beryllium-exposed workers are 


afforded washing and clean-up areas, all construction workers on the site are protected from exposure, 


especially those who don’t perform beryllium-exposing tasks, who may not be aware of the hazards of 


beryllium.  


Housekeeping 


The housekeeping provisions require specific cleaning methods that reduce the risk of spreading 


beryllium to other areas and creating airborne beryllium, for example, prohibiting dry sweeping or 


brushing except in rare circumstances. As discussed in previous comments, dry sweeping and brushing 


would require the entire work area to be decontaminated before any other work could be performed 


(Ex. 1679, p. 9). These requirements also prevent beryllium from becoming airborne, keep areas clean 


according to the written exposure control plan, and prevent beryllium from spreading to other work 


areas. These requirements are particularly beneficial for workers who clean up spent abrasive or 


perform maintenance, repair, renovation, or demolition of worksites that contain beryllium.  


Medical surveillance 


Medical surveillance provides benefits to construction workers who risk adverse health effects from 


beryllium exposure. In publishing the final rule, OSHA reviewed a strong body of scientific evidence 


clearly demonstrating the risk for developing BeS, CBD, acute beryllium disease, and lung cancer from 


beryllium exposure, and described the benefits provided by medical surveillance (82 FR 2470).  
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Citing medical and scientific peer-reviewed publications and comments to the docket, OSHA established 


that beryllium sensitization through respiratory or dermal exposure can occur at extremely low 


exposure levels; that sensitization can go undetected for prolonged periods of time and can result in 


debilitating and, in many cases, fatal CBD unless specific testing is conducted; and that such testing, 


currently conducted as beryllium lymphocyte proliferation testing (BeLPT), saves lives.  OSHA further 


noted that CBD is one of the few occupational lung diseases for which treatment is available, but it must 


be initiated before fibrosis occurs, increasing the need for and benefit of medical surveillance (see 


Section D, Beryllium Sensitization and Chronic Disease, 82 FR 2491 – 2499).  The BeLPT, required by the 


beryllium standard, is the only way to determine sensitization, and it is not required under any other 


standard.  If this provision is removed, construction workers exposed to beryllium, whether in facilities 


where beryllium is processed or those performing or working near abrasive blasting, would remain at 


risk. 


Training 


Training requirements are one of the most foundational provisions of a comprehensive standard and are 


equally important for beryllium as other toxic substances. As discussed in NABTU’s previous comments 


(Ex. 1679, pp. 5-6) and testimony below, there are a large number of construction workers who are 


unaware of the health risks of beryllium who would benefit from a beryllium-specific training provision.  


MS. TRAHAN: In construction, I don’t see a high level of awareness about hazards related to 


beryllium. In the comments that we submitted, we actually talked about a survey that we had 


conducted with a group of trainers in the construction industry. I was a little surprised at the 


results that came back at the low level of awareness. There was some awareness amongst the 


painters who do industrial abrasive blasting. But in general, the awareness is low outside of the 


workers who work in the DOE complex. (Tr. 207-208) 


B. The standards OSHA has cited do not provide the same benefits to construction 


 workers as the ancillary provisions in the beryllium standard. 


As just described, each of the ancillary provisions in the final rule provides specific protections to 


construction workers exposed to beryllium. Moreover, working together, as a comprehensive, 


integrated set of requirements along with the PEL and STEL, these provisions ensure that workers who 


are directly engaged in work involving beryllium exposure, as well as those working in the area, are 


protected to the full extent feasible from both inhalation and dermal hazards. The existing standards 


OSHA cited as possible substitutes do not provide the same comprehensive protection for construction 


workers. In fact, the creation of comprehensive standards for toxic substances present in abrasive 


blasting operations has a long history and protects construction workers performing tasks other than 


abrasive blasting. “The beryllium rule is typical of OSHA substance-specific health standards that have 


been promulgated for the construction and shipyard industries and include abrasive blasting operations, 


such as the Lead standard for construction (1926.62) and the Lead standard for general industry 


(1910.1025), which applies to the shipyard industry” (82 FR 2638).  
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Limitations of the Ventilation Standard §1926.57 


The ventilation standard requires abrasive-blasting operators – but not other workers – to wear full-


face, supplied air respirators, §1926.57(f)(5)(ii); allows workers to use properly fitted dust filter 


respirators for short, intermittent, or occasional dust exposures, §1926.57(f)(5)(iii); requires operators – 


but not other workers – to use PPE for protection from the impact of abrasives, §1926.57(f)(5)(v); and 


prohibits the accumulation of dust on the floor or ledges outside of an abrasive-blasting enclosure, 


§1926.57(f)(7).  


Although the ventilation standard does help protect some workers from some of the hazards of abrasive 


blasting, it does not fully protect against the specific hazards of beryllium. The abrasive blasting operator 


is the most protected worker in the blasting operations; however, even with the proper respirator, 


abrasive blasting operators are not fully protected against beryllium. Respirators have an assigned 


protection factor that reduces but does not entirely filter out all toxic substances, and breaches in 


protection may occur. These limitations are one reason why PPE is the last control option under the 


hierarchy of controls. Operators do not typically use respirators, even in enclosures, in periods just 


before and after blasting operations, when there is a high potential of exposure. Additionally, operators 


could inhale or touch beryllium that collects on the respirator when removing the device after 


completing the task. 


Nothing in the ventilation standard protects against beryllium’s dermal route of exposure. The 


standard’s clothing requirements are intended to protect workers from the impact of abrasives; they 


were not written to prevent absorption of beryllium through the skin.  


Furthermore, the ventilation standard does little, if anything, for workers other than the blasting 


operators. It does not require respiratory protection for pot tenders, helpers, or bystanders, instead 


simply stating that dust-filter respirators “may be used” for operations such as clean up, loading, or 


unloading. And the standard does not require any other PPE for these workers. NABTU’s previous 


comments discussed how abrasive blasting is typically done and the limited use of respirators or other 


PPE by set-up workers, pot tenders, and helpers, whose exposures during abrasive blasting may be 


significant (Ex. 1805, pp. 1-3).  


The ventilation standard’s prohibition against dust accumulation on the floor or ledges outside the 


blasting enclosure also does not protect against the high toxicity of beryllium. The requirement only 


discusses dust accumulation outside the blasting enclosure, while pot tenders or helpers would be 


entering the blasting enclosure, or the blasting may occur in an unenclosed area and this section would 


not apply. Moreover, it does not include the final rule’s prohibitions on dry sweeping or brushing, or the 


other specific housekeeping measures aimed at ensuring that in limiting dust accumulation, the 


employer does not create other harmful exposures.  
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Limitations of the Criteria for PPE Standard §1926.95 


The PPE standard requires PPE to be provided, used, and maintained wherever it is necessary by reason 


of hazards including chemical hazards. This standard has no trigger specific to beryllium on when 


employers must provide the PPE or require that it is worn. Given the demonstrated lack of awareness in 


the industry about the risks of dermal exposure, employers are not likely to understand the need to 


provide effective PPE to workers who require skin protection. Without more specificity, the PPE 


standard will not adequately protect construction workers from dermal exposure to beryllium.  


Limitations of the Hazard Communication Standards §1926.21 and §1910.1200 


The hazard communication standards requires employers to instruct workers who handle harmful 


substances “regarding the safe handling and use, and be made aware of the potential hazards, personal 


hygiene, and personal protective measures,” §1926.21(b)(3), and requires training on the hazards of 


chemicals used in the work area and the “appropriate work practices, emergency procedures, and 


personal protective equipment to be used,” §1910.1200(h)(3). 


It is clear that these standards are not adequate, as there is low awareness of the hazards of beryllium 


by construction workers, even among safety and health trainers (Ex. 1679, pp. 5-6). 


Limitations of the Respiratory Protection Standard §1910.134 


The respiratory protection standard requires construction employers to provide a respirator to each 


worker when necessary to protect the worker’s health. However, in addition to the limitations of 


respirators discussed above, this standard does not have a trigger for employers to determine when a 


respirator is necessary. Moreover, the medical surveillance provisions in the final standard, which can 


be life-saving for workers exposed to beryllium, are absent from the respirator standard’s medical 


clearance procedures.  The clearance procedures in the respirator standard require only minimum 


evaluation to prevent adverse health effects from respirator use or to detect conditions that would 


impede proper respirator use, and provide no mechanism for identifying asymptomatic BeS.  


The final beryllium standard, furthermore, takes into account the hazards specific to beryllium and 


protects construction workers other than those conducting abrasive blasting from exposure.  


These standards leave gaping holes in protecting construction workers 


As demonstrated, none of the cited existing standards provides the same level of protection against 


beryllium as the parallel provisions in the final rule. Moreover, taken together, they still leave 


construction workers without protections OSHA has previously acknowledged are essential. They do not 


explicitly address dermal exposures; they do not require adequate respiratory protection for anyone 


other than the blasting operators; they do not require employers to assess exposures and develop 


exposure control plans; they deny construction workers the medical surveillance that is critical to 


detecting beryllium sensitization; they do not specify the kinds of housekeeping measures that ensure 
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other workers are not exposed; they do not provide employers or workers with the appropriate level of 


knowledge of beryllium hazards.  Simply requiring employers to comply with the PEL and STEL, without 


also imposing these other responsibilities, will leave construction workers without adequate protection 


and more vulnerable to developing BeS, CBD, and lung cancer. 


Conclusion 


OSHA’s assertion that other standards provide construction and maritime workers with sufficient 


protection from beryllium exposures to warrant eliminating the final rule’s ancillary provisions is 


completely baseless. NABTU therefore strongly disagrees with OSHA’s proposal to revoke protections 


for construction and maritime workers. According to OSHA’s own analysis, construction workers 


continue to face significant risks of material impairment to their health at the PEL of 0.2 µg/m3. The final 


beryllium rule protects all construction workers through the PEL, STEL, and ancillary provisions. The 


generic, broad scope standards to which OSHA is now pointing provide some level of protection, but 


neither account for risk at a fraction of microgram levels, nor address beryllium-specific hazards. 


Moreover, in light of the complete absence of any evidence to support OSHA’s new view that the 


ancillary provisions are unnecessary, and the fact that OSHA has not even suggested that it is infeasible 


for employers to comply with the standard, there is no basis for any further delay in the compliance 


date. OSHA should not move forward with this proposed rule, or any actions, that would remove health 


protections and harm construction workers. 
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Comment’s on OSHA’s Proposed Beryllium Rule  
Submitted by North America’s Building Trades Unions  


Docket No. OSHA-H005C-2006-0870 
 


These comments are submitted by North America’s Building Trades Unions (NABTU) 
on behalf of its 14 affiliated national and international unions and the 3 million working 
men and women they represent. As explained below, it is our view that OSHA should 
extend its proposed standard to cover workers exposed to beryllium in the construction 
industry. We will also respond to the specific questions the agency posed in the 
preamble to its proposed rule.  
 
CONSTRUCTION SHOULD BE INCLUDED IN THE RULE 
 
On May 8, 2014, OSHA reported to the Advisory Committee on Constriction Safety and 
Health (ACCSH) on its proposed beryllium rule, and asked ACCSH for guidance on 
which of three alternative approaches should be applied to construction. ACCSH 
unanimously voted that OSHA should include construction in the standard, as proposed 
in the 3rd option presented by OSHA. According to the ACCSH minutes1: 
 


Option Three would include construction in the scope of the proposed rule, and 
the construction protections would include all the ancillary provisions applicable 
in general industry. The provisions OSHA is considering include the reduced 
PEL, a STEL, exposure assessment, regulated areas, methods of compliance 
including a written exposure control plan, respiratory protection and PPE, 
hygiene areas, housekeeping, medical surveillance, medical removal, 
communication of hazards, and recordkeeping. 


 
We were therefore surprised and disappointed that the proposed standard published in 
the Federal Register excludes construction from its coverage. The exclusion of the 
construction industry suggests that OSHA has based its proposed rule on the 
assumption that beryllium exposure only poses a significant risk in general industry, 
even though the agency acknowledges that some construction tasks (e.g., abrasive 
blasting) can expose workers to excessive levels of beryllium. As we will explain, this is 
an erroneous assumption for a number of different reasons.  
 
Evidence of Significant Risk 
 
There have not been many studies of the risks for beryllium-associated diseases among 
construction workers. For many years it was assumed that construction workers could 
not have opportunities for exposures. Then, in 2004, investigators from the Building 
Trades National Medical Screening Program (BTMed, www.btmed.org), which is funded 
by the Department of Energy (DOE), published results using the beryllium lymphocyte 
proliferation test (BeLPT) to screen construction workers who had worked within DOE 


                                                           
1
 https://www.osha.gov/doc/accsh/meetingminutes/may2014.html, accessed October 30, 2015. 



https://www.osha.gov/doc/accsh/meetingminutes/may2014.html
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facilities. For the first time, the investigators showed significant health effects among 
construction workers from occupational exposures to beryllium. This study2, which 
included 3,842 workers, found that: 
 


 34% reported exposure to beryllium.  


 Overall, 2.2% of workers had at least one abnormal BeLPT test, and 1.4% were 
also abnormal on a second test.  


 Increased risk of having at least one abnormal BeLPT was associated with 
having ever worked in a site building where beryllium activities had taken place. 


 
A follow-up study3 BTMed published in 2013, which included 13,810 workers, found 
that: 
 


 189 (1.4% of all workers examined) were sensitized to beryllium (BES), and  


 28 (14.8%) of the workers with BES reported that they had had a compensation 
claim accepted for chronic beryllium disease (CBD). The investigators noted that 
this understates the incidence of CBD because they could not reach all workers 
with BES, and not all workers with BES had filed claims for compensation. 


 
In its Benzene decision [Industrial Union Department, AFL-CIO v. American Petroleum 
Institute, 448 U.S. 607, 642 (1980)], the Supreme Court required OSHA to make two 
findings when promulgating safety or health standards: (1) that the condition OSHA is 
regulating poses significant health risks, and (2) that there are feasible ways to reduce 
those risks. Although the rates of BES and CBD revealed in the BTMed studies are 
lower than in the studies of production workers that OSHA relied on in developing the 
rule, they are nonetheless strong evidence that construction workers face a significant 
risk of harm from beryllium exposure, as defined by the Supreme Court. 
 
The BTMed investigators determined, moreover, that it was likely these workers were 
exposed while working in maintenance, renovation, repair and demolition of facilities 
where work with beryllium had taken place. This meant that the workers had been 
exposed to residual dust, often in rafters, behind wall boards and under crawl spaces, 
where the piping, electrical and mechanical functions frequently run. These are also 
places which were not previously subject to industrial hygiene monitoring because it 
was assumed nobody would work in those areas and, therefore, that exposures could 
not occur. Attention was therefore only paid to the work patterns of production workers, 
not of construction workers. 
 
The investigators also recognized that these risks could easily be reduced, by instituting 
the following rules:  


                                                           
2
 Welch L, Ringen K, Bingham E, Dement J, Takaro T, McGowan W, Chen A, Quinn P. Screening for beryllium disease 


among construction trade workers at Department of Energy nuclear sites. American Journal of Industrial Medicine, 
46: 207-218, 2004 (submitted as Attachment 1). 
3
 Welch L, Ringen K, Dement J, Bingham E, Quinn P, Shorter J, Fisher M. Beryllium disease among construction 


trade workers at Department of Energy nuclear sites. American Journal of Industrial Medicine, 56:1125-1136, 2013 
(submitted as Attachment 2). 
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 Demarcating all beryllium facilities into beryllium work areas. 


 Requiring employers to develop and follow detailed safety and health plans for 
construction work in beryllium work areas, which include hazard characterization, 
protective practices, training of workers in beryllium abatement practices, and 
monitoring of work. 


 
Create a Provision for Beryllium Construction Work 
 
These very important findings call for OSHA to include the construction industry in its 
final beryllium rule. The final rule should establish a provision for Beryllium Construction 
Work that includes both the requirements of the General Industry rule and the following 
specific provisions, tailored for our industry:  
 


 “Beryllium construction work” should be defined to include any alteration of any 
beryllium work area, including any maintenance, renovation, repair, and 
demolition, or in any area in which work will be performed with or on beryllium-
containing material.  


 The owner or controlling entity of any beryllium area that is to be altered should 
be required to follow this rule. 


 In recognition of the fact that the employer responsible for beryllium construction 
work is often different from the employer that owns and/or controls the beryllium 
work area, the standard should include a provision requiring the owner or entity 
controlling the beryllium work area and the employer(s) performing the beryllium 
construction work to coordinate safety and health planning and activities. 


 Further, the standard should require an employer that contracts out beryllium 
construction work to assure that its contractor(s) implement specific procedures, 
and that work is performed under the supervision of someone who is competent 
in the area of beryllium construction work. 


 Employers should be required to ensure that workers who perform beryllium 
construction work have completed specified training, and employers must 
maintain documentation of that training. 


 
 
Additional Construction Industry Exposures 
 
The rule seems to assume that any beryllium-containing materials with which 
construction workers may come into contact will only contain “traces” of beryllium. This 
is incorrect. Although not many construction tasks have been characterized for beryllium 
risks, a CPWR study4,5,6 of abrasive blasting shows that abrasive blasting with coal slag 


                                                           
4
 “The Potential for Beryllium Exposure from Abrasive Blasting Operations using Coal Slag: a Brief Summary of 


Research Conducted by CPWR – the Center for Construction Research and Training” CPWR 2013. Submitted as 
Attachment 6. 
5
 John Meeker, Harvard School of Public Health; Pam Susi, Center to Protect Workers’ Rights; Anthony Pellegrino, 


New Jersey D.O.T. Field Evaluation of Worker Exposures Using Abrasive Substitutes for Silica Sand. Unpublished 
data, 2005. Submitted as Attachment 3 
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results in highly elevated exposures. Researchers measured personal exposures to 
beryllium during abrasive blasting with coal slag, and the results ranged from 2.5 to 9.5 
µg/m3.  
 
Metals and dusts generated during abrasive blasting originate from both the abrasive 
media and the surface coating of the structure being blasted. CPWR sampled abrasive 
blasting with coal slag on 5 different painted pedestrian bridges. Four out of the 5 paint 
chip samples collected (one from each bridge) had reported beryllium concentrations 
that were below the limit of quantification with one having a concentration of 2 PPM. 
The concentration of beryllium in the “clean” coal slag abrasive had a beryllium 
concentration of 4 PPM. As shown in Attachment 8, beryllium levels were amplified in 
the spent abrasives collected from four of the five bridges sampled.   
 
Beryllium concentrations in “clean” samples of the other two alternative abrasives 
evaluated, specular hematite and steel grit, were less than the limit of quantification 
(0.18 and 0.40 PPM, respectively). Although paint chip samples collected over all three 
years for all three abrasives evaluated were on average below the limit of quantification, 
the maximum personal exposure to beryllium during abrasive blasting with specular 
hematite was 1.1 µg/m3 with a geometric mean of 0.5 µg/m3. Personal exposures to 
beryllium during abrasive blasting with steel grit were all below the limit of quantification 
(which ranged from 0.19-0.39). Details of the individual measurements presented in the 
above referenced paper and laboratory results are submitted as Attachments 7 and 8, 
respectively. 
 
While acknowledging that abrasive blasting can produce exposures to beryllium, OSHA 
has not provided a satisfactory rationale for why it nonetheless excluded construction 
from the proposed rule. 
 
Non-sparking tools are another source of construction worker exposure to beryllium. 
Non-sparking tools that contain beryllium are typically stored in tool bins where 
beryllium dust gathers, and these bins are a ready source of beryllium dust for dermal 
exposure.  
 
Henneberger7 et al identified several standard industry codes where employees are 
exposed to beryllium levels over 0.1 µg/m3. Industries include residential construction, 
general building construction, highway construction, and multiple specialty trade 
contractors. The job titles of the exposed workers identified in this study include laborer, 
welder, carpenter, blaster, and electrician.  


                                                                                                                                                                                           
6
 Meeker, J., Susi, P., & Pellegrino, A. (2006). Comparison of Occupational Exposures Among Painters Using Three 


Alternative Blasting Abrasives. Journal of Occupational and Environmental Hygiene,10/2006; 3(9):D80-4. 
Submitted as Attachment 9. 
7
 Henneberger, P., Goe, S., Miller, W., Doney, B., & Groce, D. (n.d.). Industries in the United States with Airborne 


Beryllium Exposure and Estimates of the Number of Current Workers Potentially Exposed. Journal of Occupational 
and Environmental Hygiene, 1(10); 648-659. 
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Survey of Industry Representatives 
 
NABTU developed a survey to determine the level of awareness of beryllium hazards 
and knowledge of exposures among building trades trainers. These trainers are 
employed by local union joint employer-management training funds that provide both 
apprenticeship and skills training to the organized construction workforce. Most of the 
surveyed trainers are also safety and health trainers within their organizations, 
responsible for delivering basic hazard awareness training to the membership. We 
selected a sample of trades with potential exposures to beryllium outside the DOE 
weapons complex.  
 
We asked trainers a variety of questions. Of 113 respondents, only 85 (75%) already 
knew that beryllium causes occupational diseases. The survey respondents were not 
rank-and-file workers, but rather workers who, due to their training and responsibilities, 
should have be particularly aware of occupational safety and health issues. The large 
number who were unaware of the health risks of beryllium signals that we, in the 
construction industry, generally have a low level of awareness, and that a large number 
of exposures in our industry probably go unrecognized. 
 
Members of the International Union of Painters and Allied Trades (Painters) routinely 
perform abrasive blasting. Many of their trainers reported that the abrasive blasters in 
their trade routinely use coal slag abrasive, with their exposures ranging from daily to a 
few times per year. Surprisingly, one Painters’ Union trainer offered “…we use coal slag 
all the time but the beryllium hazard awareness is low.”  
 
As anecdotal evidence suggests that dust from non-sparking tools is a potential source 
of beryllium exposure, several survey questions were related to non-sparking tool use. 
Survey respondents reported widespread use of non-sparking tools in petrochemical 
facilities, grain buildings and silos, in plants that make beer, chemical plants, refineries, 
oil and gas industries, and in various confined spaces in different types of facilities. The 
potential for exposure therefore exists across a wide range of facilities.  
 
The survey respondents also identified other activities as potential sources of exposure. 
Welding handrails that would be used in potentially flammable environments was 
flagged as a possible exposure. One member of the Painters Unions said: 
 


Our members have performed numerous maintenance type abrasive blasting 
and protective coating projects in smelting facilities, factories and machine shops 
where alloys that may contain beryllium have been used or produced. 


 
When the same respondent was asked for other thoughts about beryllium exposure in 
the construction industry, he responded: 
 


Coal and copper slag abrasives were supposed to be the safe alternative to 
using silica sand for abrasive blasting. After using these materials for 30 + years 
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we learn the manufacturers of coal and copper slag abrasives have been less 
then truthful by not listing beryllium on their MSDS sheets. Workers have a right 
to be informed what hazards they are exposed to so at the very least proper PPE 
and hygiene could be provided to protect the worker. Seems self-serving by the 
manufacturers to not report beryllium to me. 


 
The survey also asked if any of the trainers had access to exposure monitoring data. 
While four of the 113 initially responded yes, follow-up determined they had 
misunderstood the question and were referencing personal medical monitoring data 
obtained through the aforementioned BTMed program, instead of exposure monitoring 
data.  
 
No respondents identified construction tasks where welding, braising, or other hot work 
was performed on beryllium containing alloys.  
 
These survey results show that, whenever a construction employer’s employees will be 
working in a beryllium work area or with material containing beryllium, the final standard 
should require employers to characterize the work tasks for possible beryllium content 
before work begins and, if beryllium is present, the work should be covered by the rule. 
 
 
RESPONSES TO QUESTIONS POSED IN THE PROPOSED RULE’S FEDERAL 
REGISTER ANNOUNCEMENT 
 
We address the issues raised in the preamble to the proposed rule from a construction 
industry perspective. Our responses are in italics. We have skipped questions clearly 
addressed to employers and where we thought we could not offer helpful responses. 
 
Health Effects 
 


1. Is the 0.1 µg/m3 the correct exposure level at which beryllium can cause a risk for 
lung cancer, BES and CBD. Yes, and we think this level should be the PEL.  
 


2. Has OSHA adequately identified and documented all critical health impairments 
associated with occupational exposure to beryllium? Based on what we know 
now, yes. 
 


3. Are there any additional studies, other data, or information that would affect the 
information discussed or significantly change the determination of material health 
impairment? Yes. See the attachments to this statement. 


Risk Assessment and Significance of Risk 


4. Did OSHA rely on the best available evidence in its risk assessment? No. It 
should have considered the data contained in attachments 1-3 of this statement. 
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5. Are these preliminary [risk assessment] conclusions reasonable, based on the 
best available evidence? OSHA risk assessment establishes that there is a risk 
of material damage to health at an exposure level of 0.1 µg/m3. In reaching that 
conclusion, OSHA failed to take account of dermal exposures, at least as a 
cause of BES, for which there is no safe exposure level. We therefore believe 
that OSHA’s proposal to set the PEL at 0.2 µg/m3 is not supported by its risk 
assessment, and that the more reasonable conclusion to draw from the 
assessment is that the PEL should be set at 0.1 µg/m3. 
 
Further, OSHA has defined materials with less than 0.1% beryllium content as 
“trace contamination,” with little risk significance. Attachment 3 shows that coal 
slag used in abrasive blasting with a BE content of 4 ppm (which equals 
0.0004%) can produce exposures on average of approximately 8 µg/m3.  
 
OSHA should not identify any level of beryllium in a product as being safe, given 
the evidence that coal slag abrasives pose a severe hazard. That is, because of 
the way in which construction workers use or are exposed to certain beryllium-
containing products, the beryllium content may say little about the potential 
exposure levels.   


 
6. Are there important gaps or uncertainties in the analysis, such that the Agency's 


preliminary conclusions regarding significance of risk at the current, proposed, 
and alternative PELs may be in error? OSHA has not reconciled how a PEL of 
0.2 µg/m3 is sufficiently protective when it has also concluded that exposures at a 
PEL of 0.1 µg/m3 produce material damage to health. OSHA has also failed to 
take into account dermal exposures, at least as a cause of BES. The rule also 
includes a STEL which seems poorly and only sporadically integrated into the 
rule.  
 


7. OSHA has made a preliminary determination that the available data are not 
sufficient or suitable for risk analysis of effects other than beryllium sensitization, 
CBD and lung cancer. Do you have, or are you aware of, studies or data that 
would be suitable for a risk assessment for these adverse health effects? Please 
see data in attachments 1-3. 
 


Scope 
 


8. Has OSHA defined the scope of the proposed standard appropriately? No. 
Based on what we have presented in this statement, there is ample evidence that 
construction should be included. 


 
Definitions 


 
9. Has OSHA defined the Beryllium lymphocyte proliferation test appropriately? 


Yes. 
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10. Has OSHA defined CBD Diagnostic Center appropriately? Yes. 


Exposure Monitoring 


11. Do you currently monitor for beryllium exposures in your workplace? If so, how 
often? While this question is not directed at us, any beryllium work area should 
be continuously monitored for beryllium dust, including with surface wipe 
sampling for residual dust. Such monitoring should take place not just in areas 
where work is being performed, but also where maintenance, repair, renovation, 
or demolition work is to be performed. 
 


12. Is it reasonable to allow discontinuation of monitoring based on one sample 
below the action level? No. That sample could be a statistical aberration. Also, 
the assumption that if a workplace is in compliance at one time it will stay in 
compliance in the future is a fallacy, particularly on an active, dynamic 
construction site.  


Work Areas and Regulated Areas 


 
13. Does your workplace currently have regulated areas? If so, how are regulated 


areas demarcated? We would like first to make a point about the proposed 
standard’s treatment of beryllium work areas and regulated areas. We agree 
that employers should designate an area as a beryllium work area whenever 
there is a potential for beryllium exposure. Because, as far as we know, there is 
no evidence supporting a threshold for dermal exposures that is protective 
against BES, we also urge OSHA to require employers to provide PPE to 
protect the skin of all employees working within the beryllium work area. Once 
an employer identifies the beryllium work area, the standard should require the 
employer to determine the potential level of exposure, and if those exposures 
are at or above the action level, to require the employer to implement control 
measures and monitoring. In construction, the regulated area can be 
demarcated with signs.  
 


14. Please describe work settings where establishing regulated areas could be 
problematic or infeasible. If establishing regulated areas is problematic, what 
approaches might be used to warn employees in such work settings of high risk 
areas? This question is not directed at us, but we believe that if a general 
industry employer is exempted from establishing a regulated work area because 
of infeasibility, then this action will place construction workers at unnecessary 
risk when they are brought in to maintain, repair, renovate or demolish such 
work area. 


 
Methods of Compliance 
 


15. This question is not directed at us. 
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16. This question is not directed at us. 
 
Respiratory Protection 


 
17. Should the beryllium standard [like the asbestos standard] require employers to 


provide PAPRs (instead of allowing a negative pressure respirator) when 
requested by the employee? Are there other circumstances where a PAPR 
should be specified as the appropriate respiratory protection? OSHA's asbestos 
standard (CFR 1926.1101) requires employers to provide each employee 
powered air-purifying respirator (PAPR) instead of a negative pressure respirator 
if the employee requests it. The final beryllium rule should do the same. PAPRs 
provide better protection and enhance wearability, and are therefore the 
preferred method of protection over negative pressure respirators. This is 
particularly true because of the susceptibility of some employees to BES. 


 
Personal Protective Clothing 
 


18. This question is not directed at us. 
 


19. Is “visibly contaminated” an appropriate trigger for PPE? Is there reason to 
require PPE where employees' skin can be exposed to insoluble beryllium 
compounds? In our opinion “visibly contaminated” is not a useful concept, 
because beryllium dust may pose a threat even if it is not visible. When it comes 
to construction workers performing maintenance, repair, renovation, and 
demolition work in a beryllium work area, protective clothing should always be 
used to guard against dermal exposure. This is well documented by the evidence 
presented in Attachments 1 and 2. 
 


Hygiene Areas and Practices 
 


20.  Is this requirement reasonable and adequately protective of beryllium-exposed 
workers? Should OSHA amend the provision to require showers in facilities 
where exposures exceed the PEL or STEL, without regard to areas of bodily 
contamination? OSHA proposes only to require shower facilities if the work is 
performed in regulated work areas, where the PEL or STEL is exceeded. Any 
beryllium work area should include all necessary decontamination facilities, and 
such facilities should extend to construction workers who come in to perform 
maintenance, repair, renovation or demolition of such work areas. The Asbestos 
and HAZWOPER standards provide good models. 
 


Housekeeping 
21. Are there any circumstances under which dry sweeping or brushing are 


necessary? No. Not only is this an unsafe practices for this exposure, but 
moreover, entire work areas would then need to be decontaminated afterwards 
before any work could be performed. 
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22. Should OSHA require that all material to be recycled be decontaminated 
regardless of perceived surface cleanliness? Should OSHA require that all 
material disposed or discarded be in enclosures regardless of perceived surface 
cleanliness? Yes and yes. Moreover, there should be clear labeling. 


 
Medical Surveillance 
 


 
23. Is medical surveillance being provided for beryllium-exposed employees at your 


worksite? If so: The Building Trades National Medical Screening Program 
(www.btmed.org) offers medical screening to former construction trades workers 
who have performed work within DOE Facilities. It provides one baseline exam 
and re-examinations every three years. 
 


a. Do you provide medical surveillance to employees under another OSHA 
standard or as a matter of company policy? What OSHA standard(s) 
does the program address? This medical screening is performed at the 
direction of Congress in the 1993 Defense Authorization Act. 
 


b. How many employees are included, and how do you determine which 
employees receive medical surveillance (e.g., by exposure level, other 
factors)? To date, close to 25,000 workers are included and they meet 
specific eligibility criteria. 


 
c. Who administers and implements the medical surveillance (e.g., 


company doctor, nurse practitioner, physician assistant, or nurse; or 
outside doctor, nurse practitioner, physician assistant, or nurse)? The 
program is administered by CPWR: The Center for Construction 
Research and Training on behalf of North America’s Building Trades 
Unions. It is supervised by medical and nursing experts, and the exams 
are delivered by over 200 local medical contractors nationwide. The 
exams are guided by a detailed medical protocol. 


 
d. What examinations, tests, or evaluations are included in the medical 


surveillance program, and with what frequency are they administered? 
Does your program include a surveillance program specifically for 
beryllium-related health effects (e.g., the BeLPT or other tests for 
beryllium sensitization)? All BTMed protocols can be found at 
https://www.btmed.org/providerportal.cfm. They provide (1) an 
occupational medical examination consisting of a medical history, 
physical exam, PFT, chest CXR, a general health panel of blood tests, 
stool testing, audiometry, BeLPT, and for certain exposures a urine test; 
and (2) for a subset at high risk for lung cancer, early lung cancer 
detection using low dose CT (LDCT) scanning. Frequency for the 
occupational medical exam is one baseline exam and re-examinations 



http://www.btmed.org/

https://www.btmed.org/providerportal.cfm
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every three years. LDCT scans are provided annually. Information on the 
beryllium testing can be found in Attachment 4 of this Statement. 


 
e. If your facility offers the BeLPT, please provide feedback and data on 


your experience with the BeLPT, including the analytical or interpretive 
procedure you use and its role in your facility's exposure control program. 
Has identification of sensitized workers led to interventions to reduce 
exposures to sensitized individuals, or in the facility generally? If a worker 
is found to be sensitized, do you track worker health and possible 
progression of disease beyond sensitization? If so, how is this done? We 
use DOE approved laboratories for BeLPT test, and have had good 
experience in administering some 30,000 exams. BTMed was the first 
program ever to test construction workers for beryllium exposures, and 
findings of sensitization have led to very significant changes in how 
maintenance, repair, renovation and demolition is conducted in current or 
former facilities with beryllium usage. Now, any such work must be 
performed in accordance with specific safety and health plans that must 
be approved by the owner of the facility before work can begin. 


 
f. What difficulties and benefits (e.g., health, reduction in absenteeism, or 


financial) have you experienced with your medical surveillance program? 
If applicable, please discuss benefits and difficulties you have 
experienced with the use of the BeLPT, providing detailed information or 
examples if possible. We have experienced no greater difficulties with the 
BeLPT than with any other procedure. It requires careful management to 
make sure the blood is drawn and delivered to the lab in a timely manner. 


 
g. What are the costs of your medical surveillance program? How do your 


costs compare with OSHA's estimated unit costs for the physical 
examination and employee time involved in the medical surveillance 
program? Are OSHA's baseline assumptions and cost estimates for 
medical surveillance consistent with your experiences providing medical 
surveillance to your employees? Our costs of delivering an occupational 
medical exam, including BeLPT, average approximately $560 per person, 
with the BeLPT component costing $216. The other medical tests 
included in the $560 exam are described the response to question 23d 
above. LDCT is approximately $300 per scan, including interpretation. 


 
24. Please review paragraph (k) of the proposed rule, Medical Surveillance, and 


comment on the frequency and contents of medical surveillance in the proposed 
rule.  
 


a. Is 30 days from initial assignment a reasonable time at which to provide a 
medical exam? Should there be a requirement for beryllium sensitization 
testing at time of employment? Any worker assigned to work in a 
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beryllium area should be tested for BES before he or she starts work in 
such area.  
 


b. Should there be a requirement for beryllium sensitization testing at an 
employee's exit exam, regardless of when the employee's most recent 
sensitization test was administered? No. If the employee’s last exam was 
within 60 days, and if the employee had tested normal in past exams, 
there is no need for additional exit exams.  


 
c. Are the tests required and the testing frequencies specified appropriate? 


Apart from the need for exam before a worker is assigned to a beryllium 
are, yes. 


 
d. Should sensitized employees have the opportunity to be examined at a 


CBD Diagnostic Center more than once following a confirmed positive 
BeLPT? Yes. A worker with BES should have life-time opportunity to be 
periodically examined at a CBD diagnostic center, since it is impossible to 
predict when a person converts from BES to CBD. 


 
e. Are there additional tests or alternate testing schedules you would 


suggest? Should the skin be examined for signs and symptoms of 
beryllium exposure or other medical issues, as well as for breaks and 
wounds? Please explain the basis for your position and provide data or 
studies if applicable. The BE medical exam should absolutely consist of a 
careful physical examination of the skin. BE can cause skin irritation, skin 
bumps, and sores that won’t heal. 


 
25. Please provide comments on the proposed requirements regarding referral of a 


sensitized employee to a CBD diagnostic center, which specify referral to a 
diagnostic center “mutually agreed upon” by the employer and employee. Is this 
requirement for mutual agreement necessary and appropriate? How should a 
diagnostic center be chosen if the employee and employer cannot come to 
agreement? Should OSHA consider alternate language, such as referral for 
CBD evaluation at a diagnostic center in a reasonable location? A worker who 
has developed BES should be entitled to periodic evaluations for CBD at a 
recognized diagnostic center and should have the right to select the center at 
which to have the evaluation. 
 


26. In the proposed rule, OSHA specifies that all medical examinations and 
procedures required by the standard must be performed by or under the 
direction of a licensed physician. Are physicians available in your geographic 
area to provide medical surveillance to workers who are covered by the 
proposed rule? Are other licensed health care professionals available to provide 
medical surveillance? Do you have access to other qualified personnel such as 
qualified X-ray technicians, and pulmonary specialists? Should the proposal be 
amended to allow examination by, or under the direction of, a physician or other 
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licensed health care professional (PLHCP)? Please explain your position. 
Please note what you consider your geographic area in responding to this 
question. BTMed provides nationwide coverage. It should be possible for any 
employer to assure appropriate examination of workers by consulting with 
specialists who can work with local medical providers to deliver the exams with 
additional support from the specialist, even if that specialist is remotely located. 
There are sufficient CBD diagnostic centers to support such distant specialist 
support if necessary. 
 


27. The proposed standard requires the employer to obtain the Licensed 
Physician's Written Medical Opinion from the PLHCP within 30 days of the 
examination. Should OSHA revise the medical surveillance provisions of the 
proposed standard to allow employees to choose what, if any, medical 
information goes to the employer from the PLHCP? We urge OSHA to re-
examine this approach, and instead adopt a policy towards confidentiality more 
in line with the ACOEM’s guidance [Confidentiality of Medical Information in the 
Workplace, 11 / 6 / 2012. 
http://acoem.org/Confidentiality_Medical_Information.aspx] and the protections 
provided in the Black Lung program. The regulations for that program, which 
provide medical removal protections to miners with evidence of 
pneumoconiosis, closely protect the confidentiality of the employee’s medical 
records by stating that “no operator shall require from a miner a copy of the 
medical information” [30 CFR Part 90] on which the employee bases his or her 
claim for MRP. To ensure that employees with health conditions related to 
beryllium exposure are similarly protected, we urge OSHA to include in the 
standard an explicit provision precluding the employer from asking either the 
PLHCP or the employee for a copy of the employee’s medical information. 
 


28. Appendix A to the proposed standard reviews procedures for conducting and 
interpreting the results of BeLPT testing for beryllium sensitization.  
 


a. Is there now, or should there be, a standard method for BeLPT laboratory 
procedure? Yes. The DOE-approved labs provide an example. Those 
labs follow a split test procedure for borderline or uninterpretable results 
as described in Attachment 3.  
 


b. Is there now, or should there be, a standard algorithm for interpreting 
BeLPT results to determine sensitization? Attachment 5, provides the 
BTMed algorithms. 


 
c. Please describe the existing or proposed laboratory method or 


interpretation algorithm. Should OSHA require that BeLPTs performed to 
comply with the medical surveillance provisions of this rule adhere to the 
Department of Energy (DOE) analytical and interpretive specifications 
issued in 2001? Yes 


 



http://acoem.org/Confidentiality_Medical_Information.aspx
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d. Should interpretation of laboratory results be delegated to the employee's 
occupational physician or PLHCP? The answer depends on the 
qualifications of the employee’s occupational physician or PLHCP. 
Interpretation of the BeLPT results must be performed by a qualified 
professional – i.e., an occupational physician or pulmonologist with 
knowledge about beryllium exposures, beryllium outcomes and the 
BeLPT test. 


 
29. Should OSHA require the clinical laboratories performing the BeLPT to be 


accredited by the College of American Pathologists or another accreditation 
organization approved under the Clinical Laboratory Improvement Amendments 
(CLIA)? What other standards, if any, should be required for clinical laboratories 
providing the BeLPT? Yes. 


 
30. Are there now, or are there being developed, alternative tests to the BeLPT you 


would suggest? We are not aware of any alternative tests that have greater 
validity. 


 
31. The proposed rule requires employers to provide OSHA with the results of 


BeLPTs performed to comply with the medical surveillance provisions upon 
request, provided that the employer obtains a release from the tested employee. 
Will this requirement be unduly burdensome for employers? Are there 
alternative organizations that would be appropriate to send test results to? As 
explained above, we do not believe the employer should ever have the 
employee’s actual test results. If OSHA has a reason for obtaining this 
information, the agency should state its rationale and either obtain the test 
results directly from the employees, or obtain the employees’ written permission 
for the medical provider to disclose the results to the agency.   
 


Medical Removal Protection 
 


32. Do you provide MRP at your facility? If so, please comment on the program's 
benefits, difficulties, and costs, and the extent to which eligible employees make 
use of MRP. This question is not directed at us. 
 


33. OSHA has included requirements for medical removal protection (MRP) in the 
proposed rule, which includes provisions for medical removal for employees with 
beryllium sensitization or CBD, and an extension of removed employees' rights 
and benefits for six months.  
 


e. Are beryllium sensitization and CBD appropriate triggers for medical 
removal? Yes. 
 


f. Are there other medical conditions or findings that should trigger medical 
removal? No. 
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g. For what amount of time should a removed employee's benefits be 
extended? The six month time limit coverage if employer cannot provide 
alternative employment places an undue burden on the employee, and 
makes it too easy for an employer to claim no alternative employment 
opportunities in order to get rid of a risk. This is particularly true for aging 
workers, who have fewer job opportunities available, and who when 
seeking new employment would have to reveal the cause of losing prior 
employment being due to medical disability. If an employer who has 
placed an employee at risk cannot offer alternative employment, then a 
better solution would be to provide MRP until the employee has obtained 
new and equivalent employment, provided that the employee is making a 
good faith effort at finding new employment. 
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Screening for Beryllium Disease Among
Construction Trade Workers at Department


of Energy Nuclear Sites


Laura Welch, MD,1� Knut Ringen, PH,1 Eula Bingham, PhD,2 John Dement, PhD,3


Tim Takaro,4 William McGowan,2 Anna Chen,5 and Patricia Quinn1


Background To determine whether current and former construction workers are at
significant risk for occupational illnesses from work at the Department of Energy’s (DOE)
nuclear weapons facilities, screening programs were undertaken at the Hanford Nuclear
Reservation, Oak Ridge Reservation, and the Savannah River Site.
Methods Medical examination for beryllium disease used a medical history and a
beryllium blood lymphocyte proliferation test (BeLPT). Stratified andmultivariate logistic
regression analyses were used to explore the risk of disease by age, race, sex, trade,
duration of DOE employment, reported work in buildings where beryllium was used, and
time since last DOE site employment.
Results Of the 3,842 workers included in this study, 34% reported exposure to beryllium.
Overall, 2.2% of workers had at least one abnormal BeLPT test, and 1.4% were also
abnormal on a second test. Regression analyses demonstrated increased risk of having at
least one abnormal BeLPT to be associated with ever working in a site building where
beryllium activities had taken place.
Conclusions The prevalence of beryllium sensitivity and chronic beryllium disease
(CBD) in construction workers is described and the positive predictive value of the BeLPT
in a population with less intense exposure to beryllium than other populations that have
been screened is discussed. The BeLPT findings and finding of cases of CBD demonstrate
that some of these workers had significant exposure, most likely, during maintenance,
repair, renovation, or demolition in facilities where beryllium was used. Am. J. Ind. Med.
46:207–218, 2004. � 2004 Wiley-Liss, Inc.
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BACKGROUND


In 1993, Congress added Section 3162 to the Defense


Authorization Act, calling for the Department of Energy


(DOE) to determine whether workers within the nuclear


weapons facilities were at ‘‘significant risk’’ for work-related


illnesses and if so, to provide them with medical surveillance.


DOE initially established six pilot programs, including three


programs directed at construction workers at the Hanford


Nuclear Reservation in Richland, WA; the Oak Ridge


Reservation in Oak Ridge, TN; and the Savannah River Site


(SRS) in Aiken, SC.
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It is known that workers at some DOE facilities have


been exposed to beryllium Be dust or fumes [Stange et al.,


2001], and that as a result some workers have developed


chronic beryllium disease (CBD), a gradually debilitating


lung disease [Rossman, 2001]. Inhalation of beryllium in the


form of dust, fume, or aerosols can lead to a beryllium speci-


fic T-cell mediated immune response in exposed workers


[Maier, 2001]. At this point, beryllium sensitization and


subsequent disease are thought to be due to a multi-stage


process: workers are exposed to dust or fumes on the job; a


proportion of those workers become immunologically sensi-


tized to the effects of the beryllium exposures due to genetic


predisposition and exposure factors [Maier, 2002; Maier


et al., 2002]. Most of those sensitized develop CBD in the


future [Newman et al., 1996; Richeldi et al., 1997].


At Hanford, beryllium was a known contaminant in


maintenance, overhaul, and demolition environments; this


was documented as part of the needs assessment at Hanford


performed prior to beginning medical surveillance. Beryl-


lium usage was identified at five Hanford buildings between


1954 and 1989 in fuel fabrication and in research and devel-


opment [Takaro et al., 2002].


When the Augusta Building Trades Medical Screening


Program began, there had been no identified beryllium expo-


sures at the Savannah River Site, but exposures were anti-


cipated based on the Savannah River Site needs assessment.


Two usage locations were known at the time of the needs


assessment. In 1970, there had been an antimony-beryllium


source rod failure in the 105-K reactor where workers


involved in clean-up likely had some exposure, and Pu-238/


beryllium sources were used in Building 777-10A (formerly


Building 777-M). Some additional uses and locations,


including waste disposal areas, were subsequently identified;


Be-Cu shapers were used in a machining operation before


1990, and an area that had been called the ‘‘hot shop’’ might


have been a location for beryllium machining operations


before 1980. In addition, beryllium was handled in some


glove box operations, in which beryllium was chipped from a


limited number of semi-spheres of plutonium in the 1970s.


Historical documents indicated that beryllium usage at


the Oak Ridge Y-12 plant site began in 1946 at one location


and was extended to multiple buildings or areas in the 1950s


and 1960s.


Research by the University of Cincinnati revealed the


location of a number of buildings at Y-12 where beryllium


or beryllium compounds/alloys were machined, ground,


milled, or formed into special shapes, nuclear weapons were


assembled or disassembled; a change house/locker room


facility contaminated with beryllium, and a pre-wash laundry


forberyllium-contaminatedworkclothingwerealsoidentified.


In June 1997, the University of Cincinnati received personal


communications from investigators at the Oak Ridge Institute


for Science and Education about work locations at the Oak


Ridge Y-12 plant site where beryllium sensitization occurred.


The University of Cincinnati has also identified 26


beryllium usage or disposal locations at the Oak Ridge K-25


plant site. Usage at K-25 was similar to that at Y-12


(machining, filing, sanding), but also included using beryl-


lium components for the Aircraft Nuclear Propulsion Project


in the 1940s and 1950s, as a substrate for plating in the 1970s,


and for the manufacture of beryllium mirrors for the Strategic


Defense Initiative in the 1980s. Beryllium contamination


was found in change house and laundry facilities, in several


laboratory buildings, at a sand blast and heat treatment


facility, at hazardous waste storage sites, classified burial


grounds, holding ponds, and retention basins, in a warehouse


used for building and other materials, and at the TSCA (Toxic


Substance Control Act) incinerator.


One study indicates that construction workers may be at


risk for beryllium sensitization and disease [Kreiss et al.,


1993]. However, no clear evidence tells us which specific


construction tasks are linked with beryllium exposure, nor


quantitates the risk for sensitization or CBD from construc-


tion work tasks with potential beryllium exposures. Since


construction workers at Hanford, Savannah River, and Oak


Ridge were mostly employed by contractors and typically not


considered to be ‘permanent employees,’ work history and


exposure information on them is either nonexistent or very


sporadic and unreliable. In addition, most construction


workers had not been included in site medical surveillance


programs. Construction workers have potential for exposure


to beryllium during work tasks involving repair, mainte-


nance, renovation, or demolition in buildings where beryl-


lium may have been used. Because of this risk a decision was


made to include testing for beryllium disease in the screening


programs for construction trade workers at Hanford, Oak


Ridge, and Savannah River. The testing was according to the


standard DOE protocol, using the BeLPT to identify


potentially sensitized workers, who were then invited for a


diagnostic evaluation at DOE-designated specialty clinical


facilities. This study discusses findings from screening for


beryllium disease among workers who completed at least one


BeLPT from program inception through September 30, 2002.


MATERIALS AND METHODS


Surveillance Program Overview


The surveillance programs at the three sites were de-


signed and implemented through a two-step process: a needs


assessment characterizing site processes, work, and potential


exposures, followed by development of appropriate surveil-


lance instruments and protocols for workers participating in


the screening effort. The work history collected information


on the worker’s trade, and whether the worker was subjected


to hazards identified during the needs assessment for that site.


The medical examination includes a detailed medical history,


smoking history, physical examination, and tests for health
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effects from specific hazards. Workers were asked about


beryllium exposures in three broad areas: (1) performing or


working around maintenance, repair, renovation or demoli-


tion, (2) specifically working with or around beryllium, and


(3) working in buildings or areas with potential exposures to


beryllium. For each component of the occupational history,


exposures to the task, material, or building were ranked


qualitatively on a scale of 1–5; this process, and the details of


the examination protocol are described in detail in a prior


publication [Dement et al., 2003].


Beryllium Disease Surveillance


The beryllium screening relies on a medical history and


examination, and a beryllium blood lymphocyte proliferation


test (BeLPT) according to the standard DOE protocol [DOE,


1999a]. Figure 1 shows the clinical decision logic that is


applied. The first step is to collect a blood sample, which is


delivered for processing at a DOE-designated laboratory. The


laboratories use approved protocols for processing a blood


BeLPT. If the initial BeLPT was abnormal, the worker was


FIGURE 1. Workplacemedical surveillanceberylliumalgorithms: One lab,then two lab split (A)workplacemedical surveillanceber-


ylliumalgorithms:One lab,then two labsplit if first testborderline (B).
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referred for a confirmatory BeLPT and for a respiratory


disease module which included a respiratory history and


symptom questionnaire, chest radiograph, and spirometry.


The respiratory history and symptom questionnaire was


adapted from the American Thoracic Society (ATS) DLD-78


questionnaire [Ferris, 1978]. Workers included in the


respiratory examination receive a posterior-anterior (P-A)


chest radiograph, classified by a local B-reader according to


International Labor Office (ILO) Classification of Radio-


graphs of Pneumoconiosis [International Labour Office


(ILO), 1980]. For purposes of the analyses presented in this


study, a parenchymal abnormality is defined as a profusion


score of 1/0 or greater.


Spirometry was obtained according to the local pro-


vider’s standard practices for pulmonary function tests, with


[American Thoracic Society, 1987] standards serving as the


acceptable benchmark test; details are provided in a prior


publication [Dement et al., 2003].


A confirmed abnormal BeLPT test is defined as one


abnormal plus one borderline or two abnormal tests (see


Fig. 1). If a participant met the criteria described in Figure 1,


he was referred for CBD medical evaluation through a


program managed by the Oak Ridge Institute for Science and


Education (ORISE). The CBD evaluation generally included


physical examination, chest x-ray, chest CT, pulmonary


function tests, pulmonary exercise study, and bronchoscopy


with lavage and/or biopsy. The examining physician provid-


ed our program with a copy of the test results.


All data collected by these programs are stored in a


Microsoft Access data management system (DMS). In addi-


tion to providing data storage and management capability,


the DMS is used extensively for program management,


quality control, and reporting. For these analyses, custom


queries were developed to extract appropriate demographic,


work history, exposure history, and medical information.


These data were converted to SAS data sets for statistical


analyses. All analyses used de-identified data. All analyses


presented in this study were conducted using PC SAS Version


8 [SAS Institute, Inc, 1999].


Both descriptive and multivariate analysis methods were


used. Demographic data were summarized by calculation of


means and standard deviations of study parameters for


continuous variables age and DOE work time and analysis of


variance (ANOVA) was used to assess differences across


sites. Stratified analyses were used to explore trends in


disease frequency by age, race, sex, employment duration,


work in buildings where beryllium was used, and cigarette


smoking history. For categorical variables chi-square tests


and Fisher’s exact tests were used to assess association


between demographic variables and the prevalence of ab-


normal BeLPT and trends in prevalence were tested for


ordered categorical variables using the Cochran–Armitage


trend test.


Unconditional logistic regression was used to further


explore the risk of an abnormal blood BeLPT by duration of


DOE employment, worker reported exposure to beryllium,


and having worked in building with potential beryllium


exposures, while controlling for potential confounders such as


age, race, sex, and time period since last worked at DOE sites.


For the unconditional regression analyses, a ‘case’ was defined


as any worker with one or more abnormal BeLPT tests.


RESULTS


Table I shows the number of construction workers at


risk, and the number of participants who have completed


the screening program as of September 1, 2002. In all,


4,458 workers have been screened. Because participation in


the program is voluntary, and workers may chose to accept


only parts of the protocol, there are potential selection biases,


both with regard to selection into the screening program, and


in terms of the tests that participants have agreed to accept


once they are in the program. Table II shows distribution by


trade of the participants. A total of 3,842 workers completed


beryllium testing, which is 86% of all participants.


Table III shows the distribution of workers with single


and double abnormal Blood BeLPTs at each of the three


facilities, and then with all facilities combined. Table III also


displays demographic data by site. The proportion of workers


with a single abnormal test varied among the sites and was


found to be statistically significant (P< 0.05) while the rate


of confirmed abnormal tests (double abnormals) was very


similar among the three sites and not statistically different.


The proportion of workers with an initial abnormal test who


were confirmed abnormal with a second test was lower at


Hanford than at the other two sites. Figure 2 shows that the


cumulative prevalence of a single abnormal blood BeLPT


declined at Hanford between 1999, when the program began,


and 2002. We did not observe a similar decline at the other


two sites. For most of the tests, Hanford and SRS sent initial


TABLE I. ConstructionWorkers Exposed to Beryllium at Department of Energy Sites


Parameter Hanford SavannahRiver OakRidge All


Date site opened 1943 1949 1943
Approximate numberofworkers ever employed 109,000 67,000 55,000 231,000
Number of workers potentially available for screening 30,000 37,000 8,000 75,000
Number of workers screened 1,624 1,592 1,242 4,458
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samples to the same laboratory; therefore, the trend at


Hanford is unlikely to be explained by laboratory differences.


However, a more detailed review of the Hanford data by time


period found that workers who entered the surveillance


program earlier tended to have worked at Hanford longer


than those who participated in subsequent years. For


example, workers who chose to participate in the surveillance


program through June 1999 had worked at Hanford an


average of 16.2 years compared to only 8.7 years for those


participating in 2002. In addition, years of Hanford work


showed a decreasing trend over the course of the surveillance


program, which paralleled the downward slope in the


prevalence of BeLPT abnormals. Likewise, the proportion


of workers reporting to have worked in a building with


potential beryllium exposures decreased with time.


Table IV shows the distribution of single abnormal tests


by trade; the number of confirmed abnormals is too small


to present this way. An overall chi-square test suggest-


ed significant differences (P< 0.05) in the prevalence of


abnormal BeLPT tests among trades with five or more


abnormals; the small numbers for other trades precluded


finding any significant differences. With the hypothesis that


exposure to construction trades occurs through maintenance


and repair of beryllium contaminated mechanical systems,


we analyzed the data by comparing mechanical trades


(millwrights, mechanics, machinists, pipefitters, plumber/


steamfitters, and sprinkler fitters) to all other trades; there was


no significant difference in the test distribution between these


groups. Table V shows the Blood BeLPT results by age, race,


and sex; no significant differences are detected by race and


sex or any significant trends with age. Table VI presents data


stratified by time since first worked, time since last worked


and duration of work at a DOE site. No statistically signi-


ficant differences or trends were detected; however, the


prevalence of an abnormal test was found to modestly in-


crease with duration of DOE work.


Thirty-four percent of participants reported exposure to


beryllium through the tasks and materials list; this ranged


from a high of 50% of participants at Hanford to 20% at the


Savannah River Site. Eighty-four percent of participants at


the three sites reported having worked in at least one of the


buildings identified as a beryllium building. Table VII shows


that the risk of having a single abnormal Blood BeLPT is


increased for workers who reported ever having worked in a


beryllium building. Also, at Hanford, there were a number of


specific buildings where a statistically significant association


was observed; however, the association is much stronger


considering all buildings together.


Logistic regression results are presented in Table VIII


for all sites combined. For these analyses, an indicator


variable was used to identify the three sites, with Oak Ridge


Reservation serving as the reference cell. Workers older than


45 years were found to have increased risk of an abnormal


BeLPT, although none of the odds-ratios were statistically


significant. Having ever smoked, worker reported beryllium


exposures, and years since last employed at DOE were not


significant risk factors for an abnormal BeLPT. Having


worked in a building with potential beryllium exposures was


found to be a significant predictor of risk (OR¼ 3.4, 95% CI


1.3–8.8) as was work on the Hanford site compared to Oak


TABLE II. Usual Trade of ConstructionWorkersWith BeLPTResults


Trade Hanford SavannahRiver OakRidgeReservation All sites combined (n,%)


Asbestosworkers 19 32 12 63 (1.6)
Boilermaker 36 53 27 116 (3.0)
Brickmasons 1 4 13 18 (0.5)
Carpenters 105 116 129 350 (9.1)
Cementmasons/finishers 14 15 6 35 (0.9)
Electricians 177 281 249 707 (18.4)
Insulator 9 21 9 39 (1.0)
Ironworkers 92 53 69 214 (5.6)
Laborers 169 230 204 603 (15.7)
Machinists 8 12 7 27 (0.7)
Millwrights 58 29 20 107 (2.8)
Operating engineers 84 83 47 214 (5.6)
Painters 39 53 44 136 (3.5)
Pipefitters 280 281 129 690 (18.0)
Plumbers/steam fitters 86 7 30 123 (3.2)
Sheetmetal workers 55 62 82 199 (5.2)
Teamsters/truckdriver 37 55 47 139 (3.6)
Welders 3 6 13 22 (0.6)
All Other 0 10 28 38 (1.0)
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TABLE III. Demographic Characteristics of Construction and CraftWorkers Completing BeLPT


Parameter Hanford
Savannah
River


OakRidge
Reservation All sites


Statistical significance
comparing sitese


Number with BeLPT testsa 1,272 1,403 1,167 3,842
Single abnormal BeLPT 39 (3.1%) 27 (1.9%) 19 (1.6%) 85 (2.2%) P< 0.05
Double abnormal BeLPT 19 (1.4%) 22 (1.6%) 13 (1.1%) 53 (1.4%) NS


Ageb


Mean (SD) 60.7 (12.7) 52.9 (12.1) 60.9 (12.8) 57.9 (13.1) P< 0.05
Sexc P< 0.05
Male (%) 1,251 (98.4%) 1,253 (89.3%) 1,144 (98.1%) 3,842 (95.0%)
Female (%) 21 (1.6%) 150 (10.7%) 23 (2.0%) 194 (5.0%)


Raced P< 0.05
Caucasian (%) 1,091 (85.7%) 956 (68.1%) 1,037 (88.9%) 3,084 (80.3%)
African-American (%) 41 (3.2%) 339 (24.2%) 42 (3.6%) 422 (11.0%)
Hispanic (%) 30 (2.4%) 5 (0.4%) 1 (0.1%) 36 (1.0%)
Asian/Hispanic (%) 3 (0.2%) 3 (0.1%) 0 (0.0%) 6 (0.2%)
Alaskan/Indian (%) 13 (1.0%) 6 (0.4%) 6 (0.5%) 25 (0.7%)
Other ormissing (%) 94 (7.4%) 94 (6.7%) 81 (6.9%) 269 (7.0%)


Years at DOE site
Mean (SD) 12.1 (10.1) 12.4 (8.2) 15.6 (11.7) 13.2 (10.1) P< 0.05


aWorkers completing medical exams with BeLPT tests though September1, 2002.
bDemographics and other data in this study are for workers completing both BeLPT Tests.
cSex missing for 2 workers.
dRace missing for 245 workers.
eChi-square tests were used for categorical variables and ANOVA tests were used for continuous variables. NS¼ P> 0.05.


FIGURE 2. Single positive BeLPTcumulative prevalence. Results were lagged by 6 months from program start-up at each site in


order to allowat least100BeLPTtests tohavebeenconducted.
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Ridge Reservation (OR¼ 20, 95% CI¼ 1.2–3.6). No trends


in risk with duration of DOE employment were observed.


Table IX provides descriptive information on pulmonary


function, symptoms, and X-ray results for those workers with


abnormal blood BeLPTs compared to those with normal


tests. There are no statistically significant differences be-


tween the workers with and without an abnormal BeLPT.


Five participants were diagnosed with CBD. Two had an


abnormal BeLPTon cells taken during a lung washing (BAL)


and an increased lymphocyte count among cells taken on


lavage. A third presented with a granulomatous skin disease


but had a normal BAL BeLPT on lavage; on a second


evaluation the subsequent year he had an abnormal BAL


BeLPT. One had a normal BAL BeLPT, but had giant cells on


lung biopsy and a lymphocytosis on BAL, in the setting of


abnormal lung function. Three had abnormal lung function,


but also had concomitant findings of asbestos related disease.


One individual with CBD had worked in a production job at a


DOE facility as well as being engaged in construction work.


DISCUSSION


Screening workers with potential beryllium exposure


using a blood BeLPT test is generally accepted as a valid


indictor of both exposure and probability of developing


subsequent CBD [Fontenot et al., 2000; Maier, 2001;


Newman et al., 2001b]. For instance, the Department of


Energy [DOE, 1999b] and the Department of Labor [DOE,


2000] accept the use of the blood BeLPT test for medical


monitoring. CBD of the lung can be disabling, even fatal


[Stoeckle et al., 1969; Meyer, 1994]. Treatment at an early


stage for similar granulomatous diseases of the lung, such as


sarcoidosis, can prevent disease progression [Rossman,


1996, 2001]. There is, therefore, a clear rationale for early


detection of CBD, and a clear reason to screen for sensi-


tization in populations at risk for CBD.


Since construction workers were mostly employed by


contractors at Hanford, Savannah River, and Oak Ridge


Reservation, and typically not considered to be ‘permanent


employees,’ work history and exposure information on them


is either nonexistent or very sporadic and unreliable. In order


to provide meaningful medical surveillance programs for


these workers, procedures have been developed for obtaining


occupational and exposure histories through detailed inter-


views, incorporating maps, photos, and other site-specific


materials intended to assist with recall. The work and ex-


posure history process was developed to establish qualitative


TABLE IV. Beryllium BeLPTResults byUsual TradeTradesWith Five orMore Single Abnormal BeLPT Tests forAll Sites Combined


Trade
Number of


workers tested
Number with1ormore
abnormal BeLPT


Overall
prevalence (%)


Site with highest
prevalence (no.,%)


Asbestosworkers 63 6 9.5 SRS (4,12.5)
Carpenters 350 7 2.0 Hanford (3, 2.9)
Electricians 707 13 1.8 Hanford (7, 4.0)
Laborers 603 7 1.2 Hanford (5, 3.0)
Machinists 107 6 5.6 Oak Ridge (1,14.5)
Millwrights 214 7 3.2 OakRidge (3,15.0)
Pipefitters 690 14 2.0 Hanford (7, 2.5)
Plumbers/steam fitters 123 5 4.1 OakRidge (2,6.7)
SheetmetalWorkers 199 5 2.5 Hanford (3, 5.5)


Chi-square tests found the prevalence to be statistically different by trade (P<0.05) comparing trades with 5 or more workers with one or more abnormal BeLPT tests. The
overall prevalence for all mechanical trades combined (millwrights, mechanics, machinists, pipefitters, plumber/steamfitters, and sprinkler fitters) was 2.8% versus 2.0% for all
other trades, which is not statistically different (Fisher’s exact test, P¼0.16).


TABLE V. Beryllium BeLPTResults byAge,Race, and Sex


Parameter


Number of
workers
tested


Number oneormore
abnormal BeLPT


and prevalence (%)


Number double
abnormal BeLPT
andprevalence (%)


Age (years)
<45 637 9 (1.4) 5 (0.8)
45^54 1,018 23 (2.3) 15 (1.5)
55^64 918 20 (2.2) 17 (1.9)
65þ 1,269 33 (2.6) 17 (1.3)


Race
White 3,084 72 (2.3) 44 (1.4)
Non-White 506 7 (1.4) 5 (1.0)
Unknown 245 6 (2.5) 5 (2.0)


Sex
Male 3,648 81 (2.2) 51 (1.4)
Female 194 4 (2.1) 3 (1.6)


Overall 3,842 85 (2.2) 54 (1.4)


Fisher’s exact tests for differences in prevalence by age, race, and sex demonstrated
no significant differences for single or double abnormal BeLPTs. No statistically signifi-
cant trends in prevalence by age groupwere detectedby the Cochran^Armitage trend
test.
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categories of exposure frequency, where possible. We also


have used trained trade and craft workers (mostly retirees),


with knowledge of these sites, to conduct the work history


interviews.


Data from worker interviews as well as site character-


ization data by building and work area are used to determine


worker eligibility for the medical screening programs and to


select the appropriate medical screening tests to be admi-


nistered for each participant. In our population, the minority


of workers had any knowledge of beryllium, let alone poten-


tial work tasks or buildings in which exposure to beryllium


could have taken place. Consequently, we concluded that we


could not use worker recollection of beryllium exposure as a


tool to triage workers into exposed and unexposed groups.


For this reason, we offered the blood BeLPT to all parti-


cipants, and 86% chose to accept the test. We have no reason


to believe that the 14% who did not accept the test skewed the


results, since we can find no apparent differences in any


significant characteristics between those who received the


Blood BeLPT and those who did not.


Our data on beryllium screening shows patterns that


differ from that reported in the medical literature to date. The


beryllium exposed groups studied previously were primarily


currently exposed workers in production facilities. Our


population is quite different, in that the participants are con-


struction workers, and had to have left construction employ-


ment at the site to be eligible. Many had left employment


years before the examination took place. A lower proportion


of our participants with a single abnormal Blood BeLPT


were confirmed abnormal with a second test; for all sites


combined, 62% were confirmed abnormal, while the same


number is generally reported at 80%. At Hanford, the


TABLE VI. Beryllium BeLPTResults byTime Since FirstWorked,Time Since LastWorked, and Duration ofWork at
One of the DOE Sites


Parameter


Number of
workers
tested


Number one ormore
abnormal BeLPT


and prevalence (%)


Number double
abnormal BeLPT


and prevalence (%)


Time since first worked at site (years)
�20 1,083 24 (2.2) 14 (1.3)
>20 2,759 61 (2.2) 40 (1.4)


Time since lastworked at site (years)
�10 2,372 56 (2.4) 33 (1.4)
>10 1,470 29 (2.0) 21 (1.4)


Duration of DOEwork (years)
<5 928 18 (1.9) 13 (1.4)
5^14 1,458 31 (2.1) 15 (1.0)
15^24 881 21 (2.4) 16 (1.7)
�25 575 15 (2.6) 10 (1.7)


Fisher’s exact tests for differences in prevalence by time since first worked, time since last worked, and duration of DOE work
demonstrated no significant differences for single or double abnormal BeLPTs. No statistically significant trends in prevalence by
duration of DOE work were detected by the Cochran^Armitage trend test.


TABLEVII. SummaryofOdds-RatiosforBerylliumBeLPTSingleAbnormalsEver/NeverEmployed inBuildingsWith
Potential Beryllium Exposure


Site and parameter
Number BeLPT
abnormal worker


Number BeLPT
negative workers


Mantel^Haenszel
odds-ratio (95%CI)


Hanford
Ever worked in Be building 37 959 5.3 (1.3^22.1)
Single highest riskbuilding 20 351 2.6 (1.4^5.0)


Savannah River
Ever worked in be building 17 995 2.0 (0.5^8.8)
Single highest riskbuilding 2 39 3.4 (0.8^15.4)


Oak Ridge Reservation
Ever worked in Be building 26 1,245 2.7 (0.4^20.3)
Single highest riskbuilding 12 397 2.0 (0.9^4.3)
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confirmation rate was 46%, and at Oak Ridge and SRS


combined it was 76%. Another way of expressing this is that


at Hanford, the prevalence of a single abnormal Blood


BeLPT was almost twice as high as at SRS or at Oak Ridge,


which the prevalence of a double abnormal test was about the


same at each site. We have no explanation for this difference


except to note that a stronger association with work in a


building with potential for beryllium exposures was observed


for Hanford compared to the other two sites.


Of those with a confirmed abnormal Blood BeLPT who


completed medical evaluation, a lower than expected pro-


portion had evidence of CBD. With five diagnosed cases of


CBD, this is a prevalence of 15% among the workers with a


confirmed abnormal Blood BeLPT who completed diagnos-


tic evaluation. Among other populations, the rate of CBD


among those sensitized to beryllium is reported as over 50%


[Kreiss et al., 1997].


There is significant lab-to-lab variation in the Blood


BeLPT test [Deubner et al., 2001]. ORISE presented data on


a comparison program among the three laboratories that do


the bulk of blood BeLPT nationally for the DOE sponsored


former worker programs. Lab A and Lab B agreed on 36% of


abnormals (n¼ 178 abnormal in either lab). Lab C and Lab A


agree on 30% of abnormals (n¼ 100 abnormal in either lab).


Lab C and Lab B agree on 41% (n¼ 254 abnormal in either


lab). (Comparisons are going on in six possible combinations


of these labs; the other three have too few samples to date to


report results.) These data suggest that a randomly selected


test has less than a 50% chance of being abnormal in two labs


testing the same sample. It also shows that no one laboratory


TABLE VIII. Logistic RegressionModel forAll Sites Combined Case¼ One
orMore BeLPTAbnormal Results


Parameter Odds-ratios (95%CI)


Age (years)
<45 1.0
45^54 1.6 (0.7^3.6)
55^64 1.5 (0.7^3.5)
65þ 2.2 (1.0^5.1)


Duration of DOEwork (years)
<5 1.0
5^14 0.8 (0.4^1.5)
15^24 0.8 (0.4^1.6)
25þ 0.8 (0.4^1.8)


Site
Oak Ridge (reference) 1.0
Savannah River 1.2 (0.6^2.3)
Hanford 2.0 (1.2^3.6)


Worker reportedberyllium exposure
No 1.0
Yes 1.1 (0.7^1.7)


Work in a beryllium building
Never 1.0
Ever 3.4 (1.3^8.8)


Cigarette smoking
Never 1.0
Ever 1.1 (0.7^1.7)


Years since last employed at DOE
�10 1.0
>10 0.7 (0.4^1.1)


TABLE IX. Summary of Pulmonary FunctionTests, Chest X-ray B-Reads, and Respiratory Symptoms by BeLPT
Status


Parameter
Workerswith one or
more abnormal BeLPT


Workers with double
abnormal BeLPT


Workers with
normal BeLPT


Pulmonary function
Mean (SD) percent predicted FVC 82.8 (18.1) 80.0 (18.2) 84.8 (19.0)
Mean (SD) percent predicted FEV1 80.7 (20.3) 79.0 (21.0) 81.7 (21.7)


Chest X-ray B-readings
Number andprevalence (%) of


parenchymal changes�1/0
1 (1.3%) 1 (2.0%) 169 (5.3%)


Respiratory symptoms
Cough (%) 22 (32.8%) 12 (28.7%) 1,025 (36.0%)
Phlegm (%) 27 (40.3%) 16 (37.2%) 1,872 (63.9%)
Dyspnea
Grade1 (%) 46 (38.7%) 30 (66.7%) 1,974 (58.9%)
Grade 2þ (%) 32 (41.6%) 22 (47.8%) 1,377 (41.3%)


Not all workers with BeLPTparticipated in the PFTand B-Read components of the examinations. Of the 3,842workerswith BeLPT
tests, 3,271 had pulmonary function tests, and 3,256 had a chest X-ray with a B-read. For symptom data, percentages are
reported for workers providing valid answers to the respiratory questionnaire. No statistically significant differences were
detected comparing workers with and without an abnormal BeLPT test.
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is superior to the others and agreement is similar among the


labs in the QA program.


At the same time, it is premature to conclude that the low


rate of CBD in our projects represents a background rate of


false positives. The blood BeLPT does differentiate between


exposed and unexposed groups, as a whole. In truly un-


exposed groups the rate of an abnormal blood BeLPT is very


low. Silveira et al. [2003] presented results of beryllium


surveillance at 3 sites where 516 individuals were tested prior


to employment in a facility using beryllium; one was


sensitized, and he had previously worked in the nuclear


weapons industry. Combing these results with evaluations at


other facilities with unexposed populations, she reported no


sensitization among 1,184 individuals tested; sensitization


was defined as a confirmed abnormal test. We can thus con-


clude that ‘‘false positive’’ tests, where the test is abnormal


but the worker is not sensitized, may exist but are rare. There


are unconfirmed single abnormals, meaning ones that are not


confirmed on repeat testing. These are not necessarily false


positives, nor are they truly negatives. In groups with sub-


stantial beryllium exposure some unconfirmed single


abnormals go on to become double abnormal, and a substan-


tial proportion go on to develop CBD. The data presented in


this paper also show that exposure to beryllium increases the


risk of an abnormal blood BeLPT; a worker with a single


abnormal blood BeLPT had an odds ratio of 5 for having


worked in a beryllium containing building.


In studies to date, an abnormal blood BeLPT, single or


double, is an excellent predictor of CBD among current


workers with known exposure in the beryllium manufactur-


ing plants. Several published studies report that CBD is


diagnosed in 50% of the screened workers with a double


abnormal blood BeLPT [Newman et al., 2001a]. National


Jewish Research and Medical Center has been following a


group of 78 workers who had confirmed abnormal BeLPTs


and did not have CBD on first evaluation; 30% of those have


developed CBD over a mean follow-up time of 3.7 years, for


a conversion rate of 8.2% per year [Newman et al., 2003]. So


the blood BeLPT predicts CBD in workers in beryllium


production facilities about 75% of the time.


We would expect that the predictive ability of the BeLPT


will decline as it is used in populations with less intense


exposure to beryllium. The usefulness of a screening test can


be described with its sensitivity, its specificity, its positive


predictive value (PPV), and its negative predictive value.


Sensitivity measures how well the test detects true positives,


specificity measures how well the test detects true negatives.


The PPV is a measure of how many of those who test positive


really have the underlying condition; it is the ratio of true


positives to all positives. A test with very good sensitivity and


specificity may not have a good predictive value, if the


disease prevalence is low in the population being screened.


For example, a test for which the sensitivity is 99.9% and the


specificity is 99.9% is an excellent test. If we use this test in a


population of 1,000,000, among whom 1% have the disease


for which we are screening, we will detect 9990 with disease,


and miss 10 with the disease. However, we will also have 990


false positives, and the PPV is 91%. As the specificity of the


test declines, or the underlying prevalence of disease, so does


the PPV. In one study that specifically addresses a beryllium


exposed population, Deubner et al. [2001] calculated the


predictive value (PPV) of the blood BeLPT in the Brush–


Wellman workforce. Deubner reports that a single uncon-


firmed test has a PPV for CBD of 39%, a confirmed abnormal


had a PPV for CBD of 45%, and a split sample reported


abnormal in two laboratories had a PPV of 49%.


These results come from populations of workers with


on-going exposure, and with known exposure to beryllium.


However, some studies suggest that, as exposure levels


decline, the rate of sensitization declines less than the rate of


CBD in a population. This means that among groups of


workers with low or intermittent exposure to beryllium, the


predictive value of the blood BeLPT for CBD may be lower


than in the populations discussed above. Stange et al. [2001]


describe the prevalence of beryllium sensitization and CBD


among workers at Rocky Flats tested through on-going


beryllium surveillance. Sensitization was defined as a con-


firmed abnormal blood BeLPT. As years of exposure in-


creased, the proportion of those examined who had CBD


also increased, but the proportion of sensitization without


CBD did not increase. The CBD rate increased from 0.5%


among workers with fewer than 5 years of employment


to 3.72% among those with 20–25 years worked at


Rocky Flats. The rate of sensitization without CBD was


3% among workers with less than 5 years at the plant, and was


at most 4% in groups with more years of exposure. The ratio


of CBD/all sensitized (with and without CBD) is the PPV


of the BeLPT. Overall, the PPV was 35% among the


Rocky Flats workers described in this study; about 1/3 of


those sensitized also had CBD. The PPV was 14% in those


workers with less than 5 years of employment at Rocky Flats,


and increased to 65% among workers with more than


20 years of work at the facility. For example, the CBD rate


among the scientists/engineers who were sensitized was


23%, compared to 73% among the machinists; the confidence


intervals on these rates differ, even though the number of


cases is small.


Viet et al. [2000] report the results of a case-control study


of CBD and beryllium sensitization among workers at Rocky


Flats. They found that years of employment, an estimate of


cumulative exposure, and an estimate of mean exposure all


were significantly greater for the CBD cases than for their


control group. For sensitization, although the results were


consistently in the same direction, there was no significant


difference in these exposure groupings between cases of


sensitization and their control group. These results are con-


sistent with our results where we found no trend for increased


risk of an abnormal BeLPT with duration of DOE site work.
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McCawley et al. [2001] report a highly significant relation-


ship between mass concentration of particles less than 10 m,


and with particles less than 3.5 m, and CBD (P¼ 0.0004 and


0.000003, respectively). An association was present between


these metrics and sensitization, although it was not as strong


(P¼ 0.025 and 0.003). The exposures were measured at five


furnaces in a beryllium manufacturing facility, in locations


where CBD had been previously documented. These two


studies suggest that inhalation exposure to beryllium is more


strongly linked to the risk for CBD than to the likelihood of


sensitization, although sensitization is related to degree of


exposure as well.


DOE has been conducting surveillance among current


and former workers with less direct exposure, or potential


exposure, to beryllium; our data among construction workers


is similar to that from some of these other screened


populations. Rocky Flats, Y12, and K25 are DOE facilities


with significant use of beryllium, and were the first faci-


lities targeted for medical examination programs. As re-


searchers and DOE health and safety staff became aware of


other sites where beryllium was used, even in small quan-


tities, those additional sites were added to the medical


surveillance program. As the medical community became


aware that CBD cases occurred among workers with low


exposure, additional workers were considered at risk and


added to surveillance programs as well. The prevalence of


sensitization is similar among the facilities that used beryl-


lium; at Rocky Flats 3.7% are sensitized, 2.7% at Pantex,


3.07% at Lawrence Livermore, and 2.0% at Kansas City


Plant. Of those sensitized workers who underwent bronchco-


scopy, the rate of CBD varies markedly. At Rocky Flats, 45%


of those completing a diagnostic evaluation have CBD, while


at Pantex, Lawrence Livermore and Kansas City these rates


were 25, 13, and 14%, respectively [Stange et al., 2003].


These data suggest that the positive predictive value of an


abnormal blood BeLPT goes down at facilities with more


limited use of beryllium than Rocky Flats.


Results presented here from screening construction


workers also suggest that the dose of beryllium may affect


development of CBD more than sensitization. Biologically,


the dose to the lung must be an important determinant of the


risk of CBD, along with host susceptibility. Exposure to


beryllium leads to T-cell activation, but the amount of actual


inflammation in the lung (and thus CBD) depends on the


accumulation of these activated T-cells. This in turn would


depend, to some degree, on the amount of beryllium resident


in the lung to stimulate granuloma formation and the effi-


ciency of antigen presentation with its known genetic de-


terminants [Maier et al., 2002]. We do not think that we are


seeing ‘‘false-positive’’ blood BeLPTs, where the abnormal


test is not due to a biological response to beryllium. Rather,


we believe that sensitization can occur at levels of exposure,


routes of exposure, or types of exposures to beryllium that


may not have as high a risk for CBD as previously reported.


Beryllium sensitization is not a disease in its own right,


but is important because the presence of sensitization pre-


sents a risk of significant granulomatous lung disease. Any


such biological test has a positive predictive value, which is


the likelihood that if the test is abnormal the disease is


present, and a negative predictive value, in which the disease


is absent if the test is normal. This data on our former


construction workers gives us new information about the


performance of the blood BeLPT test, and its predictive value


in populations with lower total lifetime exposures than that


experienced in beryllium machining plants. Understanding


the predictive value of the blood BeLPT in such groups is


very important in deciding how aggressive to be in screening


workers with exposures such as use of beryllium copper


alloys and other alloys, and what to tell them about their risk


of disease.


REFERENCES


American Thoracic Society. 1987. Standardization of spirometry—
1987 update. Am Rev Respir Dis 136:1285–1298.


Dement JM, Welch L, Bingham E, Cameron B, Rice C, Quinn P, Ringen
K. 2003. Surveillance of respiratory diseases among construction and
trade workers at Department of Energy nuclear sites. Am J Ind Med
43:559–573.


DOE. Department of Energy. 1999a. Chronic Beryllium Disease Pre-
vention Program; Final Rule. 10 CFR 850. Code of Federal Regulations.


DOE. Department of Energy. 1999b. Chronic Beryllium Disease Pre-
vention Program; Final Rule. 10 CFR 850.


DOE. Department of Energy. 2000. Energy Employees Occupational
Illness Compensation Program Act of 2000, As Amended 42 U.S.C.


Deubner DC, Goodman M, Iannuzzi J. 2001. Variability, predictive
value, and uses of the beryllium blood lymphocyte proliferation test
(BLPT): Preliminary analysis of the ongoing workforce survey. Appl
Occup Environ Hyg 16:521–526.


Ferris BG. 1978. Epidemiology Standardization Project (American
Thoracic Society). Am Rev Respir Dis 118:1–120.


Fontenot AP, Torres M, Marshall WH, Newman LS, Kotzin BL. 2000.
Beryllium presentation to CD4þT cells underlies disease-susceptibility
HLA-DP alleles in chronic beryllium disease. Proc Natl Acad Sci USA
97:12717–12722.


International Labour Office (ILO). 1980. Guidelines for the use of the
ILO International Classification of Radiographs of Pneumoconiosis.


Kreiss K, Mroz MM, Zhen B, Martyny JW, Newman LS. 1993.
Epidemiology of beryllium sensitization and disease in nuclear workers.
Am Rev Respir Dis 148:985–991.


Kreiss K, Mroz MM, Zhen B, Wiedemann H, Barna B. 1997. Risks of
beryllium disease related to work processes at a metal, alloy, and oxide
production plant. Occup Environ Med 54:605–612.


Maier LA. 2001. Beryllium health effects in the era of the beryllium
lymphocyte proliferation test. Appl Occup Environ Hyg 16:514–520.


Maier LA. 2002. Genetic and exposure risks for chronic beryllium
disease. Clin Chest Med 23:827–839.


Maier L, Martyny J, Mroz M, McGrath D, Lympany P, duBois R, Zhang
L, Murphy J, Newman LS. 2002. Genetic and environmental risk factors
in beryllium sensitization and chronic beryllium disease. Chest 121: 81S.


Beryllium Screening Among Construction Workers 217







McCawley MA, Kent MS, Berakis MT. 2001. Ultrafine beryllium
number concentration as a possible metric for chronic beryllium disease
risk. Appl Occup Environ Hyg 16:631–638.


Meyer KC. 1994. Beryllium and lung disease. Chest 106:942–946.


Newman LS, Lloyd J, Daniloff E. 1996. The natural history of Beryllium
Sensitization and Chronic Beryllium Disease. Env Health Pers
104S:937–943.


Newman LS, Mroz MM, Maier LA, Daniloff EM, Balkissoon R. 2001a.
Efficacy of serial medical surveillance for chronic beryllium disease in a
beryllium machining plant. J Occup Environ Med 43:231–237.


Newman LS, Mroz MM, Maier LA, Daniloff EM, Balkissoon R.
2001b. Efficacy of serial medical surveillance for chronic beryllium
disease in a beryllium machining plant. J Occup Environ Med 43:231–
237.


Newman LS, Mroz MM, Maier LA, Balkisson R. 2003. Beryllium
Sensitization progresses to chronic beryllium disease. Sarcoidosis Vasc
Diffuse Lung Dis 20:155.


Richeldi L, Kreiss K, Mroz MM, Zhen B, Tartoni P, Saltini C. 1997.
Interaction of genetic and exposure factors in the prevalence of beryl-
liosis. Am J Ind Med 32:337–340.


Rossman MD. 1996. Chronic Beryllium Disease: Diagnosis and man-
agement. Env Health Pers 104S:945–947.


Rossman MD. 2001. Chronic beryllium disease: A hypersensitivity
disorder. Appl Occup Environ Hyg 16:615–618.


SAS Institute, Inc. 1999. SAS for Windows, Release 8. Cary, N.C: SAS
Institute, Inc.


Silveira L, Bausch M, Mroz M, Maier L, Newman L. 2003. Beryllium
sensitization in the ‘‘general population.’’ Sarcoidosis Vasc Diffuse
Lung Dis 20:157.


Stange AW, Hilmas DE, Furman FJ, Gatliffe TR. 2001. Beryllium
sensitization and chronic beryllium disease at a former nuclear weapons
facility. Appl Occup Environ Hyg 16:405–417.


Stange AW, Furman FJ, Hilmas DE. 2003. A comparison of beryllium
sensitivity and disease rates at DOE sites. Sarcoidosis Vasc Diffuse
Lung Dis 20:156.


Stoeckle JD, Hardy HL, Weber AL. 1969. Chronic beryllium disease.
Long-term follow-up of sixty cases and selective review of the literature.
Am J Med 46:545–561.


Takaro TK, Ertell KB, Dement J, Omri KE, Ringen K, Welch LS,
Faustman EM, Barnhart S. 2002. Beryllium sensitization and respira-
tory disease in former workers at a large nuclear weapons site. Am J
Resp Crit Care Med 165:A49.


Viet SM, Torma-Krajewski J, Rogers J. 2000. Chronic beryllium disease
and beryllium sensitization at Rocky Flats: A case-control study. Am
Ind Hyg Assoc J 61:244–254.


218 Welch et al.







 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Attachment 2 







Beryllium Disease Among Construction Trade
Workers at Department of Energy Nuclear Sites


Laura S. Welch, MD,1� Knut Ringen, Dr. PH,1 John Dement, PhD,2 Eula Bingham, PhD,3


Patricia Quinn, BA,1 Janet Shorter, BA,4 and Miles Fisher, BA
1


Background A medical surveillance program was developed to identify current and
former construction workers at significant risk for beryllium related disease from work at
the DOE nuclear weapons facilities, and to improve surveillance among beryllium exposed
workers.
Methods Medical examinations included a medical history and a beryllium blood
lymphocyte proliferation test (BeLPT). Stratified and multivariate logistic regression
analyses were used to explore the risk of disease by age, race, trade, and reported work in
buildings where beryllium was used. After adjusting for covariates, the risk of BeS was
significantly higher among boilermakers, roofers, and sheet metal workers, as suggested in
the stratified analyses. Workers identified as sensitized to beryllium were interviewed to
determine whether they had been subsequently diagnosed with chronic beryllium disease.
Results Between 1998 and December 31, 2010 13,810 workers received a BeLPT through
the BTMed program; 189 (1.4%) were sensitized to beryllium, and 28 reported that they
had had a compensation claim accepted for CBD.
Conclusions These data on former construction workers gives us additional information
about the predictive value of the blood BeLPT test for detection of CBD in populations with
lower total lifetime exposures and more remote exposures than that experienced by current
workers in beryllium machining operations. Through this surveillance program we have
identified routes of exposures to beryllium and worked with DOE site personnel to identity
and mitigate those exposures which still exist, as well as helping to focus attention on the
risk for beryllium exposure among current demolition workers at these facilities. Am. J.
Ind. Med. � 2013 Wiley Periodicals, Inc.


KEY WORDS: beryllium; construction; medical surveillance


BACKGROUND


In 1993, Congress added Section 3162 to the Defense
Authorization Act, calling for the Department of Energy
(DOE) to determine whether workers within the nuclear
weapons facilities were at “significant risk” for work-related
illnesses and if so, to provide them with medical surveillance.
In 1996 DOE initially established six pilot programs,
including three programs directed at construction workers
at the Hanford Nuclear Reservation in Richland,Washington,
the Oak Ridge Reservation in Oak Ridge, Tennessee, and the
Savannah River Site (SRS) in Aiken, SC.


By then, beryllium had been identified as a significant
source of occupational disease risk within the DOE complex,
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and in 1994 DOE issued its first Health Hazard Alert on the
subject (DOE, 1994). A blood test, known as the beryllium
lymphocyte proliferation test (BeLPT) had been developed
and accepted for screening of DOE workers for beryllium
sensitization [Kreiss et al., 1993] and cases of both beryllium
sensitization and chronic beryllium disease were being
identified in growing numbers [Newman et al., 1996]. At
some facilities, vocal advocacy groups of workers affected by
beryllium exposures were demanding a reckoning for having
been placed at risk. By 1996, DOE had established an interim
Chronic Beryllium Disease Prevention Program rule, which
was finalized in 1999 [Department of Energy, 1999]. In 2000,
the Energy Employees Occupational Illness Compensation
Act made beryllium sensitization and chronic beryllium
disease in workers who had been employed in DOE facilities
eligible conditions for compensation.


Beryllium usage within the DOE complex had been
cloaked in secrecy, but since 2000, there has been an
explosion of information about it. The Department of Labor’s
DOE Site Exposure Matrix (SEM) data base, includes 190
pages in total of listings of occupations, buildings, facilities,
and processes throughout the DOE complex where there may
have been opportunities for occupational exposures [DOL,
2013].


For instance, at Hanford, a needs assessment that was
performed in 1996–1997 prior to beginning of medical
surveillance identified beryllium usage in five buildings
where fuel fabrication or research and development had been
performed [Takaro et al., 2002]. By 2012, the official Hanford
website listed 73 current and 38 former beryllium facilities
and areas [DOE Hanford, 2013].


In prior analyses we have reported on the prevalence of
beryllium sensitization among these construction workers.
Here we update our prior analysis and present data on the
prevalence of chronic beryllium disease among the workers
with beryllium sensitization. This updated data on our former
construction workers gives us additional information about
the performance of the Blood BeLPT test, and its predictive
value for CBD in populations with lower total lifetime
exposures and more remote exposures than that experienced
by current workers in beryllium machining operations.


MATERIALS AND METHODS


Surveillance Program Overview


We have previously described the development and
administration of the Building Trades National Medical
Screening (BTMED) program as well as prevalence of
respiratory diseases, hearing loss, beryllium sensitization,
and mortality patterns among construction workers at
Department of Energy (DOE) sites [Dement et al., 2003,
2005, 2009, 2010; Welch et al., 2004]. Our previous


publication [Welch et al., 2004] presented BeLPT surveil-
lance results among 3,842 workers from Hanford Nuclear
Reservation in Richland, Washington, the Oak Ridge
Reservation in Oak Ridge, Tennessee, and the SRS in Aiken,
South Carolina through September 1, 2002. Since the 2004
publication the number of DOE sites has been considerably
expanded and currently includes 27 sites.


Participation in the medical screening programs is
voluntary and without cost to workers. Workers participate
in these programs only after signed informed consent. The
study has been reviewed by the CPWR IRB as well as by two
IRBs established by the Department of Energy, one of which
focused exclusively on beryllium programs. Details con-
cerning worker outreach and enrollment have been previous-
ly published [Dement et al., 2003, 2005; Welch et al., 2004].
Construction workers potentially eligible for participation are
identified through multiple sources including union rosters,
contractor records where available, media advertisement, and
presentations at worker meetings. The Building Trades
National Medical Screening Program operates a website
(http://www.btmed.org) to provide workers with information
about the program, instructions for participation, and health
information. Ten staffed outreach offices are located in
regions with covered DOE sites.


The screening program uses a two-step design with the
initial step consisting of an intake questionnaire followed by a
detailed work history interview. The medical examination
includes a detailed medical history, smoking history, physical
examination, and tests for medical effects from specific
hazards. Workers were asked about beryllium exposures in
three broad areas: (1) performing or working around
maintenance, repair, renovation or demolition, (2) specifical-
ly working with or around beryllium, and (3) working in
buildings or areas with potential exposures to beryllium. For
each component of the occupational history, exposures to the
task, material, or buildingwere ranked qualitatively on a scale
of 1–5; this process, and the details of the examination
protocol are described in detail in prior publications [Dement
et al., 2003, 2010]. Workers included in these analyses
covered a broad array of building trades. Some trades
performing similar tasks were grouped for the current
analyses using groups previously defined for our study of
COPD among these workers [Dement et al., 2010]. Very few
of workers were employed in multiple trades at these DOE
sites (approximately 3%) and these workers were classified in
trade of longest duration. Approximately 21% of workers
reported having worked at more than one DOE site and these
were classified according to the site of longest work duration.
In preliminary analyses, we investigated the prevalence of
BeS among those who reported having worked at multiple
DOE sites and found no significant difference in prevalence
of BeS among these workers.


Most construction trades at DOE sites were unaware of
their potential exposures to beryllium; therefore, we reduced
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worker reported exposure ranking for beryllium exposure or
tasks associated with beryllium to a dichotomous ranking of
ever versus never reported exposure. Workers were classified
as having a beryllium exposure if they reported exposure to
beryllium as a material or reported having performed a task
with potential exposure to beryllium.


Beryllium Disease Surveillance


The beryllium screening relies on a medical history and
examination, which includes a respiratory history and
symptom questionnaire, posterior–anterior (P-A) chest
radiograph and spirometry, and a blood lymphocyte
proliferation test (BeLPT) according to the standard DOE
protocol. Details of the BeLPT clinical decision logic that is
applied was described in detail in our prior publication
[Welch et al., 2004]. Briefly, the first step is to collect a blood
sample, which is delivered for processing at a single DOE-
designated laboratory. The laboratories use approved proto-
cols for processing a blood BeLPT. If the initial BeLPT is
abnormal, borderline or not interpretable, the worker is
referred for a second BeLPT. Prior to 2007 the blood sample
was split and sent to two laboratories; after 2007 the second
BeLPT was sent to one laboratory only.


The respiratory history and symptom questionnaire was
adapted from the American Thoracic Society (ATS) DLD-78
questionnaire [Ferris, 1978]. The chest radiograph is
classified by a B-reader according to International Labor
Office (ILO) Classification of Radiographs of Pneumoconio-
sis [International Labour Office, 2002; International Labour
Office, 2011]. For purposes of the analyses presented in this
report, a parenchymal abnormality is defined as a profusion
score of 1/0 or greater.


All participating clinical facilities agree to obtain
spirometry according to ATS standards [1995; Miller et al.,
2005]. An occupational health nurse, with training in review
of spirometry, reviews all spirometry results and feedback is
given to the clinical provider about test results not meeting
ATS standards. If necessary, workers are asked to repeat the
spirometry at a later date if their initial test results are not
interpretable. In addition, the surveillance program medical
director reviews spirometry performance for all clinical
facilities annually, and provides a detailed report to each
clinic on their spirometry performance. The medical director
collaborates with the clinics to improve performance as
needed, resulting in several clinics purchasing more updated
equipment and sending technicians for additional spirometry
training [Dement et al., 2003, 2010].


Beryllium sensitization (BeS) is defined as one abnormal
plus one borderline or two abnormal tests. Participants found
to be BeS are referred for CBD medical evaluations. Prior to
2003 this referral was through a programmanaged by the Oak
Ridge Institute for Science and Education (ORISE), and since


that date referrals are supported by the EEOICPA program
within the Department of Labor Office of Workers
Compensation Program. The evaluation provided at desig-
nated CBD clinical centers generally included physical
examination, chest X-ray, chest CT, pulmonary function tests,
pulmonary exercise study, and bronchoscopy with lavage
and/or biopsy, although the contents the evaluation are up to
the examining physician. Although the workers are free to see
a physician of their choice, visits to these specialized centers
were encouraged because of the centers experience with
diagnosis of CBD.


The diagnosis for CBD as used in this studywas based on
the worker’s report that he or she had a claim accepted for
CBD by the Department of Labor, which uses this definition:


“The medical documentation must include: an abnormal
beryllium lymphocyte proliferation test (BeLPT), or an
abnormal beryllium lymphocyte transformation test
(BeLTT), performed on either blood or lung lavage cells;
lung pathology consistent with CBD; plus including any of
the following:


� A lung biopsy showing granulomas or a lymphocytic
process consistent with CBD.


� AComputerized Axial Tomography (CAT) scan showing
changes consistent with CBD.


� A pulmonary function study or exercise tolerance test
showing pulmonary deficits consistent with CBD.”


All data collected by these programs are stored in a SQL
data management system (DMS). In addition to providing
data storage and management capability, the DMS is used
extensively for program management, quality control, and
reporting. For these analyses, custom queries were developed
to extract appropriate demographic, work history, exposure
history, and medical information. These data were converted
to SAS data sets for statistical analyses. All analyses used de-
identified data.


Beryllium Disease Follow-Back Survey


In 2011 we attempted to contact all participants with BeS
who had been examined between 1998 and December 31,
2010. We conducted a structured interview by telephone that
assessed whether the participant had had additional diagnos-
tic evaluation, where that evaluation was performed, and the
results. BeS was defined as a confirmed abnormal BeLPT or
an abnormal plus a borderline BeLPT. We requested
permission to obtain medical records for all those who had
had additional evaluation for BeS (N ¼ 86). We also asked if
the worker had filed a claim for BeS or CBD with the Energy
Employees Compensation Program (EEOICPA), which
provides medical care for BeS and CBD and additionally
provides a one-time $150,000 payment for CBD if the worker
meets the criteria set by the act.
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Statistical Analysis


Both descriptive and multivariate analysis methods were
used. Demographic data were summarized by calculation of
means and standard deviations of study parameters for
continuous variables (age and DOE work time) and analysis
of variance (ANOVA) was used to assess differences across
sites. Stratified analyses were used to explore trends in
disease frequency by age, race, sex, employment duration,
DOE site, trade group, time period since last having been
employed at a DOE facility, and cigarette smoking history.
Time since last having been employed at a DOE facility was
calculated as the difference in years between the BTMed
exam year and year of last DOE facility work. For categorical
variables chi square tests and Fisher’s exact tests were used to
assess association between demographic variables and the
prevalence of BeLPT positive and trends in prevalence were
tested for ordered categorical variables using the Cochran–
Armitage trend test.


Unconditional logistic regression was used to further
explore the risk of BeLPT sensitization by duration of DOE
employment, worker reported exposure to beryllium, DOE
site, and trade group, while controlling for potential
confounders such as age, race, sex, cigarette smoking, and
time period since last having worked at a DOE facility. For the
unconditional regression analyses, a “case” was defined as
any worker BeLPT sensitized. We sought the most
parsimonious model and began by building a base model
that included age, gender, and race, retaining all variables
with a Type III analysis of effects of P < 0.05 or those whose
removal led to a �10% change in other predictor variables.
After fitting the base model other model parameters were
entered and evaluated using these same criteria but retaining
the base model parameters. Model fit was further evaluated
using the Akaike’s Information Criterion (AIC).


All analyses presented in this report were conducted
using PC SAS Version 9.2 [SAS Institute, Inc., 2008].


RESULTS


Surveillance Data


Between 1998 and December 31, 2010 13,810 workers
received a BeLPT through the BTMed program. Of those
receiving BeLPT tests 189 (1.4%) were sensitized to
beryllium. The proportion diagnosed with BeS was not
significantly different before and after 2007, the year where
we changed from a split sample for confirmatory test to a
single sample. There were 33 individuals who had a single
positive BeLPT and did not return for a confirmatory test, so
our proportion with BeS may be an under-estimate. Those
who did not have a confirmatory test did not differ from those
who did in race, age, gender, trade or DOE site. As of


December 2010 168 participants had BeS and were still alive
(see Fig. 1). Among these, 29 were lost to follow-up and 3
refused an interview or were too ill to participate. Of the 136
individuals interviewed, 9 had never filed a claim for
compensation with EEOICPA, 16 had either had the claim
denied, or never received a medical card needed to pay for
medical evaluation; only 1 of these individuals without a
medical card from EEOICPA had any further diagnostic
testing. An additional 25 individuals who had received a
medical card had not sought diagnostic testing for CBD.


Eighty-six individuals had additional diagnostic testing,
of whom 64 went to a center with expertise in diagnosis of
CBD and 22 went to a doctor not affiliated with one of those
centers. Twenty-five individuals reported that they had had a
claim accepted by EEOICPA for CBD, of whom 23 were
evaluated at a specialized center. We had conducted a similar
follow-back survey in 2004, and from that survey identified 1
additional case of CBD who subsequently had died and 2 lost
to follow-up in the current survey; all 3 had had their
evaluations at a specialized center.


We requested medical records for all participants who
reported they sought any additional medical follow-up for
BeS; we were able to obtain at least partial records on about
50% of these individuals. Among the group for which we
received records we were able to substantiate the diagnosis of
CBD in all the cases who reported a diagnosis. The criteria
used by the Department of Labor to define the case of CBD
are more inclusive than those generally used by academic
centers; not all of the individuals who reported a diagnosis of
CBD would meet the generally accepted medical diagnostic
criteria but they did meet the Department of Labor criteria.


Overall, 15% of those workers with BeS reported that
they were diagnosed with CBD. For the subset of workers
who received additional diagnostic testing, 36% of those
sensitized workers who went to a specialized center for
evaluation. Thirty percent of all sensitized workers who went
for any additional evaluation were diagnosed with CBD.


Table I shows the demographic characteristics of
construction workers by BeLPT category (normal, uncon-
firmed positive, and beryllium sensitized). Workers with
normal BeLPT results were slightly younger and less likely to
have ever smoked, but did not differ by gender or race from
the other two groups. The workers with CBD had worked
longer at a DOE site than sensitized workers without CBD,
but otherwise did not differ in age, gender, race or smoking
status (Table II).


Tables III and IV show the prevalence of BeS and CBD
byDOE site and by trade respectively. The overall prevalence
of BeS was 1.4% (95% CI ¼ 1.2–1.6); however, significant-
ly higher crude prevalence was observed among workers
employed at Brookhaven and Kansas City. Boilermakers,
roofers, and sheet metal workers were found to have a
prevalence of BeS of 2.0% or greater. A few trades were
grouped for these analyses and among those grouped, only
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the trade group “Plumber, Steamfitter, and Pipefitter” had
sufficient Be sensitization cases for meaningful sub-analyses
by specific trade. A chi-square test of BeS prevalence for
trades within this larger group failed to detect significant
differences (P ¼ 0.41).


Overall, 26.5% of workers reported ever having a known
Be exposure or having performed a task with potential Be
exposure. These self-reported Be exposures (ever vs. never)
were not found to be higher among the trades or sites with a
higher prevalence of BeS, suggesting that workers were
generally not aware of their Be exposures. In crude analyses
workers who were BeS were found to have a higher
prevalence of self-reported exposure to Be (31.2% vs. 26.4%)
(Table I), with the difference across BeLPT category
approaching statistically significance (P ¼ 0.17).


Pulmonary function, ILO B-reader results, and respira-
tory symptoms by BeLPT and CBD status are presented and
compared in Table V. No statistically significant differences
were detected comparing workers by BeS and CBD status.


Results of the logistic regression modeling of BeS are
presented in Table VI. The final model included age, race,
trade group, DOE site, and worker reported beryllium
exposure. By AIC criteria, the best fitting model did not
include trade group; however, analyses of the effects of
excluding trade group on other model parameters found
significant changes in the model parameters by site; therefore,
trade group was retained in the final model. Reference cells
for site (Savannah River) and trade (electrician) were chosen
to approximate the overall prevalence and to assure stability
of reference cell prevalence estimates; therefore, odds ratios
by site and trade group can be interpreted as deviations from


the overall average. We did not choose workers classified in
the trade group “Administrative, Scientific, Security,” as the
reference category as only four Be sensitization cases were
found in this group, resulting in somewhat unstable
prevalence rates in this group.


The risk of BeS increased with age andwas slightly lower
for non-whites. After adjusting for covariates, the risk of BeS
was significantly higher among boilermakers, roofers, and
sheet metal workers, as suggested in the stratified analyses
(Table IV). Years since last having worked at a DOE site (<10
and �10) was not significantly associated with BeS. Only
workers at Brookhaven had an elevated BeS risk relative to the
approximate overall mean. The risk among workers at the
Kansas City Plant was elevated but not statistically different
from the overall mean. Worker self-reported exposure to Be
was moderately but significantly associated with risk of BeS
in the fully adjusted regression model, consistent with the
crude analyses which found workers who were BeS had a
higher prevalence of self-reported Be exposures.


We performed several additional analyses to determine if
could explain the higher prevalence of BeS at Brookhaven
using the data at hand. At Brookhaven a greater proportion of
workers tested were members of the “Electrician” (46%) and
“Plumber, Steamfitters, Pipefitter” (29%) trades compared to
the overall distribution across all sites (18% and 19%,
respectively). However, self-reported exposure to Be was
actually somewhat lower at Brookhaven compared to all sites
combined (3.0% vs. 26.5%), suggesting that Brookhaven
construction workers were, by and large, unaware of their Be
exposures. Additional investigation is needed regarding the
higher risk of BeS at Brookhaven.


FIGURE1. One hundred eighty-nine workers had beryllium sensitization, 28 were diagnosed with CBD.
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DISCUSSION


Screening workers with potential beryllium exposure
using a blood BeLPT test is generally accepted as a valid
indictor of both exposure and probability of developing
subsequent chronic beryllium disease [Fontenot et al., 2000;
Maier, 2001; Newman et al., 2001; Kreiss et al., 2007; Mroz
et al., 2009]. Chronic beryllium disease of the lung can be
disabling, even fatal [Stoeckle et al., 1969; Meyer, 1994].
Treatment at an early stage for similar granulomatous
diseases of the lung, such as sarcoidosis, can prevent disease
progression [Rossman, 2001; Sood, 2009]. There is therefore
a clear rationale for early detection of CBD, and a clear reason
to screen for sensitization in populations at risk for CBD.


Our data on beryllium screening continues to show
patterns we reported in 2004; both the rate of BeS (1.4%) and
the ratio of CBD/BeS (between 15% and 35%) are lower than
those reported in a number of other populations, such as
currently exposed workers in production facilities. This is not
unexpected since our population has a different exposure


profile than the populations in other research studies. Our
participants were construction workers who were unlikely to
have worked directly with beryllium in operations such as
machining, and whose exposure is hypothesized to have
occurred by skin contact with beryllium-contaminated
surfaces and with inhalation of re-entrained beryllium dust.
In addition, our workers had to have left construction
employment at the site to be eligible for the BTMed screening
program and many had left employment years before the
examination took place, and there is some evidence that
beryllium sensitization wanes with time [Schuler et al., 2005,
2008, 2012; Cummings et al., 2007; Bailey et al., 2010]. This
may be due to a variation in immune response over time, or
the use of different testing laboratories [Kreiss et al., 2007].


For all sites combined, 57% of our participants with a
single abnormal blood BeLPTwere confirmed abnormal with
a second test; this ratio has been reported as high as 80%. We
also found a prevalence of CBD somewhat lower than other
exposed groups. There were 28 diagnosed cases of CBD, a
prevalence of 15% overall, and a prevalence of 30–35%


TABLE I. Demographic Characteristics of ConstructionWorkers by BeLPTCategory


Parameter
Normal BeLPT


(N ¼ 13,489), N (%)


Single
positive BeLPT
(N ¼ 133), N (%)


Be sensitizeda


(N ¼ 189), N (%)
Statistical significance


comparing BeLPTcategoryb


Mean age (SD) 60.1 (12.9) 61.1 (12.1) 61.6 (10.8) P < 0.05
BeLPTprevalence by age category (years) P < 0.05
<45 1,478 (99.0) 7 (0.5) 8 (0.5)
45^54 3,308 (97.7) 33 (1.0) 45 (1.3)
55^64 3,872 (97.5) 36 (0.9) 65 (1.6)
65þ 4,830 (97.4) 57 (1.2) 71 (1.4)


Be LPTprevalence by genderc NS
Male 12,717 (97.7) 121 (0.9) 176 (1.4)
Female 766 (97.0) 12 (1.5) 12 (1.5)


Be LPTprevalence by raced NS
Caucasian 11,593 (97.6) 116 (1.0) 168 (1.4)
African-American 1,331 (98.3) 12 (0.9) 11 (0.8)
Hispanic 194 (98.0) 1 (0.5) 3 (1.5)
Asian/Hispanic 36 (100.0) 0 (0.0) 0 (0.0)
Alaskan/Indian 80 (97.7) 2 (2.4) 0 (0.0)
Other or missing 254 (96.6) 2 (0.8) 7 (2.7)


Mean years at DOE site (SD)e 9.1 (9.8) 9.5 (9.2) 10.2 (11.1) NS
Self-reported be exposure 3,561 (26.4) 41 (30.8) 59 (31.2) NS
Be LPTprevalence by smoking statusf P < 0.05
Never smoked 4,453 (98.0) 30 (0.7) 60 (1.3)
Ever smoked 8,202 (97.5) 92 (1.1) 119 (1.4)


aBe sensitizedworkers included thosewith double positive BeLPTs or thosewith single positive BeLPTand a borderline BeLPT.
bChi-square testswere used for categorical variables and ANOVAtests used for continuous variables.NS ¼ P > 0.05.
cGendermissing for six workers.
dRacemissing for173workers.
eYearsworked at DOE could not be approximated fromwork histories for 42workers.
fSmoking data missing for 854workers.
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among the workers with a confirmed abnormal BeLPT who
completed diagnostic evaluation. In other cross-sectional
studies, a variable but substantial percentage of workers
(often over 50%) who are sensitized are found to have CBD
after further diagnostic evaluation; this proportion varies by
industry and other exposure characteristics [Schuler
et al., 2005, 2012; Cummings et al., 2007; Kreiss
et al., 2007; Mroz et al., 2009; Bailey et al., 2010]. Why
might our workers have a lower prevalence of CBD among
those with BeS than the prevalence expected from studies of
workers in other industries?


Biologically, the dose to the lung must be an important
determinant of the risk of CBD. Exposure to beryllium leads
to T cell activation, but the amount of actual inflammation in
the lung (and thus CBD) depends on the accumulation of
these activated T cells. The presence of activated T cells in


turn would depend, to some degree, on the amount of
beryllium resident in the lung to stimulate granuloma
formation and the efficiency of antigen presentation with
its known genetic determinants [Maier et al., 2002]. Epide-
miologic studies have shown a dose–response relationship
between beryllium exposure and CBD, but have not found a
strong dose response relationship for beryllium sensitization.
Stange et al. [2001] describe the prevalence of beryllium
sensitization (defined as a confirmed abnormal blood BeLPT)
and CBD among workers at Rocky Flats tested through on-
going beryllium surveillance. As years of exposure increased,
the proportion of those examined who had CBD also
increased, but the proportion of sensitization without CBD
did not increase. The CBD rate increased from 0.5% among
workers with fewer than 5 years of employment to 3.72%
among those with 20–25 years worked at Rocky Flats while


TABLE II. Comparison ofWorkers BeLPT Sensitized and Diagnosed CBD


Parameter
Be sensitized but not


diagnosed CBD (N ¼ 161)
Be sensitized and


diagnosed CBD (N ¼ 28)
Statistical Significance


comparing sensitized and CBD casesa


Mean age (SD) 61.5 (11.1) 61.8 (9.6) NS
Age category (years) NS


<45 (%) 7 (4.3) 1 (3.6)
45-54 (%) 39 (24.2) 6 (21.4)
55-64 (%) 55 (34.2) 10 (35.7)
65þ (%) 60 (37.3) 11 (39.2)


Genderb NS
Male (%) 152 (95.0) 24 (85.7)
Female (%) 8 (5.0) 4 (14.3)


Racec NS
Caucasian (%) 143 (88.8) 25 (89.2)
African-American (%) 9 (5.6) 2 (7.1)
Hispanic (%) 3 (1.9) 0 (0.0)
Asian/Hispanic (%) 0 (0.0) 0 (0.0)
Alaskan/Indian (%) 0 (0.0) 0 (0.0)
Other or missing (%) 6 (3.8) 1 (3.6)


Mean years at DOE site (SD) 9.2 (10.7) 16.0 (11.9) P < 0.05
Years worked at DOE category (years) P < 0.05


<5 84 (52.2) 7 (25.0)
5^14 39 (24.2) 6 (21.4)
15^24 20 (12.4) 7 (25.0)
25þ 18 (11.2) 8 (28.6)


Mean year first DOE work 1976 1973 NS
Smoking statusd NS


Never smoked 51 9
Ever smoked 102 17


aChi-square testswere used for categorical variables and ANOVAtests used for continuous variables.NS ¼ P > 0.05.
bGendermissing for oneworker BeLPTsensitized.
cRacemissing for oneworker BeLPTsensitized.
dSmoking data missing for eight workers BeLPTsensitized and twoworkerswith CBD.
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the rate of sensitization without CBDwas 3% among workers
with less than 5 years at the plant, and increased to at most 4%
in groups with more years of exposure. The ratio of CBD/all
sensitized was 35% among the Rocky Flats workers


described by Stange et al. [2001]. This ratio was 14% in
those workers with fewer than 5 years of employment at
Rocky Flats, and increased to 65% among workers with more
than 20 years of work at the facility.


TABLE III. Prevalence of Beryllium Sensitivity and Number of CBD CasesAmong ConstructionWorkers by DOE Site*


DOE site Workers tested Number sensitized


Be sensitivity prevalence (%)a,b


Number of CBD casesPrevalence 95% LCL 95% UCL


Brookhaven Lab 435 24 5.5 3.6 8.1 1
Fernald (FMPC) 1,298 15 1.2 0.7 1.9 1
Hanford 2,259 30 1.3 0.9 1.9 4
INEEL 705 6 0.9 0.3 1.8 1
Kansas City Plant 503 15 3.0 1.7 4.9 0
Mound 267 2 0.8 0.1 2.7 0
Oak Ridge 2,498 34 1.4 0.9 1.9 10
Paducah 728 11 1.5 0.8 2.7 1
Portsmouth 874 2 0.2 <0.1 0.9 1
Rocky Flats 529 3 0.6 0.1 1.7 1
Savannah River Site 3,153 45 1.4 1.0 1.9 8
All Other Sites 561 2 0.4 <0.1 1.3 0
ALL SITES 13,810 189 1.4 1.2 1.6 28


aFisher’s exact confidence limits.
bChi-square tests for overall association of DOE site and BeLPTsensitization foundprevalence to be significantly different by site (P < 0.05).
�Data are shown separately by DOE site for siteswith at least100workerswith BeLPT tests.


TABLE IV. Prevalence of Beryllium Sensitivity and Number of CBD CasesAmong ConstructionWorkers byTrade*


Construction trade Workers tested Number sensitized


Be sensitivity prevalence (%)a,b


Number of CBD casesPrevalence 95% LCL 95% UCL


Administrative, scientific, security 223 4 1.8 0.5 4.5 0
Asbestos worker, insulator 383 7 1.8 0.7 3.7 1
Boilermaker 274 8 2.9 1.3 5.7 1
Carpenter 929 9 1.0 0.4 1.8 1
Cement mason, brick mason, plasterer 227 1 0.4 <0.1 2.4 0
Electrician 2,495 35 1.4 1.0 2.0 2
Ironworker 758 11 1.5 0.7 2.6 1
Laborer 1,930 17 0.9 0.5 1.4 3
Millwright, machinist, mechanical trades 402 6 1.5 0.6 3.2 3
Operating engineer 790 8 1.0 0.4 2.0 2
Painter 399 5 1.3 0.4 2.9 1
Plumber, steamfitters, pipefitter 2,653 34 1.3 0.9 1.8 8
Roofer 108 3 2.8 0.6 7.9 0
Sheet metal worker 786 19 2.4 1.5 3.8 3
Teamster 465 6 1.3 0.5 2.8 0
All other trades 988 16 1.6 0.9 2.6 2
All trades 13,810 189 1.4 1.2 1.6 28


aFisher’s exact confidence limits.
bChi-square tests for overall association foundprevalence not significantly different by trade (P > 0.05).
�Data are shown separately by trade for tradeswith at least100workerswith BeLPT tests.
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Viet et al. [2000] also found that years of employment, an
estimate of cumulative exposure, and an estimate of mean
exposure all were significantly greater for the CBD cases than
for their control group. For sensitization, although the results
were consistently in the same direction, there was no
significant difference in these exposure groupings between
cases of sensitization and their control group. These studies
suggest that inhalation exposure to beryllium is more strongly
linked to the risk for CBD than to the likelihood of
sensitization. These data suggest the exposure to construction
workers at the DOE facilities was lower than that of
production workers machining beryllium at Rocky Flats.


There exists a genetic susceptibility to BeS and CBD. In
a large case control study Van Dyke reported the presence of
HLA-DPB1 E69 genotype conferred increased odds for both
BeS and CBD, as had been shown in other studies
[McCanlies et al., 2003, 2010; Silveira et al., 2012]. Van
Dyke found that increased exposure was associated with
CBD whether considering self-reported exposure assess-
ments or quantitative exposure reconstructions [Van Dyke
et al., 2011a,b]. However, no exposure–response relationship
was apparent for BeS, even with inclusion of genetic risk
factors. Van Dyke also noted that BeS case subjects were
overrepresented in the lowest lifetime weighted average
exposure quartile; more than one-third of BeS case subjects
never worked in areas or processes where exposures
exceeded 0.02 mg/m3.


The lower prevalence of CBD among those construction
workers with BeS might be due to dermal exposure to
beryllium. Dermal exposure can cause sensitization [Day
et al., 2006; National Research Council, 2008]. Additional
information on the role of skin contact comes from studies of
prevention programs that include strict measures to prevent
skin contact showing these programs are more effective in


prevention of BeS than programs that focus primarily on
preventing inhalation exposure [Cummings et al., 2007;
Bailey et al., 2010; Schuler et al., 2012]. In addition, the form
of beryllium may be important in sensitization through the
skin, because some forms, such as soluble metals, may make
beryllium more bioavailable [National Research
Council, 2008]. We can presume dermal exposure without
respiratory exposure would not lead to lung disease. If the
predominate exposure for our construction workers were
dermal, we would expect a lower proportion of CBD among
sensitized workers.


DOE has been conducting surveillance among current
and former workers with less direct exposure, or potential
exposure, to beryllium thanworkers in berylliummanufactur-
ing. Rocky Flats, Y12, and K25 (both sites within Oak Ridge)
were DOE facilities with significant use of beryllium, and
were the first facilities targeted for medical examination
programs; other sites were added over time but had used less
beryllium than the aforementioned sites. The prevalence of
sensitization is similar among these DOE facilities; at Rocky
Flats 3.7% are sensitized, 2.7% at Pantex, 3.07% at Lawrence
Livermore, and 2.0% at Kansas City Plant. However, among
those sensitized workers who underwent bronchoscopy, the
rate of CBD varies markedly. At Rocky Flats, 45% of those
completing a diagnostic evaluation have CBD, while at
Pantex, Lawrence Livermore, and Kansas City these rates
were 25%, 13%, and 14% respectively [Stange et al., 2003].
These data suggest that the positive predictive value of an
abnormal Blood BeLPT, as expressed as the ratio of CBD/
CBD þ BeS, goes down at facilities with more limited use of
beryllium than Rocky Flats.


There are several limitations to this study. Participation
was voluntary and it may be the case that workers who were
aware of beryllium exposure were more likely to participate.


TABLE V. Summary of Pulmonary Function, Chest X-Ray B-Reads, and Respiratory Symptoms by BeLPTStatus


Parametera Workers with normal BeLPt Be sensitized but not diagnosed CBD Be sensitized and diagnosed CBD


Pulmonary function
Mean (SD) percent predicted FVC 87.1 (19.2) 86.4 (18.6) 88.6 (26.9)
Mean (SD) percent predicted FEV1 85.8 (22.2) 87.9 (21.7) 89.2 (29.2)


Chest X-ray B-readings
Number (%) of parenchymal changes�1/0 629 (4.8) 6 (3.8) 3 (11.1)


Respiratory symptoms
Cough (%) 3,821 (36.1) 36 (29.0) 5 (27.8)
Phlegm (%) 3,852 (35.6) 44 (33.9) 8 (38.1)
Dyspnea Grade1 (%) 2,005 (14.7) 31 (19.3) 7 (25.0)
Dyspnea Grade 2 (%) 149 (1.1) 4 (2.5) 0 (0.0)


aNotallworkerswithBeLPTparticipatedinthePFTandB-Readcomponentsof theexaminations.Of the13,810workerswithBeLPTtests,13,116hadpulmonary functiontests
and13,317hadachestX-raywithaB-read.Forsymptomdata,percentagesare reported forworkersprovidingvalidanswers to the respiratoryquestionnaire.Nostatistically
significant differences (all P > 0.05) were detected comparing workers by BeS and CBD status listed above.The distribution for Dyspnea Grade1approached statistical
significance (P ¼ 0.09) with higher prevalence among thosewith CBD.
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In addition there may be variable recall about having worked
with beryllium. We do not think either of these potential
biases would affect the prevalence of beryllium sensitization
or of CBD among those sensitized.


Taken together, we can conclude that among groups of
workers with low/intermittent exposure to beryllium, or


groups where skin exposure is an important determinant of
sensitization, the predictive value of the blood BeLPT for
CBDmay be lower than in more highly exposed populations.
But in addition to identification of CBD, the BeLPT also has
an important role in identification of groups of workers,
specific processes, or work locations at high risk for exposure.


Our final statistical model shows a higher rate of BeS
among three trades: sheet metal workers, roofers and
boilermakers, and a higher rate of BeS at the Brookhaven
Laboratories. We are working with the site personnel at
Brookhaven to identify locations and dates where beryllium
was used, so those locations can be evaluated if they are still
in use in any capacity. This is a good example of the use of
BeLPT for occupational surveillance, in which risk of
sensitization within specific atomic weapons sites can be used
to identify higher risk areas for prevention measures. Within
the beryllium industry, linking the characteristics of persons
identified as sensitized to work processes or types of exposure
has identified targets for primary prevention [Schuler
et al., 2012].


Beryllium sensitization is not a disease in its own right,
but is important because the presence of sensitization presents
a risk of significant granulomatous lung disease. Any such
biological test has a positive predictive value, which is the
likelihood that if the test is abnormal the disease is present,
and a negative predictive value, in which the disease is absent
if the test is normal. This data on our former construction
workers gives us additional information about the perfor-
mance of the Blood BeLPT test, and its predictive value for
CBD in populations with lower total lifetime exposures and
more remote exposures than that experienced by current
workers in beryllium machining operations. As noted above,
in addition to predicting the risk for CBD, screening for BeS
identifies groups of workers at risk; helps identify locations
and routes of exposure; and can be used to assess the
effectiveness of prevention programs [Cummings et al.,
2007]. Similar biological markers are an essential part
controlling occupational exposures to lead, cadmium,
pesticides, and many other hazards. Through surveillance
of construction workers we have identified exposures to
beryllium and subsequently worked with DOE site personnel
to identity and mitigate those exposures which still exist, plus
help to focus attention on the risk for beryllium exposure
among current demolition workers at these facilities.
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TABLE VI. Final LogisticModel for BeLPT Sensitivity


Parametera Odds ratios (95% CI)


Age (years)
<45 Reference
45^54 2.32 (1.08^4.98)
55^64 3.18 (1.51^6.69)
65þ 2.85 (1.35^6.01)


Race
White Reference
Non-white 0.64 (0.37^1.12)


Trade group
Electrician Reference
Asbestos worker, insulator 1.95 (0.84^3.04)
Boilermaker 2.74 (1.23^6.13)
Carpenter 0.84 (0.38^1.86)
Cement mason/brick mason/plasterer 0.56 (0.08^4.17)
Ironworker 1.26 (0.62^2.54)
Laborer 0.98 (0.52^1.86)
Millwright, machinist, mechanical trades 1.45 (0.59^3.59)
Operating engineer 1.02 (0.46^2.26)
Painter 1.28 (0.49^3.37)
Plumber, steamfitters, pipefitter 0.98 (0.58^1.63)
Roofer 2.57 (1.23^4.12)
Sheet metal worker 2.26 (1.24^4.12)
Teamster 1.33 (0.54^3.27)
All other trades 1.60 (0.85^3.04)


DOE site
Savannah river site Reference
Brookhaven Lab 3.97 (2.26^6.97)
Fernald (FMPC) 0.73 (0.38^1.36)
Hanford 0.76 (0.45^1.27)
INEEL 0.56 (0.23^1.36)
Kansas City Plant 1.53 (0.80^2.92)
Mound 0.43 (0.10^1.82)
Oak Ridge 0.90 (0.55^1.47)
Paducah 1.14 (0.57^2.29)
Portsmouth 0.16 (0.04^0.67)
All other sites 0.19 (0.05^0.80)


Worker reported be exposure
No Reference
Yes 1.54 (1.09^2.19)


aA total of 12,913 workers without any missing data for all model covariate were
includedinthemodels.All covariateswerecategorical.Otherparametersconsidered
in the finalmodel buteliminateddue to lackofsignificanceoreffectsonotherparam-
eterestimatesweregender,cigarettesmoking,yearsemployedataDOEsite,andtime
period since last havingworked at a DOE.
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program. The Amchitka, Hanford, Oak Ridge, and Savannah
River construction workers medical screening program have
rolled into the Building Trades National Medical Screening
Program still operated by CPWR and its consortium and
funded by DOE. Currently BTMed serves construction
workers from 27 DOE sites. We have received guidance and
support from various Building and Construction Trades
Council including the Central Washington, Augusta, Knox-
ville, Greater Cincinnati, and Idaho Councils. We received
assistance from numerous people across the DOE complex
includingMary Fields (DOE FWPmanager). This program is
reviewed by both the Central DOE Institutional Review
Board (Jim Morris, Chair; Becky Hawkins, Administrator)
and the CPWR Institutional Review Board (Jim Platner,
Chair). The Oak Ridge program was coordinated by Dr. Eula
Bingham and Bill McGowan at the University of Cincinnati
and was merged into the BTMed program in 2005. The
coordinating office and data center are administered at Zenith
American Solutions under the supervision of Richard Hepner,
Sue Boone, Anna Chen, and Kim Cranford.
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Respirable Quartz Exposures:  


T-BEAM Surveys (1999-2000) 


• Painters (abrasive blasting) 
–  7 full-shift samples range between 0.5 – 26.2 mg/m3  


–  3 to 524 times the NIOSH REL  


• Bricklayers (grinding masonry & concrete) 
– 5 full-shift samples range between 0.1 – 1.2 mg/m3  


– 2 to 24 times the NIOSH REL  


• Operators and laborers (road milling) 
– 22 full-shift samples ranging from 0.01 - 0.62 mg/m3  


– 0.2 to 12 times the NIOSH REL   


 







Engineering Controls for 


Abrasive Blasting 


• NIOSH recommended ban on use of abrasive 


containing more than 1% silica (1974) 


• NIOSH study shows alternative abrasives may 


also pose metal hazards, w/ specular hematite 


least hazardous (1990s) 


• With the NJ DOT, CPWR employs T-BEAM 


approach to identify lowest risk substitute for 


silica sand (2001)   







NIOSH Study on Alternative Abrasives 
(Geometric mean of air samples in μg/m3, except respirable silica) 


Silica Sand Steel Grit Coal Slag 
Specular 


Hematite 


Respirable 


Silica (mg/m3) 
8.8 <0.1 <0.1 <0.1 


Arsenic 2.0 10.7 2.9 <0.1 


Beryllium 0.09 0.05 2.2 <2.1 


Cadmium 0.08 0.05 0.1 0.1 


Chromium 7.1 231. 38.7 <5.2 


Lead 2.7 2.6 3.9 <2.1 


Manganese 45.7 1,815. 149. 60.9 


Nickel 6.0 196. 28.3 <5.2 







Specular Hematite 


• Chemically inert ferric oxide mineral found 
in iron ore deposits in Canada 


• Processed prior to use as an abrasive 


• Particles are in a fully oxidized form, so 
does not rust 


• Barshot grade contains <0.3% quartz 


• Not recycled, so not subject to 
contamination for subsequent use like 
recyclable abrasives (e.g. steel grit) 


 







Coal Slag (w/Blastox) 


• Coal slag (also known as black beauty) is the 
by-product of furnace bottom slag that is 
crushed, dried and screened 


• Inexpensive and effective blasting abrasive 


• Blastox is a calcium silicate-based material with 
stabilization mechanisms similar to Portland 
cement 


• Added to chemically stabilize lead in the spent 
abrasive to limit leaching, making the waste 
“non-hazardous” 


• Added at a ~15% weight percent mixture 







Steel Grit 


• Manufactured from steel scrap that is 


melted down then crushed  


• Can be manufactured to specific uniform 


size and hardness 


• Creates consistent anchor profile with 


good visibility (low dust levels) 


• More expensive by weight but can be 


recycled many times 







Methods 


• New Jersey highway footbridge renovation 


projects in summer of 2002, 2003, and 2004 


• Sampled 2-3 workers blasting; night work 


• Workers blasted 2-2.5 hours per shift 


• Used dual personal sample pumps (outside 


PPE) for task average exposures to dust, 


respirable silica and various metals 


• Also collected bulk samples of paint chips, clean 


(unused) abrasive, and spent abrasive 







Variables to Consider when Evaluating 


Abrasive Blasting Agents 


• Surface coatings, abrasive media and 


even substrates (concrete and steel) can 


be important sources of silica and/or metal 


hazards during abrasive blasting 


• Materials, tasks, sample times, and 


intermittency of blasting work will vary 


between jobs, studies and published data 







 











 







 







 







Comparing Clean Abrasives (ppm) 


Specular 


Hematite 
Coal Slag Blastox Steel Grit 


Quartz 1,000 <1,000 <1,000 <1,000 


Arsenic <2 <16 <9 15 


Beryllium <0.2 4 <0.9 <0.4 


Cadmium <0.5 <3.2 1.0 69 


Chromium 7.9 135 62 2,400 


Cr (VI) <0.04 0.08 4.0 0.06 







Clean Abrasives, in ppm (cont.) 


Specular 


Hematite 
Coal Slag Blastox Steel Grit 


Lead 3.5 <16 14 260 


Manganese 25 95 730 7,500 


Nickel <2 34 29 1,200 


Silver <1 <6 -- 2 


Titanium <1 450 280 21 


Vanadium <1 71 45 101 







Comparison of Paint Chip Samples
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Geometric Mean (Min, Max) Worker Exposures to Metals 


Using Alternative Abrasives
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Respirable Silica Results 
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Beryllium Results 
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Cadmium Results 
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Chromium Results 
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Manganese Results 
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Nickel Results 
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Titanium Results 
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Vanadium Results 
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Clean Abrasive 


(n=1) 


Paint Chip  


(n=4) 


Spent Abrasive 


(n=3) 


Silica, 


Crystalline 
1,000 (=0.1%) 52,750. 19,000. 


Arsenic <1.8 35.1 3.9 


Beryllium <0.2 <0.4 <0.2 


Cadmium <0.5 10.9 0.9 


Chromium 7.9 1,636. 59.0 


Cr(VI) <0.04 0.6 0.03 


Lead 3.5 113,350. 4,503. 


Manganese 24.7 1,226. 210. 


Nickel <1.8 57.7 4.1 


Silver <0.9 <2.2 <0.7 


Titanium <0.9 50.4 12.2 


Vanadium <0.9 7.9 2.6 


Example: Role of Paint on Exposure--Specular Hematite (ppm) 







NIOSH (Blasting bare steel) CPWR 


Silica 


Sand 


Steel 


Grit 


Coal 


Slag 


Specular 


Hematite 


Specular 


Hematite 


Respirable 


Silica (mg/m3) 
8.8 <0.1 <0.1 <0.1 2.69 


Arsenic 2.0 10.7 2.9 <0.1 5.12 


Beryllium 0.09 0.05 2.2 <2.1 0.5 


Cadmium 0.08 0.05 0.1 0.1 11.5 


Chromium 7.1 231. 38.7 <5.2 554. 


Lead 2.7 2.6 3.9 <2.1 56,419. 


Manganese 45.7 1,815. 149. 60.9 980. 


Nickel 6.0 196. 28.3 <5.2 37.7 


Comparison of Airborne Sample Results 
(Geometric Means in μg/m3, except Respirable Silica) 







Conclusions  


• Specular hematite, coal slag and steel grit 


are all viable alternative abrasives with 


respect to achieving the desired surface 


characteristics  


• For specular hematite, which was thought 


to be least toxic, worker exposures to silica 


and heavy metals were still problematic. 


• However, the existing paint appeared to be 


the principle source of these exposures 


based on bulk sample measurements 







Conclusions (2) 


• Silica exposures were not significantly different 
between the 3 abrasives 


• Due to high quartz content in paint, these 
alternative abrasives may not significantly 
reduce silica exposures compared to sand 


• Similarly, lead (lead paint) exposures did not 
differ significantly between abrasives 


• Coal slag produced a much more dusty 
atmosphere than SH and SG 


• Coal slag may also create a beryllium exposure 
hazard to workers  







Conclusions (3) 


• Steel grit created significantly higher 
exposures to several metals: 


– Cadmium 


– Chromium 


– Manganese 


– Nickel 


• Coal slag produced higher exposures to 
titanium and vanadium 


• Exposures to Cr(VI) are possible, though 
more research is necessary 


 







Recommendations 


• Characterization of silica and metal 
content of paint coatings through bulk 
sampling can be used to determine 
potential exposure during maintenance 
and rehab work 


• Due to presence of heavy metals in dry 
blasting, protective and hygiene measures 
also need to be utilized during setup and 
tear-down operations 







Recommendations (cont.) 


• Contractors, unions and owners should 
broaden worker training and protection 
programs to include consideration of other 
hazardous metals in addition to silica and 
lead 


• Research needed on surface preparation 
methods (such as wet blasting methods) 
which may lessen exposure risk from paint 
and substrate involved with dry blasting 







Other Issues to Consider 


• Performance– Desired Surface Profile 


• Environmental and Economic 


– Recyclable vs. Non-recyclable 


• Non-Blasting Worker Exposures 


– e.g., contaminated equipment 


• Safety 


– Acute Injury; Slips, Trips, Falls 


– Confined Space 


– Ergonomics 
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DOE/Building Trades Medical Screening Program Beryllium Clinical Decision Logic 


 


Definitions: 


 


1. BE LPT Results 


a. Normal: all BE LPT test values within reference range, normal x-ray, no known beryllium exposures 


b. Abnormal: at least two BE LPT test values elevated in one test, two borderlines (one elevated test value) or three borderlines 


c. Borderline: One elevated value with at least one control in normal range 


d. Uninterpretable: PHA <50 and TTX <3 


 


2. Clinical Diagnosis of CBD 


a.    Exposure to beryllium and  


b. Abnormal blood BE LPT and /or Abnormal BAL BE LPT and 


c. Histopathology on lung biopsy and /or x-ray evidence of granuloma or interstitial fibrosis 


 


Decision Logic 


 


BE LPT Test No. 1: Send to one lab 


 


 Normal: NO FURTHER ACTIONS 


Abnormal: One abnormal LPT gets letter 1 about DOL EEOICPA on how to file a claim, send a copy of the claim to  the Medical 


Screening Program (Seattle office),  RETEST NOW -  single repeat BE LPT immediately through the Medical Screening Program. 


Borderline: RETEST NOW- single repeat 


 Uninterpretable: RETEST NOW- single repeat through second lab (i.e., ORISE Lab). 


 


BE LPT Test No. 2: Single repeat test  


  


BE LPT #1/BE LPT #2 (not split sample results) 


 Abnormal/Normal: RETEST IN THREE YEARS AT RE-SCREENING EXAM 


 Abnormal/Abnormal: CLINICAL EVALUATION 


 Abnormal/Borderline: CLINICAL EVALUATION 


Borderline/ Abnormal: CLINICAL EVALUATION 


Borderline/Borderline: report as normal at time, repeat in THREE YEARS AT RE-SCREENING EXAM unless worker has signs 


consistent with CBD*.  If signs are consistent with CBD RETEST NOW with single repeat.  If remains borderline repeat at re-


screening exam. 


 Borderline/Normal: report as normal at time, repeat in THREE YEARS AT RE-SCREENING EXAM 


 Uninterpretable/Normal: NO FURTHER ACTION 


Uninterpretable/Borderline (normal): THREE YEARS AT RE-SCREENING EXAM unless worker has signs consistent with CBD*.  


If signs are consistent with CBD RETEST NOW with single repeat.  If remains borderline repeat at re-screening exam. 


Uninterpretable/Uninterpretable: SET UP A TEST USING AUTOLOGOUS SERUM through NJ Lab 


Uninterpretable/Abnormal (normal): RETEST IMMEDIATELY, single repeat  


Abnormal/Uninterpretable: RETEST IMMEDIATELY, single repeat BELPT.   Send single sample to second lab (i.e., ORISE if first 


was at NJ) 


 


*DOL Compensation referral letter: Abnormal/Abnormal, Abnormal/Borderline, (validity- PHA >50 or TTX >3) 


 


Rescreens:  


Original exam BELPT is normal, BELPT is offered with the first rescreen exam. First rescreen BELPT is normal, NO BELPT with the second 


rescreen exam.  


Original exam BELPT confirmed abnormal, do not repeat in future re-screenings 


Original exam BELPT abnormal/borderline, do not repeat in future re-screenings 


Original exam Abnormal/Normal, BELPT is offered with the first rescreen exam.  First rescreen BELPT is normal, NO BELPT with the 


second rescreen exam.  


Original exam Abnormal/Normal, BELPT is offered with the first rescreen exam.  If confirmed abnormal, do not repeat in future re-screenings 


Original exam BELPT is Uninterpretable/Borderline, Borderline/Borderline, or Borderline/Normal, BELPT is offered with the first rescreen 


exam. First rescreen BELPT is normal, NO BELPT with the second rescreen exam.  First rescreen BeLPT is Borderline; no repeat. 


(Borderline/Borderline) Refer to Dr. Welch for consideration of clinical evaluation. 


 


* Signs of CBD: B reading with rounded opacities or hilar adenopathy 
 


 







Revised 5/28/2014 


 


 


 


Rationale for changes 09/22/2009: 


 


 


We have re-screened 2218 workers with the BeLPT as of June 2009.   19 had a single positive test on first screen; on 


the second exam 3 of these were confirmed positive, 15 were normal, and 1 remained single positive.   Of the 2175 


with a normal BeLPT on first exam, only 8 were confirmed positive on re-screen.  


 


Re-Screen LPT Results 


 


 Initial LPT Results LPT  Double  Single  Single Pos +  
 Normal Positive Positive  Borderline 


LPT Normal 2175 6 7 2 


Single Positive Only 15 3 1 
   


 


This tells us (1) that if a worker has a normal BeLPT on first exam he is very unlikely to be a false negative test (i.e. 


he is really sensitized to beryllium but had a normal test), and (2) if a worker had only a single positive (in 


combination with an uninterpretable or normal test) he is unlikely to have a confirmed positive test on re-screen – 


about 15% were confirmed abnormal on repeat.   


 


These low detection rates for sensitization in combination with a relative low rate for diagnosis of CBD among 


workers with confirmed abnormal tests support the decision to wait until a re-screen examination to repeat the single 


abnormal tests and the borderline tests.  
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The Potential for Beryllium Exposure from Abrasive Blasting Operations using Coal Slag: a Brief 
Summary of Research Conducted by CPWR – the Center for Construction Research and Training 


Introduction 


Abrasive blasting is a widely used technique for removing existing paint and rust from surfaces prior to 
applying new paint. Paint must be reapplied periodically and/or maintained to prevent rusting and 
failure of steel structures such as bridges. Paint is removed by propelling an abrasive agent under high 
pressure on coated surfaces, generating large amounts of inhalable, toxic dust. For new paint to bond 
effectively to steel, abrasive blasting must achieve a desired surface profile. Silica sand has been widely 
used as an abrasive in the past because of its low cost and ability to effectively remove paint while 


leaving the desired surface profile. 
However, extremely high 
concentrations of respirable silica 
are generated that can lead to 
silicosis – an incurable and often 
deadly disease, autoimmune 
disorders, and possibly cancer.  
Use of sand is widely prohibited as 
an abrasive in the European 
Economic Community and by 
some state and federal agencies.  
NIOSH recommended a ban on 
the use of abrasives containing 
more than 1% silica in 1974 
(NIOSH, 1974).  Alternative typ
of abrasives include steel shot a


grit, coal and metallurgical slags, and synthetic abr


es 
nd 


asives.   
 


Center for Construction Research and Training Study 


From 2002‐2004, the Center for Construction Research and Training (also known as “CPWR”) set out to 
compare the potential for worker exposures to  airborne toxics, particularly silica and metals, when 
abrasive blasting with three alternative abrasives (coal slag, steel grit, and specular hematite).  Each 
summer during the study period, exposure sampling was conducted among painters abrasive blasting 
with one of the three abrasives on steel pedestrian bridges being repainted by the New Jersey 
Department of Transportation. Personal air monitoring was conducted for airborne respirable silica and 
metals concentrations by placing an air sampling device near the breathing zone of the workers. For this 
comparison study, samplers were placed outside of the supplied air respirators the workers were 
wearing. Due to the high‐pressure blasting being performed in front of the workers, samplers were 
placed on the back of the blasting helmet in order to prevent sampler damage and/or failure. 


Using task time‐weighted averages (TWAs) over the period of time spent blasting (approximately 2‐3 
hours per shift), we found that the use of coal slag was associated with the highest amount of dust 
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generation, but use of all three abrasives resulted in exposure to a range of metals including arsenic, 
cadmium, chromium, lead, manganese and nickel  during all 3 repainting projects. For several of these 
metals, most notably lead, it was determined that their presence in the existing paint led to the levels 
detected in air samples. We also found elevated exposure to silica. This too was determined to result 
from the presence of silica in the existing paint, which was an unexpected finding.  


Another unexpected finding of our study was that beryllium exposure is a concern when abrasive 
blasting with coal slag. We found beryllium was present at a concentration of 4 parts per million (ppm) 
in coal slag samples analyzed prior to blasting, and measured airborne beryllium concentrations of up to 
9.5 µg/m3 during abrasive blasting tasks. The OSHA permissible exposure limit (PEL) for beryllium is 2 
µg/m3 in air. The NIOSH recommended exposure limit (REL), which is health‐based as opposed to the 


OSHA PEL which also considers the technical and economic feasibility of controlling exposure, is 0.5 
µg/m3. The ACGIH Threshold Limit Value (TLV), which is also health‐based and more recently updated, is 
0.05 µg/m3.  Based on these results, average exposures were almost 5 times the PEL and 19 times higher 
than the REL and TLV when coal slag was in use. 


Implications 


Beryllium is a human carcinogen that can affect the respiratory system and lead to chronic beryllium 
disease, which produces lung granulomas and scarring, following long‐term exposure to low 
concentrations. Exposure to low levels over time may also lead to sensitization (i.e., allergy), where once 
sensitized, individuals need to be exposed to only minute levels in order to cause adverse health effects. 
OSHA site inspections in addition to laboratory research conducted by NIOSH have also reported the 
potential for beryllium overexposure when abrasive blasting with coal slag .  In the past year, a number 
of producers of coal (and copper) slag abrasives have begun including beryllium on their product 
Material Safety Data Sheets (MSDS). However, it remains unclear whether MSDS disclosure of beryllium 
in these products is now universal.  


 Recommendations  


The results of our study show that dry abrasive blasting in general is associated with the potential for 
exposure to a range of metals especially on painted surfaces. However, coal slag was the only abrasive 
associated with elevated beryllium contamination. Consideration should be given to using alternatives 
to coal slag, and, more generally, to dry abrasive blasting where possible for surface preparation. When 
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this is not feasible, the use of full air‐supplied hoods as personal protective equipment (PPE) would be 
required with any of the abrasives used.  However, even when accounting for a protection factor of up 
to 1,000, permissible exposures may still be exceeded especially for lead exposure when abrasive 
blasting lead‐containing paint.  


For beryllium, sensitization (allergy) can result from very small amounts of exposure on the skin in 
addition to inhaling it into the lungs. Thus, it’s very important to have clean water and soap for hand 
washing and to maintain good hygiene and housekeeping practices on sites where present. Other 
metals, such as lead, cadmium and arsenic, are also systemic hazards that can adversely impact human 
health through multiple routes of exposure (inhalation, ingestion, dermal).  These other metals have 
specific OSHA standards requiring workplace hygiene and housekeeping measures.  These metals are 
likely to end up on work surfaces, tools, and clothing during abrasive blasting operations. In the absence 
of good workplace hygiene this can in turn result in the presence of the metals on skin, food, street 
clothes, in automobiles, etc. that can lead to exposure to the worker or even their families through 
“take‐home” exposures.   


For more information and recommendations, please see the recent NIOSH Alert document, “Preventing 
Sensitization and Disease from Beryllium Exposure” (http://www.cdc.gov/niosh/docs/2011‐
107/pdfs/2011‐107.pdf). 
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Table 1:  CPWR Abrasive Blasting Data for Coal Slag NJDOT Contract 2002:1:  Bergen, Hudson and 


Passaic Counties 


Worker 
ID 


Date Sample No. Task Analyte TWA Concentration 
(ug/m3)1 


Total Sample 
Time (min)2 


1932 7/25/03 PS-072503-04 Blaster Beryllium 5.2 124 


1234 9/10/03 PS-091003-04 Blaster Beryllium 9.5 128 


3497 9/24/03 NZ-092403-01 Blaster Beryllium 8.3 110 


8362 9/29/03 JM-092903-02 Blaster Beryllium 2.5 138 


8326 9/30/03 JM-093003-04 Blaster Beryllium 2.9 184 


Mean = 5.7 ug/m3; Standard Deviation = 3.1; Range = 2.5 - 9.5 ug/m3 


1) TWA = Time Weight Average in micrograms/cubic meter (ug/m3) 


2) Samples were collected during continuous abrasive blasting periods and results were averaged 


over that time period.  Abrasive blasting durations ranged roughly from 100 to 240 minutes.  


Task logs on Day of Sampling provide some detail on activities performed during sampled work 


shifts.  Typically, these activities involved:  1) work at the yard (loading and unloading trucks);  


2) setting up traffic control; 3) erecting containment;  4) abrasive blasting to remove old paint;  


5) applying coating on blasted surfaces; and 6) breaking down the containment, restoring traffic 


flow and traveling back to yard. 


 


Table 2:  CPWR Abrasive Blasting Data for Coal Slag NJDOT Contract 2002-1:  Bergen, Hudson and 


Passaic Counties Estimated 8 Hour TWAs* and Hazard Ratios Using the Proposed PEL 


Worker  
ID 


Date Sample No. TWA 
Concentration 


(ug/m3)1 


Total Sample 
Time (min)2 


8 hour TWA 
assuming 0 
exposure 


unsampled time 


Hazard 
Ratio 


(exp/0.2) 


1932 7/25/2003 PS-072503-04 5.2 124 1.3 6.7 


1234 9/10/2003 PS-091003-04 9.5 128 2.5 12.7 


3497 9/24/2003 NZ-092403-01 8.3 110 1.9 9.5 


8362 9/29/2003 JM-092903-02 2.5 138 0.7 3.6 


8326 9/30/2003 JM-093003-04 2.9 184 1.1 5.6 


Mean 8 hour TWA = 1.5 ug/m3; mean hazard ratio = 7.6 


 


Table 3: Occupational Exposure Limit (OEL) Reference Values in micrograms/cubic meter (ug/m3) 


OEL Averaging Time Value 


ACGIH Threshold Limit Value (TLV) 8 hour TWA 0.05 


OSHA  Permissible Exposure Limit (PEL) 8 hour TWA 2 


OSHA  Ceiling Concentration   5 


OSHA  Proposed PEL 8 hour TWA 0.2 


OSHA Proposed Short Term Exposure Limit  (STEL) 15 min 2.0 


 


*8 hour TWAs are conservatively derived (that is erring towards underestimating exposure) by 


assuming zero exposure during un-sampled periods. 


  







 
 
 
 
 


List of Documentation for CPWR/NJ DOT Abrasive Research Project 
 


1) CPWR Industrial Hygiene Sampling Results for an Evaluation of Coal Slag NJ DOT 
Contract 2002-1 Bergen, Hudson and Pasaic Counties (2003) 
2) T-BEAM Survey Forms 
3) Field Notes 
4) RJ Lee Reports 
5) Meeker, J. D.; Susi, P.; and Pellegrino, A.; Comparison of Occupational Exposures 


Among Painters Using Three Alternative Blasting Abrasives.  Journal of Occupational 


and Environmental Hygiene, 3: D80-D84, September 2006. 
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INTRODUCTION


I n our August 2005 column,(1) we reported exposures to silica and heavy metals
among painters abrasive blasting with specular hematite on a New Jersey footbridge


painting project. In this report, we describe the results of a comparison between
specular hematite and other commonly used abrasives—coal slag and steel grit.
Specular hematite was found to be associated with lower concentrations of silica and
heavy metals when compared with sand and metal abrasives, respectively. However,
painters were still exposed to elevated concentrations of these compounds as a result
of the high content of these toxins in the paint being blasted.


The previous report included data from the first year of a 3-year project. This case
report compares findings from all 3 years of the field study (2002–2004) where three
different abrasives were used in otherwise similar conditions. Specular hematite was
used in Year 1, as it was believed to be the least toxic alternative blasting abrasive ac-
cording to National Institute for Occupational Safety and Health (NIOSH)-sponsored
laboratory studies.(2) Coal slag (with Blastox additive, a leaching inhibitor) and steel
grit were evaluated in Years 2 and 3, respectively. The New Jersey Department of
Transportation (NJDOT) recommended we evaluate coal slag and steel grit because
these are currently among the most commonly used abrasives in construction. Work
was performed by the same contractor all 3 years. Bridge structures on which work
was performed were similar in size, design, era of construction, and existing paint
systems.


In 1974, NIOSH recommended a ban on the use of abrasives containing more
than 1% silica.(3) Specular hematite is a chemically inert, ferric oxide mineral that
does not rust because it exists in a fully oxidized form. Barshot, a proprietary form
of specular hematite used for abrasive blasting (Techniquip Inc., Pompton, N.J.) is
advertised to contain less than 0.3% free silica. Specular hematite was also found
to pose less of a heavy metal exposure hazard than other low-silica alternatives in a
laboratory study of abrasive blasting on bare steel surfaces(2) and was found to be the
least toxic in animal studies.(4−6) Coal slag is the byproduct of furnace bottom slag
that is crushed, dried, and screened. It is commonly used in construction because it
is inexpensive and an effective blasting abrasive. Blastox, a calcium silicate-based
material similar to Portland cement, is sometimes added to coal slag (at approximately
a 15% weight percent mixture) to chemically stabilize lead in the spent abrasive and
to minimize leaching and hazardous waste generation. Steel grit is manufactured from
steel scrap that is melted down and crushed. It is an effective abrasive because it can
be manufactured to specific uniform size and hardness to create a consistent anchor
profile with good visibility (i.e., creates low dust compared with other abrasives).
Steel grit is considerably more expensive by weight than coal slag, but it can be
recycled many times after being processed to remove lead.
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METHODS


M ethods have been largely described in our previous
report.(1) Briefly, worker exposure monitoring was con-


ducted over three consecutive summers (2002–2004) on foot-
bridge repainting projects in New Jersey. Bridges were con-
structed and originally painted circa 1960. The blasting area
was enclosed with tarps to reduce environmental emissions.
The containment was under negative pressure, and a dust col-
lector was attached to one side. When blasting, workers inside
the containment area wore continuous flow hoods (Model 88,
Type CE; Bullard, Cynthia, Ky.), which have an assigned pro-
tection factor (APF) of 1000. The containment was set up and
taken apart at the beginning and end of each shift, leaving
approximately 2 to 3 hours for blasting each night. A primer
coat was applied following blasting before the containment
was dismantled.


Each year of the project, personal breathing zone (PBZ)
air samples were taken outside the respirators of two or three
abrasive blasters. Personal air monitoring was conducted only
during blasting operations (approx. 2–3 hours per shift). PBZ
samples were collected and analyzed in accordance with
NIOSH methods 0500 (Total Particulate), 0600 (Respirable
Particulate), 7500 (Respirable Silica), 7300 (Selected Metals),
7604 (Hexavalent Chromium; Year 1), and 7600 (Hexavalent
Chromium; Years 2 and 3). Samples were collected on 37-mm
preweighed PVC filters (5 µm pore size) by drawing air with
personal sampling pumps (GilAir 5; Sensidyne Inc., Clearwa-
ter, Fla.). For respirable particulate and silica samples, a 10-
mm nylon cyclone was used with a personal sampling pump
calibrated to a flow rate of 1.7 L/min. For total particulate
and metal exposure samples, personal sampling pumps were
calibrated to a flow rate of 2.0 L/min. Pumps were calibrated
before and after sampling each day using an electronic bubble
meter (Gilibrator; Sensidyne).


Bulk paint chip samples were collected from each bridge
prior to blasting and analyzed for crystalline silica and metals
content. Paint chip samples were obtained by scraping an ap-
proximate 3-inch by 3-inch square of paint from the center of
the bridge with a chisel into a clean, sealable plastic bag or plas-
tic vial that was then shipped to the laboratory. Bulk samples of
unused (clean) and spent (used) abrasives were also collected
before and after blasting and analyzed for the same materials.


Personal exposure concentrations for each of the analytes
were compared among the three abrasives using one-way anal-
ysis of variance (ANOVA). Analyte distributions were skewed
right, so all exposure values were adjusted using the natural
log. Concentrations for samples below the limit of detection
(LOD) were estimated by assigning the value of one-half the
LOD for the sample in place of the analyte mass and dividing
that value by the sample volume.


RESULTS


A ccording to structural engineers on site, specular hema-
tite, coal slag, and steel grit all performed well in the


TABLE I. Comparison of Mean Paint Chips


Year 1,
Specular


Hematite (ppm)


Year 2,
Coal Slag


(ppm)


Year 3,
Steel Grit


(ppm)
No. of Samples 4 11 4


Silica, crystalline 63,000 95,800 59,000
Arsenic 27.7 <23 <22
Beryllium <0.44 <1.20 <0.89
Cadmium 7.00 3.58 1.16
Chromium 1,780 4,080 4,850
Chromium (VI) 0.36 7.36 3.39
Lead 135,000 172,000 175,000
Manganese 692 237 243
Nickel 48.0 14.5 10.6
Silver <2.20 <6.3 <4.40
Titanium 128 64.6 558
Vanadium 8.56 9.95 10.7


removal of existing paint and provided the desired surface
profile for the application of new paint. However, coal slag
with Blastox was visibly dustier than the alternatives. Existing
paint systems from the footbridges throughout the 3 years were
similar with respect to content of analytes of interest measured
in paint chip samples. Mean values for each year appear in
Table I. Paint from all 3 years contained a high percentage
of quartz, ranging from 5.9% to 9.6% by weight (59,000 to
96,000 ppm). The paint also contained high concentrations
of lead (135,000 to 175,000 ppm), in addition to chromium,
manganese, and titanium.


As expected, sizeable differences were found in the content
of hazardous metals between the three abrasives when compar-
ing clean and spent abrasive samples (Table II). Clean steel grit
contained higher concentrations of cadmium, chromium, lead,
manganese, and nickel than the other two abrasives, whereas
coal slag contained more beryllium and titanium. Spent abra-
sive, which is a combination of abrasive, blasted paint, and
substrate, may represent the dust content within the blasting
work space. Spent abrasive samples generally had concentra-
tions of silica and metals between that of the clean abrasive
and the paint being blasted.


Results of personal exposure monitoring are presented in
Table III. The number of PBZ samples for each analyte within
an abrasive ranged from 4 to 12, and task sample times ranged
from 110 to 200 min. Specular hematite and steel grit had
similar geometric mean values for total and respirable par-
ticulate. One-way ANOVA models showed geometric mean
levels for total and respirable particulate were significantly
higher for coal slag (p-values <0.05), suggesting coal slag
created a much dustier work environment than the other two
abrasives. No statistical differences were seen in respirable
silica or lead exposures between the three abrasives. Steel grit
was associated with higher exposures to cadmium, chromium,
manganese, and nickel than specular hematite and coal slag
(all p-values <0.05, except for the comparison of manganese
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TABLE II. Comparison of Clean and Spent Abrasive Media Samples


Clean Abrasive Spent Abrasive


Specular Hematite
(ppm)


Coal Slag (Blastox)
(ppm)


Steel Grit
(ppm)


Specular Hematite
(ppm)


Coal Slag
(ppm)


Steel Grit
(ppm)


No. of Samples 1 2 (1) 3 3 6 2


Silica, crystalline 1000 <1000 (<1000) <1,000 29,000 6200 2300
Arsenic <1.80 <16.0 (<8.80) 14.6 4.08 <4.20 6.31
Beryllium <0.18 4.00 (<0.88) <0.40 <0.18 2.46 <0.44
Cadmium <0.45 <3.20 (1.04) 68.7 1.05 2.98 65.2
Chromium 7.85 135 (62.0) 2390 59.0 239 2370
Chromium (VI) <0.04 0.08 (4.02) 0.05 <0.04 0.14 0.05
Lead 3.53 <16.0 (13.6) 257 4500 8610 692
Manganese 24.7 94.6 (727) 7540 210 313 7330
Nickel <1.80 34.4 (29.4) 1180 5.37 28.6 1170
Silver <0.90 <6.30 (—) 1.74 <0.70 <3.10 1.51
Titanium <0.90 453 (277) 21.3 12.2 562 33.9
Vanadium <0.90 70.7 (45.0) 101 2.56 51.0 104


concentrations between steel grit and coal slag where p-value
>0.05), which was consistent with results from the clean
abrasive samples. In addition to total and respirable particu-
late, coal slag was associated with higher exposures (p-values
<0.05) to beryllium and titanium compared with both specu-
lar hematite and steel grit, and higher exposure to vanadium
compared with specular hematite. For beryllium and titanium,
the higher exposures associated with coal slag were consistent
with clean abrasive sample results.


Hexavalent chromium exposure concentrations also appear
in Table III, though differences between abrasives were not
tested because of differing laboratory analysis methods. In
Year 1 (specular hematite) NIOSH method 7604 was used to
quantify Cr(VI) concentration, whereas in Years 2 and 3 (coal
slag and steel grit) NIOSH method 7600 was used. A lack of
sensitivity and high variability in results using method 7604 in
Year 1 led to the decision to switch to method 7600 in Years 2
and 3. Thus, it is not appropriate to test results between Year


TABLE III. Comparison of Personal Exposures Using Three Abrasive Blasting Media


Specular Hematite Coal Slag Steel Grit


Analyte N Units Min Max
Geometric


MeanA Min Max
Geometric


MeanA Min Max
Geometric


MeanA


Total dustB,C 26 (mg/m3) 1080 2810 1739 1716 9989 4215 879 9490 1686
Respirable dustB,C 30 (mg/m3) 62.3 1841 237.8 232.2 5652 999.6 31.4 1400 193
Respirable silica 30 (mg/m3) 0.52 25.7 2.7 0.42 90.1 5.0 0.89 57.5 6.9
Arsenic 17 (µg/m3) <0.6 86.1 5.1 8.5 32.5 18.5 <4.8 14.2 5.3
BerylliumB,C 18 (µg/m3) <0.3 1.1 0.5 2.5 9.5 5.0 <0.19 <0.39 —
CadmiumC,D 18 (µg/m3) 2.7 35.3 11.5 5.2 39.6 16.8 23.4 162 62.3
ChromiumC,D 17 (µg/m3) 293.0 956.0 553.9 388.0 1070 677.3 607 7350 1918
Chromium (VI)E 14 (µg/m3) <0.75 103.0 9.9 <0.79 <5.8 — <1.0 <6.3 —
Lead 17 (µg/m3) 13,176 307,000 56,419 42,600 156,000 86,034 43,200 223,000 95,723
ManganeseD 18 (µg/m3) 212.1 6100 980.0 842.0 2860 1645 2170 15,500 4386
NickelB,C,D 18 (µg/m3) 11.1 154.0 37.7 82.6 221.0 137.8 193 1,990 453
Silver 14 (µg/m3) <0.6 3.7 0.9 <2.0 <2.0 — 1.07 4.32 2.06
TitaniumB,C,D 17 (µg/m3) 16.2 101.0 40.9 836.0 2970 1464.3 108 254 157
VanadiumB,D 18 (µg/m3) 1.5 30.6 5.2 69.2 249.0 131.1 24.2 190 52.2


AFor samples below limit of detection (LOD), a value of one-half the LOD was assigned in lieu of analyte mass, then divided by sample volume.
B p-value <0.05 for test of equal geometric means between Specular Hematite and Coal Slag (one-way ANOVA using log-transformed data).
C p-value <0.05 for test of equal geometric means between Coal Slag and Steel Grit.
Dp-value <0.05 for test of equal geometric means between Specular Hematite and Steel Grit.
E Geometric means for Cr (VI) not compared due to differing laboratory analysis methods between years.
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1 and Years 2 and 3. One PBZ sample from Year 1 had a high
concentration of Cr(VI) (103 µg/m3), whereas Cr(VI) above
limits of detection were not measured in PBZ exposure samples
using coal slag or steel grit in Years 2 and 3. However, based
on material samples from Tables I and II it is not expected that
specular hematite would be associated with higher Cr(VI).


DISCUSSION


A lthough the existing paint being blasted contained high
concentrations of hazardous metals, we still found dif-


ferences in personal exposure concentrations when using dif-
ferent blasting abrasives. Steel grit was associated with higher
concentrations of several metals, which may be due to the
content of these metals in the steel grit itself or could stem
from magnification of the metals when steel grit is recycled.
However, in this case report the steel grit was relatively fresh
because it had been recycled only between zero and 8 times,
compared with much more frequent recycling (up to 100 times)
on some large projects.


Of major concern was our finding of beryllium in clean coal
slag samples that translated to measurable concentrations in
personal exposure samples when blasting with coal slag. Beryl-
lium, which can be found in coal and coal ash, is associated
with a number of negative health effects. Most notably, it is a
probable human carcinogen that can affect the respiratory sys-
tem and lead to berylliosis following chronic exposure to low
concentrations.(7,8) Beryllium was detected in all five personal
samples following abrasive blasting with coal slag. Personal
exposure concentrations measured outside PPE ranged from
2.5 µg/m3 to 9.5 µg/m3 with a geometric mean of 5.0 µg/m3.
This geometric mean task-weighted beryllium concentration
exceeds the ACGIH


©R threshold limit value (TLV
©R ) and OSHA


permissible exposure limit (PEL) of 2 µg/m3 for an 8-hour
time-weighted average (TWA) and is equal to the OSHA PEL
ceiling level of 5 µg/m3. Even though workers in this case re-
port were wearing ample respiratory protection while blasting,
incidental secondary exposures (inhalation as well as ingestion
or dermal exposure) may be of concern while handling contam-
inated equipment (enclosure tarps, tools, protective clothing,
etc.) during job site setup and takedown. Incidental exposure
to beryllium through multiple pathways may account for a
significant portion of internal or absorbed dose.(9)


New Jersey Department of Transportation job specifications
require that contractors have a lead safety and health program
(LHASP) in place when working on lead painted bridges.
Included in the LHASP are requirements for protective work
clothing and hygiene facilities. The contractor must provide
workers with changing and showering facilities to prevent
lead dust from being carried home on work clothing. These
provisions are important not only for minimizing exposure to
lead but also other toxic metals, such as beryllium. However,
showers and decontamination facilities were not located on
the blasting sites we surveyed. Space, timing, and job location
would make placement of showers on every work site very
difficult. Therefore, showers and decontamination facilities are


located at the contractor’s yard where employees are trans-
ported to on completion of blasting. So, as a practical matter,
workers may still be exposed to contaminants on clothing while
traveling from the work site to the contractor’s yard.


No differences were found between the abrasives for res-
pirable silica and lead, likely because the very high content in
the paint overshadows any disparities between abrasives. Lead
and silica exposure concentrations were also highly variable,
further limiting our ability to detect statistical differences in
exposures associated with the different abrasives. For instance,
just within Year 1 results using specular hematite abrasive,
lead exposures outside PPE ranged from 260 to 6100 times the
ACGIH TLV (0.05 mg/m3), and respirable silica exposures
ranged from 10 to over 500 times the TLV (0.05 mg/m3). It is
important to point out that our reported time-weighted average
exposure measurements are based on exposures received over
2–3 hours of blasting and do not represent 8-hour TWAs,
which would be lower. However, we believe it is useful to
be aware of the wide range of variability associated with these
exposures and how they compare with a benchmark, such as
an occupational exposure limit (OEL). Source(s) of the high
level of variability between samples are unknown but could be
related to the harsh conditions of the abrasive blasting work en-
vironment and/or durability limitations of sampling methods.


The small sample size in this study also contributed to the
limited ability to detect differences between silica and lead
exposures from the three abrasives. However, for exposures to
particulate and several metals, sufficient samples were col-
lected to reveal statistically significant differences between
evaluated abrasives. These data point to increased potential for
exposure to cadmium, chromium, manganese, and nickel with
use of steel grit. Use of coal slag appears to increase exposure
risk to beryllium and vanadium.


CONCLUSIONS


D ifferences in worker exposures to certain analytes of in-
terest were found between the three alternative abrasives


tested. All three abrasives created elevated exposures to lead,
respirable silica, and cadmium, likely stemming from toxins
present in the existing paint. Although the workers in this case
report were wearing blast hoods with supplied air, secondary
exposures (and potential take-home exposures) to heavy metals
during setup and takedown may still occur due to contamina-
tion of the spent abrasive. Of particular concern is the presence
of beryllium in the work environment associated with the use of
coal slag. Future study of internal or absorbed beryllium dose
following abrasive blasting with coal slag should be conducted,
and steps to more effectively maintain hygienic conditions on
abrasive blasting job sites should be explored. In addition, high
concentrations of cadmium, chromium, manganese, and nickel
were found in PBZ samples collected during use of steel grit.
On the job described by this case study, a decontamination
facility was set up in the contractor yard where workers were
required to shower and remove contaminated clothing prior to
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leaving the job site, so hazardous metal dust should not have
been carried off site.


These results indicate that paint removal via dry abrasive
blasting without the use of engineering controls, such as locally
exhausted vacuums, may be inherently hazardous regardless
of the abrasive used. Given the results of this case study, hy-
giene provisions such as shower and decontamination facilities
should be considered as a means to minimize not only lead
exposure but other toxicants as well. As such, they should be
required on all dry abrasive blasting jobs where exposures to
hazardous metals are likely to occur. Alternatively, owners and
contractors should consider specifying and using, respectively,
paint removal techniques that do not involve dry blasting (e.g.,
wet blasting, power tool cleaning).(10) Additional research and
development of cost-effective, nonhazardous paint removal
methods is needed.(11) However, if dry blasting must be per-
formed, specular hematite may be the least hazardous option
if choosing between the abrasives tested in this study.
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Abstract


Introduction Chronic beryllium disease (CBD) is charac-


terized by accumulation of macrophages and beryllium-


specific CD4? T cells that proliferate and produce Th1


cytokines. 5-Amino salicylic acid (5-ASA) is currently


used to treat inflammatory bowel disease and has both


antioxidant and anti-inflammatory actions. We hypothe-


sized that 5-ASA may be a beneficial therapeutic in CBD.


Methods Seventeen CBD patients were randomized 3:1 to


receive 5-ASA 500-mg capsules or placebo four times


daily for 6 weeks orally. Primary study endpoints included


changes in beryllium lymphocyte proliferation (BeLPT).


Secondary endpoints included changes in bronchoalveolar


lavage (BAL) fluid, cells, serum, and blood cell glutathione


(GSH) levels, BAL cell TNF-a levels, lung function, and


quality of life measures.


Results 5-ASA decreased BAL cell BeLPT by 20% within


the 5-ASA treatment group. No significant changes were


observed in serum, PBMCs, BALF, or BAL cell GSH


levels in either the 5-ASA or placebo treatment group.


5-ASA treatment decreased ex vivo Be-stimulated BAL


cell TNF-a levels within the 5-ASA group and when


compared to placebo. Significant improvements were noted


in quality of life measurements with 5-ASA treatment.


Conclusions 5-ASA’s ability to decrease BAL cell BeLPT


and Be-stimulated BAL cell TNF-a levels suggests that


5-ASAmay impact the beryllium-specific immune response


in CBD. 5-ASA use in other non-infectious granulomatous


lung diseases, such as sarcoidosis, may prove to be a useful


alternative treatment to corticosteroids for those with mild


to moderate disease.


Keywords Berylliosis � 5-Aminosalicylic acid �
Granuloma � Lung � TNF-alpha � Therapeutic trial (or


therapy) � Quality of life


Introduction


Chronic beryllium disease (CBD) is a granulomatous lung


disorder that develops in 1–10% of beryllium-exposed


workers [1, 2]. It is characterized by a CD4? T cell alve-


olitis and an adaptive immune response against a Be-anti-


gen [3]. Upon exposure to beryllium salts in vitro, the


blood and lung T cells of CBD patients proliferate and


secrete Th1-type cytokines, such as TNF-a and IFN-c
[4, 5]. TNF-a is an important cytokine that promotes lung


granuloma formation, lung inflammation, and is associated


with markers of disease severity [6, 7]. Beryllium salts


induce oxidative stress in PBMCs and CBD subjects have


diminished systemic levels of key antioxidants such as


cysteine and glutathione [8].


Granulomatous inflammation can progress to fibrotic


scarring and the most severe stages of CBD are difficult to


treat [9]. Therapy for CBD is aimed at suppressing the Be-
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stimulated immune response to improve and/or stabilize


lung function. Oral corticosteroids are the first line therapy


and can improve symptoms, chest radiographs, and lung


function, although chronic treatment is associated with


many adverse effects [9, 10]. Despite corticosteroid treat-


ment, many patients with CBD worsen clinically. There are


few alternate treatment options available for CBD patients


with moderate disease who fail to tolerate or respond to


treatment.


5-ASA is an aminosalicylate that is currently used for the


treatment of inflammatory bowel disease [11]. In addition to


being an anti-inflammatory agent, 5-ASA has considerable


antioxidant properties that include chain-breaking lipid


peroxidation actions [12], superoxide scavenger [13], per-


oxynitrite scavenger [14], and hydroxyl radical scavenger


[15]. Ex vivo studies have shown that 5-ASA was capable


of attenuating lymphocyte proliferation to beryllium and to


reduce TNF-a and IFN-c production by CBD BAL lym-


phocytes stimulated with beryllium [16]. We hypothesized


that 5-ASA’s ability to inhibit oxidative stress and inflam-


mation would be beneficial in the treatment of CBD. As a


result, we conducted the first randomized, double-blind,


placebo-controlled trial in the treatment of CBD using


5-ASA to reduce Be-specific immune response and improve


CBD patient’s quality of life.


Methods and Materials


Study Design


An investigator-initiated, randomized, double-blind pla-


cebo-controlled trial was undertaken with patients ran-


domized with a 3:1 ratio to receive 5-ASA (500 mg


Pentasa capsules, Shire, Lexington, MA) four times daily


or placebo capsules orally four times daily for 6 weeks


(Fig. 1). The dosing regimen chosen is the current


recommended dosing regimen for inflammatory bowel


disease. Randomization was performed via computer-gen-


erated algorithm by hospital staff not involved in the study.


The study drug and placebo were purchased and dispensed


by the National Jewish Health (NJH) Pharmacy. The study


was conducted at NJH where all subjects were enrolled


after informed consent and followed standards based on the


International Conference on Harmonization guidelines for


good clinical practice. The study protocol was approved by


the NJH IRB with oversight from an independent Data


Safety Monitoring Board (DSMB).


Eligibility


Patients enrolled in the study met the previously described


definition of CBD [3, 7] and were under treatment with a


stable dose of prednisone, methotrexate or an inhaled


corticosteroid (ICS) for at least 6 months. History of hep-


atic disease or renal disease, hypersensitivity to salicylates,


presence of another disease that might have affected patient


mortality, and pregnancy excluded subjects from study


participation. We sought to enroll 40 subjects randomized


3:1 for treatment versus placebo. We searched both the


NJH Research Database as well as our own beryllium


research database for eligible subjects. We found 121 who


qualified for study screening procedures. However, many


were deemed ineligible (n = 48), refused (n = 25), or did


not return inquiries by phone or letters (n = 26) (Fig. 2).


Clinical and Efficacy Evaluations


Subjects underwent a blood draw to obtain peripheral


blood mononuclear cells (PBMCs), for evaluating the


effect of 5-ASA on beryllium-induced lymphocyte prolif-


eration (BeLPT) before and after treatment as primary


outcomes. Some subjects underwent bronchoscopy with


BAL at baseline and after treatment to evaluate the effect


of 5-ASA on BAL cell BeLPT, GSH status, and cytokine


production. Other secondary outcomes obtained at the


same time points included lung function including forced


vital capacity (FVC), forced expiratory volume in 1 s


(FEV1), (FEV1/FVC), and single breath carbon monoxide


diffusing capacity (DLCO) gas exchange (UltimaTM Car-


diO2 by MedGraphics, Minneapolis, MN; MasterScreenTM


spirometer, Jaeger, Wurzburt, Germany). Quality of life


measurements were assessed using the Short Form-36 (SF-


36) Health Survey Questionnaire [17] at baseline and after


6 weeks of treatment.


The change in the Be-stimulated immune response


between baseline and week 6 was assessed in PBMCs and


BAL cells before or after stimulation with or without


100 lM beryllium sulfate (BeSO4) [18, 19]. TNF-a cyto-


kine levels were measured from cell culture supernatant


Fig. 1 Study schematic, including randomization, drug initiation


time point, and endpoint assessment. The number of subjects refers to


those who completed the study and whose data were available for


analysis
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using commercial colorimetric sandwich ELISA kit


(DTA00C, R&D Systems, Minneapolis, MN). PBMC and


BAL BeLPTs were performed as previously described


[20]. To determine cellular GSH concentration, GSH levels


were analyzed by HPLC coupled with coulometric elec-


trochemical detection (CoulArray Model 5600; ESA Inc.,


Chelmford, MA) as previously described [21]. Only


reduced GSH levels were reported since the levels of


oxidized glutathione (GSSG) were below the limit of


detection.


Safety Evaluations


At each visit, subjects were evaluated for signs and


symptoms of infection and adverse events. A CBC and


chemistry panel was obtained at baseline and week 6 as


well as a physical examination. The DSMB was responsi-


ble for monitoring subject safety and to provide recom-


mendations for study hold in the event any serious events


occurred.


Statistical Analysis


Analysis was performed utilizing all available data without


covariates to account for varying degrees of compliance.


Baseline and week 6 characteristics were compared within


group as a primary analysis approach with a focus on


differences between baseline and week 6 for each indi-


vidual treated. Due to recruitment issues, some placebo


groups contained too few subjects for statistical analysis.


The outcome variables within the 5-ASA treatments were


compared using Wilcoxon matched-pairs signed rank non-


parametric test. Comparisons between 5-ASA and placebo


groups were made using a Mann–Whitney non-parametric


test. Analyses were performed using Prizm 7 software


(GraphPad, La Jolla, CA).


Results


Study Enrollment and Demographics


Eighteen CBD patients were enrolled (Fig. 2), with thirteen


randomized to 5-ASA and five to placebo treatment. One


treated subject withdrew from the study after 2 weeks of


treatment because of symptoms of dizziness, constipation,


stomach pain, and chest discomfort. The analysis is


focused on those participants who completed the study


(n = 17). Six subjects (two placebo, four treated) did not


take all allocated pills (range = 4–18 pills). Three placebo


and six 5-ASA-treated subjects underwent bronchoscopy.


Due to protocol deviations, no PBMCs were obtained from


three baseline and five follow-up 5-ASA-treated subjects.


Demographics of those enrolled were representative of a


typical CBD population (Table 1). There were significantly


more Hispanics enrolled in the 5-ASA group. There was no


significant difference in baseline lung function or in SF-36


questionnaire mean scores between groups at baseline.


Higher PBMC and BAL beryllium-induced stimulation


indices (SIs) were noted in the 5-ASA groups at baseline.


Fig. 2 Flow diagram of patient


recruitment
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Effect of 5-ASA on CBD Immune Response


The primary endpoint was a decrease in the blood BeLPT


SI. While a statistically significant decrease with 5-ASA


treatment was not observed within the 5-ASA subject


group or when compared with the placebo group for blood


BeLPT (Fig. 3a, b), 5-ASA treatment resulted in a 24%


decrease in BAL cell BeLPT that trended towards statis-


tical significance within the 5-ASA subject group


(p = 0.06) (Fig. 3c, d). Four of the six subjects in the


5-ASA treatment group had a decrease in their BAL cell


BeLPT and two of these subjects had substantial declines


in both their peripheral blood mononuclear cells (PBMC)


and BAL cell BeLPTs (Fig. 3c, d) that is suggestive of a


subpopulation of 5-ASA responders.


Effect of 5-ASA Treatment on Glutathione Status


in CBD Subjects


GSH levels were determined in serum and PBMCs from


CBD study subjects. Baseline serum and GSH levels were


not statistically different between the 5-ASA and placebo


groups (Fig. 4a). 5-ASA treatment had little effect on


either PBMC or serum GSH levels (Fig. 4a, b). There was


a small but not statistically significant increase in PBMC


GSH levels within the 5-ASA group (Fig. 4c) and a similar


increase when compared to the placebo group (Fig. 4d).


GSH levels were also determined in BALF and BAL


cells in those CBD subjects who consented for a bron-


choscopy. There was an increase in BALF GSH levels in


five out of six subjects after treatment with 5-ASA; how-


ever, this increase was not statistically significant when


compared within those treated with 5-ASA or in compar-


ison with the placebo group (Fig. 5a, b). There was also an


increase in BAL cell GSH levels in 3 of 5 after 5-ASA


treatment, although again the increase within the 5-ASA-


treated subjects was not statistically significant nor was it


statistically significant when compared to the placebo


groups (Fig. 5c, d). We examined 5-ASA-treated individ-


uals who showed a decrease in the BeLPT at 6 weeks


(mean difference: -23.12 ± 20.37, n = 4) and noted that


those subjects also showed an increase in BAL cell GSH


levels (mean difference: 16.65 ± 8.08, n = 4). These data


suggest that there may be a subpopulation of CBD subjects


that may be more responsive to 5-ASA treatment.


Table 1 Demographics and baseline characteristics of treated and placebo group presented as percent or mean (standard deviation or range)


5-ASA group (n = 13) Placebo group (n = 5) p value


Age 63.3 (53–74) 62.8 (49–79) ns


Gender


Male/female (%) 11/2 (85) 4/1 (80) ns


Ethnicity (%)


Caucasian 100 100 ns


Hispanic 0 23 ns


Smoking status


Active 0 0 ns


Former 62 60 ns


Never 38 40 ns


Lung function


FEV1a percent predicted 89 (13) 97 (11) ns


FVCb percent predicted 86 (12) 93 (8) ns


DLCOc percent predicted 85 (10) 82 (11) ns


Short Form 36


Physical component score 38.1 (12.9) 35.7 (9.9) ns


Mental component score 42.9 (14.7) 44.3 (13.3) ns


Beryllium lymphocyte proliferation test (BeLPT)


Bronchoalveolar lavage Peak Stimulation Index 48.6 (57.2) 9.3 (14.1) ns


Peripheral blood Peak Stimulation Index 18.4 (17.1) 3.8 (6.1) 0.04


aForced expiratory volume in one second
bForced vital capacity
cDiffusion capacity for carbon monoxide
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Effect of 5-ASA on CBD PBMC and BAL cell TNF-a
with Beryllium Stimulation


We hypothesized that 5-ASA would alter the Be-specific


immune response in the lung of CBD subjects. We noted a


trending decline in TNF-a after beryllium stimulation with


100 lM beryllium within 5-ASA-treated subjects


(p = 0.06) (Fig. 6a) and a statistically significant decrease


in TNF-a release when compared to the placebo group


(p = 0.04) in BAL cells (Fig. 6b). We also noted a decline


in BAL cell TNF-a levels after stimulation with PHA


within the 5-ASA-treated subjects (p = 0.06) that was not


significant when compared with the placebo group (Fig. 6c,


d). Interestingly, 5-ASA treatment had little or no effect on


LPS-stimulated TNF-a release within the 5-ASA treatment


group or when compared with placebo (Fig. 6e, f).


Effect of 5-ASA on CBD Clinical Parameters


Lung function and quality of life were assessed in both


5-ASA and placebo subjects. With 6 weeks of treatment,


we found no significant difference in change in FEV1,


FVC, or DLCO with 5-ASA treatment, either within those


treated or between 5-ASA and placebo groups (data not


shown). We did find significant changes in quality of life as


assessed using the Short Form-36 health survey question-


naire (SF-36, Fig. 7). Specifically, there was significant


improvement in the SF-36 overall Physical Score as well as


a trend towards improvement in the overall SF-36 Mental


Score in the 5-ASA-treated individuals (Fig. 8). When


evaluating physical and mental SF-36 sub-components,


significant improvements in the Role-Physical Score and


Vitality Score were observed with treatment. While all


study subjects showed some increase in SF-36 Physical


scores with study participation, only the 5-ASA-treated


subjects demonstrated an increase in the Mental Score.


Fig. 3 Effect of 5-ASA treatment on BeLPT responses in CBD


subjects. Baseline BeLPTs (circles) were obtained in both placebo


and 5-ASA treatment groups and compared to BeLPTs after 6 weeks


of therapy (placebo or 500 mg 5-ASA four times daily) (squares).


Changes in blood PBMC BeLPTs were analyzed for statistical


differences both within the 5-ASA treatment group (a) and between


5-ASA (blue squares) and placebo (black circles) groups (b) using


Wilcoxon matched-pairs signed rank non-parametric test or a Mann–


Whitney non-parametric test, respectively. Similarly, changes in BAL


cell BeLPTs were analyzed for statistical differences both within the


5-ASA treatment group (c) and between 5-ASA and placebo groups


(d) as described for the blood BeLPTs. Data represented as scatter


plots and p-values are reported as exact values
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There were two adverse events (AEs) reported in the


5-ASA-treated and two in the placebo-treated groups. In


the placebo-treated subjects, a subject experienced swelling


in his upper right lip requiring treatment with prednisone.


One 5-ASA-treated subject developed dizziness, constipa-


tion, stomach pain, and chest discomfort 2 weeks after the


baseline bronchoscopy. All of these subjects discontinued


the study. Finally, after completing the study, one 5-ASA-


treated subject experienced coughing and low energy after


the second bronchoscopy, while a placebo-treated subject


was noted to have a Mobitz Type II heart block during the


second bronchoscopy. All subjects with AEs recovered


completely.


Conclusion


CBD is a rare disease and clinically similar to sarcoidosis.


Current CBD treatment protocols are based on approaches


used to treat sarcoidosis. However, most current therapies


for both diseases are fraught with significant side effects.


This study was based on our findings that ex vivo 5-ASA


could suppress up to 50% of the beryllium-induced lym-


phocyte proliferation and cytokine production in PBMCs


from CBD subjects [16]. We conducted a randomized,


double-blind placebo-controlled study to assess 5-ASA as a


therapeutic in CBD. Despite the lack of statistically sig-


nificant differences noted in our primary endpoints, many


trends were seen in this pilot study including a decrease in


BAL cell BeLPT response to Be-stimulation, a decline in


Be-specific Th-1 cytokine (TNF-a) in BAL cells and


improvements in a clinical outcome, quality of life. The


limited statistically findings were due in part to our diffi-


culty in subject recruitment. Despite our small subjects


participant numbers, our ability to document


immunomodulatory effects as well as improvement in


quality of life with 5-ASA, with a small number of subjects


raises the possibility that a more significant clinical


response to 5-ASA might be seen with a larger CBD or


even sarcoidosis population.


Fig. 4 Effect of 5-ASA treatment on serum and PBMC glutathione


(GSH) levels in CBD subjects. Baseline serum GSH levels (circles)


were obtained in both placebo and 5-ASA treatment groups and


compared to GSH levels after 6 weeks of therapy (placebo or 500 mg


5-ASA four times daily) (squares). Changes in serum GSH levels


were analyzed for statistical differences both within the 5-ASA


treatment group (a) and between 5-ASA (blue squares) and placebo


(black circles) groups (b) using Wilcoxon matched-pairs signed rank


non-parametric test or a Mann–Whitney non-parametric test, respec-


tively. Similarly, changes in PBMC GSH levels were analyzed for


statistical differences both within the 5-ASA treatment group (c) and
between 5-ASA and placebo groups (d) as described for the serum


GSH. Data represented as scatter plots and p-values are reported as


exact values
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The limited participation in this study was likely


because this was a single-center study of a rare disease,


enrolling subjects with strict eligibility, exclusion, and


inclusion criteria to reduce side effects. In addition, we


assumed that we could reach 5-ASA drug levels in the lung


at concentrations used ex vivo with the standard oral dos-


ing regimen indicated for inflammatory bowel disease. This


may not have been achieved, unless 5-ASA was concen-


trated in the lung. Extensive pharmacokinetic data are


available for this compound, which suggests this may not


be the case [22]. To effectively treat lung disease, we may


have to deliver 5-ASA directly to the lung by inhalation, to


increase the local concentrations of 5-ASA to the target


tissue, as orally delivered 5-ASA treats the gut in inflam-


matory bowel disease.


Despite our limited power, it was encouraging to see


trends in CBD subjects’ response to 5-ASA therapy. In


general, CBD individuals with more significant clinical


abnormalities tend to have an increased Be-stimulated


immune response, including increased Be-specific T cell


proliferation, TNF-a, and IFN-c [23, 24]. Thus, even the


limited reduction in beryllium stimulated cytokine pro-


duction and proliferation may still result in a potential


therapeutic response. In addition, we found that the


response may differ between individuals; it may be useful


in future studies to look at subject’s response to 5-ASA


ex vivo in order to better select individuals that may benefit


from 5-ASA therapy. Specifically, those subjects who


demonstrate a reduction in BAL cell TNF-a release with


Be-stimulation and improved GSH status, might be more


likely to respond to 5-ASA therapy.


The mechanism by which 5-ASA decreased beryllium-


induced cytokine production may be partly related to its


ability to inhibit high mobility group box 1 (HMGB1).


Salicylates unlike other NSAIDs, have been shown to


produce some of their anti-inflammatory actions by


inhibiting the biological effects of HMGB1 [25]. HMGB1


is a damage-associated molecular pattern molecule


Fig. 5 Effect of 5-ASA treatment on bronchoalveolar lavage fluid


(BALF) and BAL cell glutathione levels in CBD subjects. Baseline


BALF GSH levels (circles) were obtained in both placebo and 5-ASA


treatment groups and compared to GSH levels after 6 weeks of


therapy (placebo or 500 mg 5-ASA four times daily) (squares).


Changes in BALF GSH levels were analyzed for statistical differ-


ences both within the 5-ASA treatment group (a) and between 5-ASA


(blue squares) and placebo (black circles) groups (b) using Wilcoxon


matched-pairs signed rank non-parametric test or a Mann–Whitney


non-parametric test, respectively. Similarly, changes in BAL cell


GSH levels were analyzed for statistical differences both within the


5-ASA treatment group (c) and between 5-ASA and placebo groups


(d) as described for the BALF GSH. Data represented as scatter plots


and p-values are reported as exact values
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(DAMP) that can be released from immune cells or by


damaged cells [26, 27]. Release of HMGB1 has been


implicated in inflammatory process following deposition of


asbestos fibers and can be inhibited by salicylates [28, 29].


An interesting aspect of HMGB1 is that undergoes post-


translation modification of acetylation and disulfide


Fig. 6 5-ASA treatment decreases Be-stimulated BAL cell TNFa
response in CBD patients, ex vivo. Baseline BAL stimulated TNFa
responses (circles) were obtained in both placebo and 5-ASA


treatment groups and compared to BAL stimulated responses after


6 weeks of therapy (placebo or 500 mg 5-ASA four times daily)


(squares). Changes in Be-stimulated BAL cell TNFa responses were


analyzed for statistical differences both within the 5-ASA treatment


group (a) and between 5-ASA (blue squares) and placebo (black


circles) groups (b) using Wilcoxon matched-pairs signed rank non-


parametric test or a Mann–Whitney non-parametric test, respectively.


Changes in PMA-stimulated BAL cell TNFa responses were analyzed


for statistical differences both within the 5-ASA treatment group


(c) and between 5-ASA and placebo groups (d) as described for the


Be-stimulation. Changes in LPS-stimulated BAL cell TNFa responses


were analyzed for statistical differences both within the 5-ASA


treatment group (e) and between 5-ASA and placebo groups (F) as


described for the Be-stimulation. Data represented as scatter plots and


p-values are reported as exact values
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formation that are pro-inflammatory [30]. These aspects of


HMGB1 fit well with some of our observed outcomes in


CBD subjects in regard with decreased cytokine production


and better responses in subjects with improved glutathione


status; however, additional study will be needed to deter-


mine if this mechanism is functioning in CBD.


We did observe trends for GSH increases in subjects that


had large changes in BAL cell proliferation on their


BeLPT. A number of inflammatory lung disease have


disrupted GSH status that can set up a hyperinflammatory


state [31]. We have reported that CBD subjects have


decreased systemic levels of cysteine and GSH [8]. We


have also reported that PBMCs exposed to beryllium have


increased oxidative stress and that this is more pronounced


in those from CBD subjects [8]. One of the challenges with


antioxidant therapy is that not all subjects may be


Fig. 7 5-ASA treatment improves quality of life physical health


scores in CBD subjects. A Short Form-36 (SF-36) Health Survey


Questionnaire was taken by CBD subjects at baseline (pre-treatment,


circles) and again after 6 weeks of 5-ASA or placebo therapy (post-


treatment, squares). 5-ASA effects were evaluated across the quality


of life physical health scores including: a physical health composite


score; b physical functioning scale; c physical health problems scale;


d bodily pain scale; and e general health scale. Data represented as


scatter plots and p-values are reported as exact values. Statistical


significant changes within the 5-ASA treatment group were assessed


by using Wilcoxon matched-pairs signed rank non-parametric test
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responsive to therapy depending on individual endogenous


antioxidant status or degree of oxidative stress involved in


the pathophysiology and may only be effective in a sub-


population of the cohort.


While we did not see changes in lung function, a posi-


tive clinical outcome of our 5-ASA study was improve-


ment in quality of life after only 6 weeks of therapy. In


Crohn’s disease, diverticulitis, and ulcerative colitis clini-


cal trials, 5-ASA also showed improvement in quality of


life [32, 33]. We found an increase in subscales with a


significant improvement noted in the overall Physical


Component, Role-Physical, Vitality and Role-Emotional


Scores after 5-ASA treatment. Interestingly, when 5-ASA


was used to treat uncomplicated diverticulitis, similar SF-


Fig. 8 5-ASA treatment improves quality of life mental health scores


in CBD subjects. A Short Form-36 (SF-36) Health Survey Question-


naire was taken by CBD subjects at baseline (pre-treatment, circles)


and again after 6 weeks of 5-ASA or placebo therapy (post-treatment,


squares). 5-ASA effects were evaluated across the quality of life


mental health scores including a mental health composite score;


b energy/fatigue scale; c social functioning scale; d emotional health


problems scale; and e emotional well-being scale. Data represented as


scatter plots and p-values are reported as exact values. Statistical


significant changes within the 5-ASA treatment group were assessed


by using Wilcoxon matched-pairs signed rank non-parametric test
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36 components improved with treatment as we found in our


study [34].


The trend showing a decline in Be-stimulated TNF-a
release from BAL cells as well as the improved quality of


life scores indicates that this study is a good launching


point for 5-ASA use in future lung granulomatous diseases


studies.
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LETTER TO THE EDITOR


Infliximab therapy modulates an antigen-specific
immune response in chronic beryllium disease


Chronic beryllium disease (CBD) is a granulomatous lung
disorder that develops in 1e10% of beryllium-exposed
workers.1e4 While the natural history of CBD varies,
increased respiratory symptoms, worsening chest radiog-
raphy and pulmonary physiology are common.5e9 Therapy
for CBD is aimed at suppressing the beryllium-stimulated
immune response, thus improving and/or stabilizing lung
function. First line therapy is usually oral cortico-
steroids,10e13 with other agents, such as methotrexate,
used as steroid sparing therapy.14e16 Despite numerous side
effects, corticosteroids improve symptoms, chest radio-
graphs and lung function in CBD. With treatment, while
some patients may show a response initially, some patients
with CBD worsen clinically.10e13 There are limited alternate
treatment options available.


We report herein, the first randomized, double-blinded
placebo-controlled study undertaken to assess a TNF-
a inhibitor, infliximab in treatment of CBD. Because of TNF-
a’s role in the initiation and perpetuation of granulomatous
inflammation, we hypothesized that infliximab would result
in improvement in Arterial-alveolar (A-aPaO2) gradient
after exercise (primary outcome), pulmonary function,
quality of life and immune markers. The study was con-
ducted at National Jewish Health (NJH) and the Hospital of
University of Pennsylvania (HUP), based on a sarcoidosis
trial.17 We aimed to enroll 20 CBD subjects2,8,18 on stable
doses of corticosteroids and/or methotrexate, with no
evidence of active or chronic infection, malignancy, other
chronic disease, or past treatment with another biologic
with a 3:1 infliximab:placebo ratio administered at 0, 2, 6,
12, 18 and 24weeks. Of the 13 enrolled subjects, 8 in the
infliximab treatment arm and 3 in the placebo arm
completed the study, two withdrew before the first infusion
before the sponsor stopped the study due to slow recruit-
ment. Study endpoints included changes in testing from
baseline to week 28 (four weeks post last infusion) in A-
aPaO2, lung function, SF-36, and blood and bronchoalveolar
lavage (BAL) immune markers.


The demographics of participants were representative
of a CBD population (8 males, 73% and 3 females, 27%) with
a median (range) age of 56.5 (46e74) years. The three in
the placebo arm were all former smokers, while only 3 of


the 8 in the treatment arm were former smokers (5 were
never). The median � SD duration (years) of prednisone use
was 5.5 � 7.7 in the placebo group and 2.8 � 1.6 in the
treatment arm. There were no baseline differences in lung
function (median � SD FEV1 percent predicted: 84 � 3.92 in
placebo group, 72.5 � 5.07 in treatment group; FVC
percent predicted: 85 � 7.79 vs. 69.5 � 4.8; DLCO/VA:
61 � 6.17 vs. 71.5 � 6.27), chest radiography, quality of
life, or immune markers between the placebo and treat-
ment group. The A-a gradient at end of exercise was higher
in the placebo group (75.47 � 19.78 vs. 31.1 � 6.16 in the
treatment group, p Z 0.014).


CBD allows the unique opportunity to assess changes in
lung inflammation with treatment. Blood and BAL cells
were obtained from placebo (n Z 2 blood, n Z 2 BAL) and
infliximab treated CBD subjects (n Z 8 blood, n Z 5 BAL).
Infliximab treatment tended to be associated with an
increase in the absolute numbers of lymphocytes/cc in
blood (median � SD, 108 � 14.6 � 104/cc vs.
170 � 18.5 � 104/cc; p Z 0.078) and the blood lymphocyte
percent (p Z 0.11). The median � SD total BAL WBC count
was reduced, 118.9 � 106 at baseline to 64.9 � 106 after
infliximab treatment (p Z 0.06) as was the WBC/cc
(p Z 0.06). In contrast to blood, a decline in the total
number of BAL lymphocytes/cc was noted in the infliximab
treated group (baseline median 9.9 � 104/cc [range:
2.7e40.2] to 7.3 � 104/cc [range: 0.8e20.9] after treat-
ment; p Z 0.06), along with a decline in percent lympho-
cytes (31% [range: 20.3e70.8] at baseline to 24% [range:
5.8e48.5]; p Z 0.06). A decline in CD4þ T cells was
observed along with a decline in the CD4þ beryllium-
specific T cells expressing IFN-g and TNF-a (p Z 0.06).
Conversely, an increase in the BAL percent macrophages
was noted with infliximab treatment (58% baseline to 73%;
p Z 0.06). These changes suggest that infliximab therapy
may decrease lung inflammation and the number of path-
ogenic, Be-responsive CD4þ cells recruited to the target
organ. Similar to our findings, in sarcoidosis subjects
treated with infliximab there was a reversal of lymphopenia
and increase in peripheral blood CD4þ T cells.19 The
mechanism by which infliximab affects cell counts in the
blood and BAL is unknown. In rheumatoid arthritis (RA),
infliximab treatment appeared to reverse a dysfunctional
blood Treg cell population, with increase in the number and
ability of the cells to suppress cytokine production.20,21 We
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have recently shown that a deficient and dysfunctional
population of natural Treg cells are present in the lung of
CBD subjects compared to those with beryllium sensitiza-
tion without disease.22


With regard to clinical parameters explained in this study,
our primary endpoint, the A-aPaO2 proved to be technically
problematic and no difference was found following inflix-
imab treatment. No change was found in symptoms of
dyspnea, FVC or chest radiograph. As the sarcoidosis trial17


noted improvement in a subgroup, we observed that those
with a baseline diffusing capacity for carbon monoxide
(DLCO) <80% predicted (n Z 5, median � SD, 65% � 3.24),
improvedwith treatment (72%�1.43,pZ0.06). Anumber of
studies have found DLCO to be a good marker of CBD
progression6,7 and response to therapy.10,11 Our power to
detect clinically significant responses was limited because of
small numbers of subjects with a range of disease severity.


We observed improvements in quality of life measures
with treatment. The overall SF-36 mental score for the
infliximab treated group demonstrated a sustained increase
of 4.6 points (p Z 0.08), while the placebo group dropped
7.5 points. Although no change was observed in the overall
physical score, a sub-component, the Bodily Pain Score
improved (54 at baseline to 84, p Z 0.03). In clinical trials
of Crohn’s disease23e26 and RA,26e28 infliximab-treated
groups showed improvement in quality of life scores.
While subjects with RA, psoriasis and ankylosing spondylitis
had lower physical and mental quality of life scores than
our subjects,27 the changes noted after treatment with
infliximab were similar for CBD. In RA, similar to our study,
the greatest change was noted in bodily pain scores, sug-
gesting that infliximab reduces systemic inflammation even
in a lung disease such as CBD. It is possible that CBD activity
measures do not necessarily correlate with patient-
reported health-related quality of life outcomes.29,30


Since compliance is likely closely linked to patient’s
perception of health or improvement, improved SF-36
scores may inform physicianepatient decisions regarding
treatment options.


In summary, we describe the first clinical trial in CBD
with infliximab. The study demonstrated alterations in the
pulmonary immune response as a result of infliximab
treatment. The mechanism by which infliximab affects
this immune response is unknown, but may be more easily
studied in CBD with evaluation of the specific components
of a beryllium-stimulated immune response. Additionally,
while our small numbers limited our ability to detect
significant improvement in lung function, we observed an
improvement in aspects of quality of life with treatment,
and a suggestion that those with more severe gas
exchange as indicated by DLCO may demonstrate clinical
response.
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Risk of Beryllium Sensitization in a
Low-Exposed Former Nuclear Weapons


Cohort From the Cold War Era


Marek A. Mikulski, MD, MPH,1� Stephanie A. Leonard, MS,1 Wayne T. Sanderson, PhD,3


Patrick G. Hartley, MB, BCh, BAO, MPH,2 Nancy L. Sprince, MD, MPH,1


and Laurence J. Fuortes, MD, MS
1


Background The nuclear weapons industry has long been known as a source of beryllium
exposure.
Methods A total of 1,004 former workers from a nuclear weapons assembly site in the
Midwest were screened for sensitization to beryllium (BeS). The screenings were part of the
Department of Energy (DOE) Former Worker Program established in 1996.
Results Twenty-three (2.3%) workers were found sensitized to beryllium and this
prevalence was comparable to other DOE sites. Occasional, direct exposure to beryllium
through machining and grinding of copper–beryllium (Cu–Be) 2% alloy tools was found
to increase the risk of sensitization compared to background exposure (OR¼ 3.83; 95%
CI: 1.04–14.03) with a statistically significant trend (P¼ 0.03) revealing that particular
jobs are associated with sensitization. Exposure potential in this study was estimated based
on job titles and not personal exposure information.
Conclusions These results confirm the need to screen workers using beryllium alloy tools
in other industries and for consideration of altering work practices. Am. J. Ind. Med.
54:194–204, 2011. � 2010 Wiley-Liss, Inc.


KEY WORDS: beryllium; beryllium sensitization; beryllium exposure assessment;
medical screenings; former worker program


INTRODUCTION


Beryllium (Be) is a metal with physical, chemical, and


mechanical properties that make it useful in energy,


aerospace, automotive, medical, and electronics industries


[Stonehouse and Zenczak, 1991]. Inhalational exposure to


beryllium dust or fume has been linked to granulomatous,


fibrotic interstitial lung disease [Hardy and Tabershaw, 1946;


Freiman and Hardy, 1970; Newman et al., 1989], and lung


cancer [Sanderson et al., 2001a]. Lung granulomas and


fibrosis are thought to be preceded by sensitization to beryllium,


an asymptomatic CD4þ T-memory cell mediated immune


response affecting up to 15% of the exposed workforce


[Saltini et al., 1989; Maier, 2002; Rosenman et al., 2005].


The dose–response, latency, and mechanism of pro-


gression from beryllium sensitization to chronic beryllium


disease (CBD) have not been clearly determined. Sensitiza-


tion may develop in workers after few months and up to four


decades following initial exposure [Stange et al., 2001;


Newman et al., 2005; Cummings et al., 2007; Madl et al.,


2007]. Follow-up studies among beryllium industry workers


have shown that 6–8% of sensitized workers progress to


lung disease per year [Newman et al., 2005]. Studies have


also shown that exposures to concentrations below the
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Permissible Exposure Limit (PEL) of 2 microgram per


cubic meter of air (mg/m3) carry a risk for sensitization and


chronic beryllium disease (CBD) [Kreiss et al., 1993a, 1996;


Kelleher et al., 2001; Taiwo et al., 2008]. The dose–response


relationship is not well understood and risk of CBD is


believed to be related to genetic susceptibility to exposure to


beryllium [Richeldi et al., 1993; Maier, 2002].


Workers in the nuclear weapons industry have long


been recognized to have beryllium exposure and to become


sensitized and develop CBD. Studies of DOE (formerly


Atomic Energy Commission, AEC) sites have documented


beryllium use and risk of sensitization and disease from alloy


tools and beryllium casings for nuclear warhead ‘‘pits’’


[Kreiss et al., 1993a; Stange et al., 1996b]; in the research and


development departments [Kreiss et al., 1989]; in facility


construction [Welch et al., 2004] and cleanup activities


[Sackett et al., 2004]. The greatest potential for exposure and


risk in this industry is believed to be related to beryllium


machining including sawing, grinding, polishing and cutting


as well as maintenance services including plumbing, ventila-


tion and janitorial [Kreiss et al., 1993a; Stange et al., 1996b,


2001].


The reported prevalence of sensitization—defined as


two abnormal peripheral blood beryllium lymphocyte pro-


liferation tests (BeLPTs) or one abnormal and one borderline


test—ranges widely: from 0.8% in cleanup and decontami-


nation workers [Sackett et al., 2004] and 1.4% in construction


workers [Welch et al., 2004] to 11.8% in a group of current


production, research and development machinists [Kreiss


et al., 1989] and 11.9% in health physicists, technicians and


beryllium machinists [Stange et al., 2001]. Although not well


studied, it is presumed that the background rate of BeS—


defined either as a single or confirmed abnormal BeLPT—in


the unexposed population is very low and may range between


0% and 1% [Kolanz, 2001; Silveira et al., 2003; ATSDR,


2006].


Section 3162 to Public Law 102-484 called for the


Secretary of Energy to implement nationwide surveillance to


identify the hazardous exposures in atomic weapons produc-


tion, and to provide medical screenings to detect health


effects from those exposures. The DOE established surveil-


lance programs for several sites around the country under


cooperation with universities, labor unions and commercial


health care organizations. Results of some of these studies


have been described previously in the literature [Stange et al.,


1996a, 2001; Dement et al., 2003; Sackett et al., 2004; Welch


et al., 2004; Makie et al., 2005; Rodrigues et al., 2008]. This


report presents findings of federally mandated screenings


for beryllium sensitization among former DOE workers


employed at a single weapons assembly plant in the Midwest.


This site has been in operation since 1941 as a Load,


Assembly and Pack (LAP) facility for the Department of


Defense (DOD) conventional munitions operations. Between


1949 and mid-1975 it was shared with DOE for large scale


production of nuclear weapons. In 1975 DOE activities


ceased at this site. Extensive testing of non-fissile nuclear


weapons’ components and disposal of many tons of high-


explosives waste were also performed at this facility.


MATERIALS AND METHODS


Approval for the study was received from the DOE


Central Beryllium Institutional Review Board (CBeIRB) and


the University of Iowa Institutional Review Board (UI-IRB).


In 2000 and 2001 a site needs assessment was performed


to determine work processes and exposures, develop expo-


sure based screening protocols, identify the cohort of former


DOE workers, determine their vital status, and obtain contact


information. The second phase of the study began in 2001


and included collecting medical, exposure, and work history


information and recruiting and screening workers for


possible health effects of occupational exposures.


The needs assessment phase involved reviewing histor-


ical documents including plant maps, building locations and


line area designations, annual health and safety reports,


memoranda and policies for bio-monitoring for various


toxicants. These documents helped determine the possible


exposures and primary locations of DOE activities on site.


Identification of the cohort was primarily based on


archived paper employment records. The Local International


Association of Machinists and Aerospace Workers Union


(IAMAW) provided copies of seniority log books including


names, seniority dates, contract dates, and job titles for DOE


job codes. The main contractor’s employment records in-


cluded all employees between 1948 and 2002. Other sources


of DOE specific employment information included radiation


monitoring dosimetry badge records for a group of scientists,


supervisors and foremen, and lists of workers involved in


accidents on DOE lines (incident reports) and monitoring


records for employees working with specific agents.


Estimating Exposure to Beryllium


The only beryllium environmental data available were


surface wipe sample reports for 1970–1974. Some data


appeared to be collected to test various cleaning methods


(vacuuming vs. wiping). The concentrations reported ranged


from non-detectable to 1,000 mg beryllium per sample with


no reference to surface area in a 1971 report; non-detectable


to 4 mg/100 cm2 in a 1973 report; and non-detectable to


112 mg/100 cm2 in a 1974 report. These wipe samples were


useful as indicators of the presence and relative levels of


beryllium on surfaces of components or work areas in various


locations, but could not be used for estimating workers’


exposures at the plant, nor identifying specific operations


contributing to beryllium surface dust. The rationale for


sampling and the length of time over which beryllium may


have accumulated was not documented in survey data.
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Interviews of former production, trade and health and


safety workers were used to assess areas, activities, and eras


for risk of beryllium exposure. The workers reported that


millwrights at the plant were at risk for direct exposure to


beryllium through machining copper–beryllium (Cu–Be)


alloy tools with 1–2% beryllium content, such as chisels,


scrapers, and screwdrivers. These tools were machined using


belt sanders in one of two tool and die shops. Workers also


reported that some workers occasionally honed their own


beryllium tools without personal protective equipment or


engineering controls. Production workers described the


potential of exposure during machining of beryllium layered


hemisphere shells used to enclose the nuclear warhead pits.


This process was limited to two DOE buildings, only one


weapon design and was conducted for a limited period


of time by a group of fewer than 15 production workers.


A 2007 survey of surface contamination at this facility


revealed only two samples out of one hundred collected


throughout the facility which exceeded the DOE surface


contamination housekeeping level of 3.0 mg/100 cm2 and


both of these were from surfaces in the area in which mill-


wrights had used belt sanders to occasionally resurface alloy


tools [Sanderson et al., 2008]. These surface contamination


measurements were used, along with other available


information, to estimate the potential for workers to be


exposed and categories of exposure level.


Job codes, job titles, and work tasks were reviewed by


two trained industrial hygienists and a group of former expert


workers with extensive knowledge of the work processes and


site, to develop a qualitative exposure matrix for beryllium


[Sanderson et al., 2001b]. The estimates for each job were


based on task frequency and proximity to potential sources


of airborne beryllium and reflected the group’s consensus.


Workers reported that service and utility employees includ-


ing laundry personnel, plumbers, and pipefitters were less


likely exposed to direct beryllium hazards but may have


received bystander exposures from contaminated clothing


or maintenance and cleanup activities. Indirect occasional


exposures also occurred in production workers and scientists.


No jobs were classified as involving frequent direct


exposure, category 3. Occasional direct or indirect exposure


to beryllium tool sanding or grinding by tool and die workers,


millwrights, and machinists was classified as category 2


(Table I). Production workers, scientists, draftsmen, pipefit-


ters, plumbers, and laundry operators were assigned to


category 1 for rare, low indirect or bystander exposure.


Administrative personnel, medical staff, storage crews,


electricians, ground and security workers were classified as


category 0 reflecting the lowest potential for exposure at this


site. Exposures from other jobs were not incorporated in the


ranking system.


Workers were assigned the highest beryllium exposure


category of multiple jobs they worked in during their tenure


at the plant. This assignment was based on jobs documented


in the archived employment records only, as given the several


decade latency from exposure to this screening survey it


was suspected that workers could not accurately recall their


detailed work location, time and potential beryllium ex-


posure history. Quantitative exposure was assessed by a


beryllium metric (metric) as a function of exposure to


beryllium and duration of employment in each job category.


This metric was calculated by adding up total months in every


exposure stratum for every worker with at least one complete


set of hire and termination dates in their employment records


and job title/beryllium exposure information.


Recruitment of Participants


The screenings were publicized in local media and


educational meetings were held to promote interest among


former DOE workers. Recruitment started in 2001 with DOE


approved press releases and radio interviews. A toll-free line,


email address and a web-site were established and eligibility


for the screenings was based upon ever having been employ-


ed or directly exposed to nuclear weapons work, and


employment starting before 1975 during the DoE presence


on site. No minimal duration of employment was required


and there were no eligibility restrictions regarding age,


current employment, or geographic location.


Contact information for the cohort was obtained from


state Driver’s License records and updated by major credit


bureaus. The targeted mailing, including short medical and


employment history questionnaire, was sent initially to


known living former nuclear weapons workers with DOE


employment verified by job codes and vital status confirmed


by Social Security Administration (SSA). In addition, a one-


page employment inquiry form was mailed between 2001


and 2003 to all living former workers from the plant with


available contact information to identify those eligible for the


screenings with no verifiable DOE employment history in the


records. Targeted mailing to DOE workers was repeated


every year to follow-up on non-responders and contact newly


identified nuclear weapons workers.


Volunteers were allowed to participate in the screenings


if their DOE employment could be confirmed. Workers in


certain jobs including inspection, scale/instrument repairs


and calibration, and cafeteria/food services were typically


employed by other contractors or by the federal government


directly and their employment at the plant on DOE side was


verified by other former nuclear weapons workers, volun-


teers with the study, and/or any other employment records


including old medical records from the plant.


Screening for Beryllium Sensitization
and Abnormal Lung Physiology


At the screenings, staff obtained informed consent


documents from all participants and interviewed the workers


196 Mikulski et al.







regarding their exposure history and duration of work. These


interviews were conducted in the presence of volunteer


former nuclear weapons workers with knowledge of the site


and work processes and were aimed to confirm employment


in production of nuclear weapons on site. Those workers who


had not completed their medical and employment history


questionnaires were allowed to complete them on site with


assistance of study staff.


Participating former DOE workers received a peripheral


blood BeLPT sent to one of the DOE approved laboratories.


The BeLPT measures in vitro response of CD4þ T-memory


cells to beryllium [Newman, 2000] and these laboratories


followed DOE technical specifications for the test. An


individual test was considered abnormal if the rate of


beryllium induced cell proliferation—measured by radio-


activity counts of cells labeled with tritiated thymidine


(3HTdr)—was higher in two or more beryllium exposed


wells than the lab specific cut-off value for beryllium


unexposed cells. A higher response in one well was defined


as a borderline result and the test was considered unin-


terpretable when cell quality control cultures were out of


range or high statistical variability was observed within the


sample [US DOE, 2001].


Initial abnormal or borderline results were repeated


within 12 months with a split test sent to two laboratories in


compliance with the DOE recommended protocol [US DOE,


2001]. An uninterpretable result was repeated within


12 months with the same laboratory that performed the test


or with two laboratories per mid-screening protocol


modification. At 3–5 years from the initial screening all


participating workers with an initial normal result were


offered a repeat BeLPT. Beryllium sensitization was defined


as either two abnormal BeLPTs, or one abnormal and one


borderline test [US DOE, 2001; Welch et al., 2004;


Middleton et al., 2008]. No restrictions were placed on


whether these results were produced by the same lab or by


different laboratories. Additionally, the results could have


come from either a single blood draw sent to two different


laboratories (a ‘‘split’’ draw) or separate blood draws


processed by the same lab (a ‘‘repeat’’ draw).


All participating workers were offered lung physiology


testing. Spirometry was performed according to the Amer-


ican Thoracic Society guidelines [ATS, 1995] by technicians


who completed the National Institute of Occupational Safety


and Health (NIOSH) approved spirometry training course.


Equipment was volume calibrated with a 3-L syringe before


every screening day. An effort was made to obtain three


reproducible and acceptable forced vital capacity (FVC)


maneuvers however no test was excluded from the analyses


based on the lack of reproducible results alone [Eisen et al.,


1984]. The percent predicted FVC (FVC%) was calculated


using the algorithm recommended by Knudson et al. [1983]


adjusting for age, sex, height, and race.


Beryllium sensitized workers were referred for clinical


evaluation to rule out CBD; however, this follow-up was not


part of the DoE screening program hence those data are not


available. Neither available are the follow-up data on non-


sensitized participants with abnormal spirometry all of


whom were referred for evaluation to their family care


providers.


Analysis


All data generated through the screenings and/or


obtained from the plant were stored in Microsoft


Access (2000–2007) relational databases. Data queries


were run periodically for quality assurance and reporting


purposes. All personal identifiers were removed from the


data before exporting it into PC SAS 9.1.3 software for


statistical analyses [SAS Institute, Inc., Cary, NC, 2002–


2008].


The workers’ age was calculated as of the date of their


last BeLPT screening. Never smokers were classified as those


with no history of smoking at all or occasional smoking for a


TABLE I. Beryllium Exposure Categories and Jobs


Exposure category Jobs


Virtually no exposure; lowest exposures at this facility Administrators, shipping and receivingworkers, carpenters, computer workers, plant services
workers, custodial and change houseworkers, rail and transportationworkers, electricians,
engineersexcludingthose in category1,fire fighters,firingsiteworkers, inspectors, secretaries
and clerks, storage operators, ironworkers, laborers,melt workers, painters, plant utilities
workers, security, safety, sheetmetal workers, groundsworkers, automotive and equipment
mechanics and operators


Rare exposures; can includebystander or indirect exposure Production operators and supervisors, explosive operators including PBXpress, engineers
includingdraftsmen,designersandprocessengineers,engineerassistants, laundryoperators,
component operators, scientists, facilitiesmaintenance, plumbers/pipefitters, burn ground
workers


Occasional exposures; can includebystander or indirect exposures Machinists, tool and dieworkers,millwrights,mechanical division supervisors
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total less than 6 months or less than 20 packs smoked during


lifetime.


Frequency distribution of independent variables includ-


ing age, race, sex, smoking, and beryllium exposure was


examined to describe the screened population. Age, FVC%


and beryllium exposure metric were further described by


measures of central tendency. The Chi-square test or Fisher’s


exact test were used to compare the frequency distribution of


beryllium sensitized and non-sensitized for categorically


ordered variables and to compare the prevalence of


sensitization with other populations in the literature. The


Cochran-Armitage test was used to test for trend in beryllium


sensitization by exposure categories and age strata. The


Kolmogorov–Smirnov test was used to test for normality of


distribution of continuous variables and the Wilcoxon rank-


sum test was calculated to evaluate non-parametric variables


including age, FVC%, and beryllium metric. Crude odds


ratios (OR) and 95% confidence intervals were calculated to


assess unadjusted associations of explanatory variables


including stratified beryllium exposure, age sex, and


smoking with beryllium sensitization.


Unconditional logistic regression was used to explore


the risk for sensitization by exposure to beryllium, while


adjusting for potential confounders including age and


smoking. Logistic regression modeling was also used to


evaluate the risk of sensitization by quantitative estimates of


beryllium exposure, and FVC%, while controlling for


smoking. The predicted value of FVC was adjusted for age,


race, and sex at the time of testing thus the effect of variable


was controlled for smoking only in the analyses. To avoid


issues related to collinearity in the analyses, a rule of thumb


of 1 independent variable for each 10 cases of sensitization,


suggested by Hosmer and Lemeshow [2000] was applied to


the logistic regression modeling. Significance level of 0.05


was selected throughout all analyses as the probability of a


Type I error, rejecting the null hypothesis when in fact no


association exists.


RESULTS


A total of 6,797 former employees, 18% of the plant’s


37,937 total workforce, were identified as having been


involved in nuclear weapons production activities and


eligible for screening based on DOE specific job codes,


radiation dosimetry records, incident reports, union log


books and self-report confirmed by coworkers. Fifty two


per cent (n¼ 3,548) have been identified as deceased


by Social Security Administration (SSA) through July


2008.


As of August 2008, 3,617 workers living at the time were


mailed invitations to the screenings. The overall mailing


response rate was 28% (n¼ 1,005). An additional 20


individuals responded independently to media releases and


95% (n¼ 19) of these volunteers were confirmed as DOE


workers by other nuclear weapons workers and/or additional


employment records. Altogether, 1,024 workers—32% of


the living cohort—were screened and received at least one


BeLPT. Of those, 20 workers (2.0%) had no interpretable


result and were excluded from subsequent analyses.


The majority of the screened population (n¼ 677,


67.4%) worked in more than one job at the plant. Nuclear


weapons operations ceased in mid-1975, but over one third of


the screened group (n¼ 348, 35.0%) continued to work in


conventional munitions production. Twenty-four (2.4%)


workers had no documented job code in the archived


employment records or their exposure category was


unknown and they were excluded from exposure-risk


analysis.


The demographic characteristics of the screened DOE


workforce and distribution of sensitization by age, sex,


smoking history, beryllium exposure and FVC% are


presented in Table II. Of 1,004 workers screened, 23


(2.3%) were confirmed sensitized; 16 by two abnormal


BeLPTs and seven by one abnormal and one borderline test.


The non-sensitized included all workers with normal results,


15 workers with a single, not confirmed abnormal test and


four with two borderline results.


The majority of those screened were white males


(n¼ 831; 82.8%) and the average age at last screening was


71 years (�9). No cases of sensitization were found in


African-American (n¼ 30, 3.0%), Hispanic (n¼ 16, 1.6%),


and Native American (n¼ 3, 0.3%) workers. Smoking was


common with over 70% of workers reporting ever smoking.


Women were less likely than men to have ever smoked (51%


vs. 75%, P< 0.01). Of all the screened workers six per cent


were determined to have had the potential for occasional,


direct inhalational exposure to beryllium (exposure category


2) and those were tool and die workers, machinists, and


millwrights who resurfaced Cu–Be alloy tools. The mean


employment duration was 134 months (11.2 years). The


average FVC was 90% predicted but half of the screened


workforce tested below 89% of predicted.


No statistically significant differences were found in


distributions of age, sex, smoking, FVC%, total duration of


employment and duration of employment in category 1


exposure between sensitized and non-sensitized workers.


Exposure to beryllium in category 2 and duration of


employment in that category, as determined by archived


employment records and job titles, were associated with


sensitization to beryllium and both results were statistically


significant (P¼ 0.03 and P¼ 0.04).


Table III provides crude odds ratios for risk of beryllium


sensitization by exposure strata, age, sex, and smoking


history. No cases of confirmed abnormal BeLPT were found


in non-Caucasians and the variable race was excluded


from further analyses. A statistically significant increase in


prevalence of sensitization was observed among category 2


198 Mikulski et al.







compared to category 0 exposures (P¼ 0.03). Those working


in jobs classified as highest exposed had an almost fivefold


increased risk of beryllium sensitization compared to non-


exposed workers (OR¼ 4.58; 95%CI: 1.09–18.13) and this


result was also statistically significant. Category 1 exposure


was associated with increased prevalence of sensitization


compared to category 0–2.5% versus 1.5% sensitized


workers respectively—but comparison of proportions was


not statistically significant (OR¼ 1.68; 95%: CI 0.60–4.84).


The comparison of beryllium sensitization in categories 1


and 2 combined to category 0 was also not statistically


significant (OR¼ 2.02; 95% CI: 0.82–5.00) but comparing


category 2 to category 1 and 0 combined provided with a


statistically significant result (OR¼ 3.45; 95%: CI 1.13–


10.52).


Age in this study was used instead of the poorly


documented first hire date to estimate the potential for


exposure to beryllium by era worked in the nuclear weapons


production. The oldest workers had an almost threefold


higher rate of confirmed abnormal test compared to 60–


69 year olds, however this increase was not statistically


significant (OR¼ 2.87; 95% CI: 0.74–11.82). The overall


trend for LPT positivity by age was also not statistically


significant (P¼ 0.26). Female workers had minimally higher


prevalence of confirmed abnormal BeLPT than men but


again this was not statistically significant (OR¼ 1.34 95%


CI: 0.39–3.82 P¼ 0.58). Smoking was not statistically


significantly associated with sensitization (OR¼ 1.19; 95%


CI: 0.44–3.71, P¼ 0.82).


Results of logistic regression for beryllium exposure


adjusted for potential confounders are presented in Table IV.


There were 979 workers with categorical beryllium expo-


sure, age, and smoking information available, to include in


this analysis.


The increase in risk for the highest exposed workers


(category 2) remained statistically significant after control-


ling for age and smoking (OR¼ 3.83 95% CI: 1.04–14.03)


and those workers were almost four-times as likely to


be sensitized as non-exposed workers. A suggestion of


increased risk was also noted in category 1 workers but this


result was not statistically significant (OR¼ 1.64 95% CI:


0.63–4.26).


No statistically significant results were found for those


ever working in beryllium exposure—again defined as


category 2 and 1 jobs combined—compared to non-exposed


workers in category 0 (OR¼ 1.91 95% CI: 0.63–4.26,


P¼ 0.16) and for those working in direct exposure (category


2) compared to bystanders (category 1) and non-exposed


TABLE II. Characteristics of the Screened DOEWorkforce


Parameter
Total screened
(n¼1,004)


Sensitized
(n¼ 23)


Non-sensitized
(n¼ 981) P-Value


Age,mean (SD) 71 (9) 74 (11) 71 (9) 0.24a


Sex, n (%)
Male 831 (82.8) 18 (78.3) 813 (82.9) 0.58b


Female 173 (17.2) 5 (21.7) 168 (17.1)
Race, n (%)
White 953 (94.9) 23 (100.0) 930 (94.8) 1.00b


Other ormissing 51 (5.1) � 51 (5.2)
Smoking, n (%)
Ever smoker 707 (70.4) 17 (73.9) 690 (70.4) 0.82b


Never smoker 295 (29.4) 6 (26.1) 289 (29.4)
Missing 2 (0.2) � 2 (0.2)


Beryllium exposure�stratified, n (%)
Category 0 (background) 472 (47.0) 7 (30.4) 465 (47.4) 0.03c


Category1 (rare/low indirect/bystander) 446 (44.4) 11 (47.8) 435 (44.3)
Category 2 (occasional direct/indirect) 62 (6.2) 4 (17.4) 58 (5.9)
Missing (no available job data) 24 (2.4) 1 (4.4) 23 (2.3)


Beryllium exposure�metric, n,mean, range
Total monthsworked 865,134,0^631 22,147, 2^454 843,134,0^631 0.45a


Total monthsworked in category1exposure 390,97,0^569 12,114, 2^362 378,96,0^569 0.13a


Total monthsworked in category 2 exposure 49,129, 6^387 3,195, 73^267 46,126, 6^387 0.04a


FVC%, n,mean (SD),median 929, 90 (23), 89 22,90 (21), 91 907, 90 (24), 89 0.85a


aWilcoxon rank-sum test.
bChi-square test.
cCochran^Armitage test.
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(category 0) combined (OR¼ 2.90 95% CI: 0.91–9.2,


P¼ 0.07).


Exposure information was missing for one worker.


Analyzing the associations of beryllium sensitization with


job or exposure strata assuming that this worker worked in


category 0 resulted in the highest exposed workers still


having an over threefold higher risk of sensitization


compared to category 0 exposures but the confidence interval


included the value of one (OR¼ 3.36 95% CI: 0.94–11.98).


Assigning this worker category 1 exposure did not change the


risk estimates for category 1 workers as compared to category


0 (OR¼ 1.79 95% CI: 0.94–11.98) and placing this worker


in the category 2 exposure stratum resulted in an almost


fivefold statistically significant increase of risk of sensitiza-


tion compared to category 0 workers (OR¼ 4.93 95% CI:


1.45–16.71).


The purpose of the beryllium metric was to evaluate the


risk of sensitization by a more quantitative measure of


exposure taking into account duration of work in each


exposure category. There were 865 workers for whom this


metric could be calculated because they had sufficiently


complete work history records including start and termi-


nation dates for at least one of the jobs held. None of the


metrics was found to be significantly predictive of sensitiza-


tion, although the total duration of employment in category 2


exposure, that is, work tenure in grinding and machining of


Cu–Be alloy tools—had the strongest of all three, yet still


non-significant effect (P¼ 0.10).


TABLE III. Unadjusted Analysis of Predictors of Sensitization


Independent variable Sensitized n¼ 23 Non-sensitized n¼ 981 OR (95%CI)


Beryllium exposure�stratified n (%)
Cat 0 7 (1.5) 465 (98.5) 1.0
Cat1 11 (2.5) 435 (97.5) 1.68 (0.60^4.84)
Cat 2 4 (6.9) 58 (93.1) 4.58 (1.09^18.13)
Missing 1 (4.2) 24 (95.8) �


Beryllium exposure�stratified n (%)
Cat 0 7 (1.5) 465 (98.5) 1.0
Cat1þ2 15 (3.0) 493 (97.0) 2.02 (0.82^5.00)
Missing 1 (4.2) 24 (95.8) �


Beryllium exposure�stratified n (%)
Cat 0þ 1 18 (2.0) 900 (98.0) 1.0
Cat 2 4 (6.9) 58 (93.1) 3.45 (1.13^10.52)
Missing 1 (4.2) 24 (95.8) �


Agen (%)
�59 3 (2.7) 111 (97.3) 2.03 (0.35^10.90)
60^69 4 (1.3) 300 (98.7) 1.0
70^79 9 (2.3) 387 (97.7) 1.74 (0.49^6.79)
�80 7 (3.6) 183 (96.4) 2.87 (0.74^11.82)


Sexn (%)
Male 18 (2.2) 831 (97.8) 1.0
Female 5 (2.9) 173 (97.1) 1.34 (0.39^3.82)


Smoking n (%)
Ever smoker 6 (2.0) 707 (98.0) 1.0
Never smoker 17 (2.4) 295 (97.6) 1.19 (0.46^3.04)
Missing � 2 (100.0) �


Cat, category.


TABLE IV. Logistic RegressionModels for Beryllium Sensitization


Independent variable OR (95%CI) P-Value


Beryllium exposure�stratified
Cat1/0 1.64 (0.63^4.26) 0.31
Cat 2/0 3.83 (1.04^14.03) 0.04


Beryllium exposure�stratified
Cat 2þ 1/0 1.91 (0.63^4.26) 0.16


Beryllium exposure�stratified
Cat 2/1þ0 2.90 (0.91^9.22) 0.07


Beryllium exposure�metric
Total monthsworked N/A 0.87
Total monthsworked in category1exposure N/A 0.44
Totalmonthsworked in category2exposure N/A 0.10


Cat, category.
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Modeling of the association between beryllium sensiti-


zation and lung physiology revealed no statistically signifi-


cant associations. There were 929 subjects for whom


both spirometry and smoking information was available.


Sensitization was not found to be statistically significantly


associated with FVC% after controlling for the effect of


smoking (P¼ 0.95).


DISCUSSION


The BeLPT has been used as a diagnostic tool for


approximately 20 years. The test has been used pre-


dominantly in workplace screening programs to identify


sensitized workers and to target screening for chronic


beryllium disease [Kreiss et al., 1993a,b; Stange et al.,


1996b, 2001]. Over 43,000 former DOE nuclear weapons


workers have been screened with this test at multiple sites


[US DOE, 2009] and other employers have used it


extensively in their medical surveillance and CBD preven-


tion programs [Deubner et al., 2001; Cummings et al., 2007].


The test is also accepted by the U.S. Department of Labor


(DoL) in establishing the medico-legal diagnosis of beryl-


lium sensitivity and as a diagnostic criterion for CBD under


the Energy Employees Occupational Illness Compensation


Program Act (EEOICPA) [US DOL, 2005].


The prevalence rate of beryllium sensitization of 2.3% in


this cohort is lower than the 4.5% sensitization rate reported


in a cohort of former and current DOE workers involved in


a full scale manufacture of beryllium containing nuclear


weapons’ triggers/pits from the cold war era [Stange et al.,


2001]. Despite what was thought to be a low risk of exposure,


the observed rate of sensitization was higher than sensitiza-


tion rates in other DOE populations with a relatively low


exposure using the same definition of confirmed abnormal


BeLPT as the one used in this study: 1.4% (P¼ 0.03) in


nuclear weapons facilities construction workers, most of


whom did not have a significant risk of exposure or worked


with protective measures [Welch et al., 2004]; and higher, but


not statistically significantly so, than the sensitization rate of


1.3% (P¼ 0.06) in workers from the Nevada Test Site


[Rodrigues et al., 2008]. It was also higher than rates in other


industries including 0.3% in aluminum smelters exposed to


low concentration beryllium fumes and dusts through the


bauxite refinery process [Taiwo et al., 2008] and 1% in


workers from a beryllium copper–alloy distribution facility


[Stanton et al., 2006]. Finally, it was higher than the 0%


[Silveira et al., 2003] to 1% [Kolanz, 2001] background rate


suggested in unexposed populations. The rate of beryllium


sensitization in unexposed populations has not been well


described as BeLPT testing is not performed routinely


and the only estimates come from studies of non-exposed


occupational cohorts, control groups used by the laboratories


or community based surveys.


The 2.3% rate of confirmed sensitization in this cohort of


former nuclear weapons assembly workers is particularly


interesting given that this workforce was deemed at low risk


for exposure compared to other nuclear weapons production


sites from the cold war era as there was no pure beryllium


metal processed on site. There were two production work-


ers—neither found sensitized—who reportedly handled


encapsulated beryllium layered hemispheres used to enclose


the nuclear weapons pits, and a small group of 18 welders—


none with a confirmed abnormal result—who may have


occasionally used Cu–Be weld rods. The greatest potential


for generating airborne beryllium based on industrial hygiene


assessment and former workers’ descriptions was the occa-


sional resurfacing of the Cu–Be (2%) alloy tools by


millwrights. Previous studies suggested that machining of


beryllium alloys results in lower potential for exposure to


respirable particles compared to machining or processing


of beryllium metal possibly due to lower brittleness of the


alloys [Hoover et al., 1990]. A study of Cu–Be alloy wire


production facility documented similar rates of sensitization


to other beryllium exposed cohorts and found the highest rate


of sensitization among machinists [Schuler et al., 2005]. In


this facility, the grinding processes were performed with belt


sanders and limited to two small tool and die shops. Using


a liberal algorithm for exposure assessment based on job


codes, roughly 6% of the screened population was deemed at


risk of potential occasional, direct exposures to beryllium.


The sensitization rate in this group has broader implications


for recommending beryllium sensitization screening of


tool and die and production workers using such alloy tools


in other industries and for consideration of altering work


practices, that is, not grinding such tools on site or using


particulate control measures in other industries using


beryllium alloy tools.


In their recent summary of the Former Worker Program,


the DOE reported a 3.1% average prevalence of at least


one abnormal LPT in the population of former DOE


workers from 23 sites around the country [US DOE,


2009]. A single abnormal test is viewed as an indicator of


immune response to beryllium and the probability of a


false positive result has been estimated at approximately 1 in


10,000 [US DOE, 2001]. Many question the validity of


a single abnormal LPT in establishing the diagnosis


of sensitization and recommend confirmatory retesting.


This argument has been primarily based on the reports of


variable intra- and inter-laboratory reproducibility of the test


[Deubner et al., 2001; Stange et al., 2004]. The current


consensus is for sensitization to be confirmed by either


a second abnormal test or borderline result [Welch et al.,


2004; Middleton et al., 2008; National Research Council of


the National Academies, 2008].


The dose–response relationship between exposure and


sensitization to beryllium remains unclear. Several authors


postulate this relationship is likely influenced by genetic
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susceptibility, such as persons with HLA-DPB1 Glu-69


[Richeldi et al., 1993; Maier, 2002]. Studies have confirmed


statistically significant increase in risk of sensitization in high


exposure jobs [Kreiss et al., 1993a; Stange et al., 2001] and


sensitization has been reported to occur in exposures below


the current OSHA-PEL [Kreiss et al., 1993a, 1996; Maier


et al., 2008; Taiwo et al., 2008]. The fourfold increase in risk


of sensitization in directly exposed workers (category 2)


compared to non-exposed (category 0) in this study, and an


overall statistically significant trend of increasing prevalence


by exposure (P¼ 0.03) reveals particular jobs are associated


with sensitization. This effect appears to be related to the


highest ever exposure job category as opposed to cumulative


dose, as the beryllium metric incorporating duration of


exposure was not statistically significantly associated with


sensitization.


It should be noted that exposure may have been


misclassified in this study as a result of inaccuracies intrinsic


to the job exposure matrix such as variability of exposure


within categories, in particular occasionally exposed


bystanders, incompleteness of employment records used to


estimate exposure or lack of information on exposure


potential from other jobs and military service. Over one


third of all sensitized workers were classified as category 0


reflecting the lowest potential for exposure at this site. Those


workers may have had potential for exposure, bystander


exposure at this facility or through other jobs, sufficient to


induce immune response (especially in genetically suscep-


tible individuals). All exposure classification in this study


was done blinded towards individual and group BeLPT


results. The default assumption for uncertainty in exposure


classification was always to the higher exposure category,


thus misclassification ought to have biased the results


towards the null hypothesis.


The prevalence of beryllium sensitization was limited


to living workers. No medical records were available to


investigate rates of disease suggestive of CBD in those


deceased. Age, gender, race, and exposure characteristics


of non-participants may have differed from the screened


workers. Without such information on non-responders


selection bias cannot be measured. Some participants may


have selected themselves for the screenings based on their


health status or out of concern regarding health effects from


exposures. Conversely as this facility began operations six


decades ago it is possible that cases of occupational lung


disease occurred years ago but did not survive to participate


in the screenings. As this was a federally mandated


surveillance program open to anyone with confirmed DOE


employment participation bias would have most likely affect


generalizability of lung disease and non-respiratory disease


rates. Rates of beryllium sensitization, unless accompanied


by clinical lung disease, would be less affected. The lack of


association with spirometry results suggests this bias may


have been small.


This study did not address the clinical significance of


beryllium sensitization in the diagnosis of CBD, as this was


not part of the DoE screening program and the clinical


follow-up data were not available. The latency of several


decades between last exposure and the survey suggests that


the participants would not be typical of current workforces or


more recently exposed cohorts. It is expected that workers


who became sensitized and developed symptoms of CBD


may have died or otherwise been lost to follow-up for this


screening effort. The strongest, yet not statistically signifi-


cant, associations noted with beryllium sensitization were


with subject’s age which would be consistent with the


expectation that work practices likely resulted in greater


exposures in the earliest eras of work. As age is also strongly


associated with higher beryllium exposure (P< 0.0001) it is


likely, in part, a surrogate for exposure.


The results of this study did not confirm the suggested


immunosuppressive effect of smoking [Kalra et al., 2000]. In


fact, ever smoking was found to minimally increase the risk


of sensitization however this increase was not significant.


This result may be partially explained by confounding effect


of sex, with female risk of sensitization slightly higher than


male (OR¼ 1.34 95% CI 0.39–3.82) and likelihood of


smoking significantly lower than males (OR¼ 0.34 95% CI


0.24–0.49). Testing for the effect of an interaction of sex


by smoking on sensitization did not reveal any significant


interaction.


This study used Knudson recommended equations


for spirometry reference [Knudson et al., 1983]. Most


data was collected before the Third National Health and


Nutrition Examination Survey (NHANES III) based stand-


ards were recommended [Pellegrino et al., 2005; Townsend,


2005].


An interesting observation was made with regards to


subcontractors on site. According to former plant employees


interviewed through the study, contracting of cafeteria/food


services jobs to outside vendors was common on site during


1960s and 1970s. Those workers typically worked shorter


shifts and were escorted on line by security cleared person-


nel. Three cafeteria workers with no plant employment


records came to the screenings and their employment was


confirmed by other DOE employees. One of those workers


was eventually found sensitized and the other had a single,


not confirmed abnormal test. Their employment history was


otherwise insignificant for exposure to beryllium and they


worked on site from 3 to 6 months. This group could not be


further investigated as there were no records available to


locate the workers, but this finding has important implica-


tions for screening of subcontractors’ workers employed


temporarily in nuclear weapons production or any other


beryllium processing facility. It also has legal implications


for a compensation system as those workers are currently


excluded from the federally mandated Energy Employees


Occupational Illness Compensation Program.
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This study has found an elevated rate of sensitization in


a population of nuclear weapons workers at low risk for


exposure compared to other low exposed populations. This


workforce was unique in that exposures were rare and


occurred on average several decades prior to the screenings.


Sensitization was also found in subcontractor workers with


limited exposure potential. The findings from the study have


important implications for workers using beryllium alloy


tools in any industry and call for altering of work practices to


reduce occupational exposure to beryllium.
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ORIGINAL ARTICLE


Prevalence of Beryllium Sensitization Among Department of
Defense Conventional Munitions Workers at Low Risk for


Exposure
Marek A. Mikulski, MD, MPH, Wayne T. Sanderson, PhD, Stephanie A. Leonard, MS, Spencer Lourens, BS, R.


William Field, PhD, Nancy L. Sprince, MD, MPH, and Laurence J. Fuortes, MD, MS


Objective: To estimate the prevalence of beryllium sensitization among for-
mer and current Department of Defense workers from a conventional mu-
nitions facility. Methods: Participants were screened by using Beryllium
Lymphocyte Proliferation Test. Those sensitized were offered clinical evalu-
ation for chronic beryllium disease. Results: Eight (1.5%) of 524 screened
workers were found sensitized to beryllium. Although the confidence interval
was wide, the results suggested a possibly higher risk of sensitization among
workers exposed to beryllium by occasional resurfacing of copper–2% beryl-
lium alloy tools compared with workers with the lowest potential exposure
(odds ratio = 2.6; 95% confidence interval, 0.23–29.9). Conclusions: The
findings from this study suggest that Department of Defense workers with
low overall exposure to beryllium had a low prevalence of beryllium sensiti-
zation. Sensitization rates might be higher where higher beryllium exposures
presumably occurred, although this study lacked sufficient power to confirm
this.


M ultiple reports have been published on the prevalence of beryl-
lium sensitization (BeS) and chronic beryllium disease (CBD)


in the Department of Energy (DoE) nuclear weapons workforce1–8;
however, data are lacking regarding the epidemiology of beryllium-
related health effects in Department of Defense (DoD)–associated
workforces. The DoD has been the major user of beryllium products
either in the manufacture of conventional ordnance or in the pro-
duction of electrooptical targeting systems, infrared countermeasure
devices, and missile guidance and radar systems.9 Studies estimate
that some 18,400 current DoD contractor workers may be potentially
exposed to beryllium.10


Cross-sectional studies have reported that the prevalence of
sensitization, defined as confirmed double-abnormal or abnormal
and borderline Beryllium Lymphocyte Proliferation Test (BeLPT),
varies among occupational groups. Aluminum smelter workers ex-
posed to very-low concentrations of beryllium through a bauxite re-
finery process were found to have a BeS prevalence of up to 0.5%.11,12


Among higher-exposed beryllium-extraction, metal-production, and
oxide-production workers, 14.6% were found to have BeS.13 The
CBD has been found to affect up to 8% of exposed populations,1 but
reporting of CBD rates has been complicated by the fact that most
screening programs do not routinely perform diagnostic follow-up
examinations.


The risk for BeS and CBD is affected by genetic
predisposition,14,15 as well as particle size, concentrations, and
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solubility.1,2,4,16–23 Sensitization has been found to develop as early
as a few months after initial exposure or after up to four decades.24–26


Smoking, a known suppressant of T-cell proliferative response,27,28


has been postulated to decrease the risk of sensitization and CBD,24


while corticosteroids, the first line of drugs in the treatment of CBD,
have been shown to potentially reverse sensitization.29,30


This report presents findings of a study of BeS prevalence
and risk factors among former and current DoD workers from a sin-
gle government-owned, contractor-operated conventional-weapons
manufacture, testing, and disassembly site in the Midwest. This site
has been in operation since 1941. Between 1949 and mid-1975, part
of the site was used by the DoE for the assembly of nuclear weapons.
Preliminary results of screenings between 2000 and 2002 of a small
sample of DoD workers (n = 65), with no verifiable history of em-
ployment in nuclear weapons production, raised concerns for health
effects of beryllium exposure in this DoD workforce, resulting in
this larger cross-sectional study.


MATERIALS AND METHODS


Cohort Identification and Eligibility Criteria
Approval for the study was received from The University of


Iowa institutional review board . The details of cohort identification
have been described elsewhere.31 Identification of all workers em-
ployed on site between 1948 and 2002 was based on contractor’s
archived paper and electronic employment records, local Interna-
tional Machinists and Aerospace Workers Union seniority logbooks,
radiation-monitoring badge records, plant medical records, and lists
of workers involved in accidents (incident reports) used to distin-
guish DoD from DoE employment.


Inclusion in the study required confirmation of employment
in DoD’s conventional munitions production before the end of 2002;
the last-year copper–2% beryllium (Cu–2% Be) alloy tools, likely
the primary source of exposure to beryllium in DoD operations,
were used on this site (Robert Haines, personal verbal communica-
tion, 2004). No minimum duration of employment was required to
be included in the study. Exclusion from the cohort was based on
ever having been employed or directly exposed to DoE’s operations
on site, resulting in potential for additional exposure to beryllium
from manufacture of nuclear weapons. Other exclusion criteria in-
cluded employment terminating before 1948 or beginning post-2002
or lack of employment records. Selection into the study was limited
to workers living within 4-hour driving distance to the screening
sites.


Dates and Duration of Employment
Munitions workers at this site typically worked in multiple


jobs. The contractor’s employment records included information
on each job code, with hire and termination dates specific to job
codes. Redundant and overlapping records were eliminated to com-
pile chronologic work-history records for the cohort. Records for
employees hired before 1953 often lacked start or hire dates, pre-
sumably because of the fact that oversight of conventional munitions
operations was transferred from the government to a private contrac-
tor in 1951, at which time most of the available employment data
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began to be compiled. For records lacking start dates, contractors’
wage and salary schedules were used to identify and assign appro-
priate dates matching specific job codes and wages appearing in the
subject’s employment records. For subjects whose records did not in-
clude specific wage information that would define the employment
era, wage and contract books were referenced to identify a given
period in which specific job codes were used and an imputed 1-year
term of employment was assigned. Total duration of employment
was calculated for every worker, who worked on site, by summing
months of employment in each job.


Beryllium-Exposure Assessment
Given the long latency between this survey and employment


on site for the majority of the cohort, it was assumed that partici-
pants’ recall or knowledge of beryllium-exposure potential would be
problematic. A job exposure matrix was developed to assign qual-
itative exposure rankings for beryllium. This matrix was based on
a job dictionary constructed from the compilation of all known job
codes used by the site’s contractors. Job titles associated with these
codes were obtained from the contractor’s wage and salary schedules
for hourly, salaried, bargaining, and nonbargaining positions at the
plant. The dictionary’s entries were grouped into similar exposure-
job categories on the basis of titles, known work tasks, and expected
exposures, using input from current and past plant personnel and
knowledge of production processes. The categories were then re-
viewed by a panel of current and former workers with knowledge
of historic processes, exposure sources, and control technologies
implemented over the years.32


Since no industrial hygiene-monitoring data for beryllium
were found for DoD operations, the panel established qualitative
beryllium-exposure rankings—ranging from category 0 to 2—on the
basis of the frequency and proximity to known processes involving
beryllium (Table 1). These rankings were consistent with the results
of surface-wipe sampling conducted early in the study to estimate the
presence and the location of beryllium in surface dust in a variety
of plant locations. Higher concentrations of beryllium in surface
dust were noted in proximity to sanding and grinding equipment
in machine shops, where workers sanded and resurfaced Cu–2%
Be alloy tools.33 Grinding and reshaping of tools were also found
to have been the main source of exposure to beryllium in DoE
nuclear weapons operations on site31; machinists, millwrights, and
tool-and-die workers had the highest exposure potential of all jobs
on both the DoE and DoD production lines.


Many workers had multiple jobs over their work career at the
plant. Beryllium exposure was characterized by assigning the highest
beryllium-exposure category experienced by each worker during his
or her tenure on site, regardless of the duration of employment.


Data Collection
The study design was cross-sectional, and participants were


initially randomly selected from a cohort of living current and former
conventional munitions workers. To maximize statistical power in
testing for dose–response trend across the exposure strata, all living
category 2 workers were selected for recruitment.


Workers were not compensated for their travel, and a geo-
graphic restriction was placed on the recruitment of study partici-
pants, as few former workers living far from the plant were expected
to participate in the study. Selected workers, identified as living in
the proximity of screening sites (within a 4-hour driving radius),
were mailed invitations to the screenings with informational hand-
outs, informed consents, return envelopes, and the phone number for
the study’s toll-free line. The study’s Web site was also accessible
through major search engines.


After the initial mailing, nonrespondents were recontacted by
mail and exposure category 2 workers were contacted by phone,


where this information was available. These presumed highest-
exposed workers were more actively recruited because of the small
sample size of this group and concerns about statistical power. Be-
cause of a poor initial response rate, the random-selection recruit-
ment protocol was modified to allow volunteers to enroll in the
study. This modification was followed by an extensive media cam-
paign, including paid advertisements, and radio-station interviews,
both locally and in neighboring states. In addition, members of the
study’s community advisory board and study participants were pro-
vided postcards with information about the study to distribute to
former workers.


Screening for BeS, and Clinical Evaluation for CBD
Beryllium sensitization was evaluated by testing cultured-


lymphocyte responses to beryllium sulfate, as determined by tri-
tiated thymidine incorporation during preparation for mitosis. An
individual Lymphocyte Proliferation Test was defined as abnormal if
the rate of beryllium-induced cell proliferation in two or more beryl-
lium concentrations exceeded the laboratory-specific cutoff value for
beryllium-unexposed cells. A positive response to only one beryl-
lium concentration was defined as a borderline result, while low
response to positive controls or high statistical variability within the
sample deemed the result uninterpretable.34,35


Participants’ blood samples were tested by two laboratories
simultaneously, and the laboratories were blinded to all personal
identification. Thirty milliliters of sodium-heparinized venous blood
was submitted to each laboratory, and samples were shipped unre-
frigerated by overnight express to ensure delivery and setup within
24 to 48 hours of the blood draw. Half way through the screen-
ings, one of the laboratories stopped performing the test and a third
laboratory was used to test the samples.


Repeat split samples were submitted to confirm single abnor-
mal test results or clarify initial borderline or uninterpretable tests.
Only one follow-up split was performed unless the repeat test was
reported as uninterpretable from both laboratories or the blood sam-
ple was damaged, lost, or otherwise unprocessable. Participants were
considered beryllium sensitized if a single abnormal test result was
confirmed by a second abnormal or a borderline test from either
laboratory.7,35–37


At the time of the BeLPT screening, project staff provided
participants with information on the process and interpretation of
the BeLPT, collected informed consent from all participants, and
answered questions. The BeLPT sample collection was scheduled
for the convenience of workers at off-site locations. Home visits
were performed as needed for home-bound participants. Participa-
tion in the study was voluntary, and subjects could withdraw at any
time. A questionnaire was obtained from each participant to obtain
information on smoking status and steroid or immunosuppressant
use, as well as to both confirm employment in DoD operations and
exclude those ever having worked in production of nuclear weapons.
The questionnaires were reviewed with participants on arrival at the
screenings by project staff familiar with the site’s history.


Workers with confirmed abnormal BeLPT were offered med-
ical follow-up, as indicated clinically to rule out an active inflamma-
tory or granulomatous pulmonary process. Subjects were told that
they had no obligation to pursue further evaluation, and clinical judg-
ment was used in assessing the a priori likelihood of a treatable lung
condition and the risk of subsequent medical evaluations, includ-
ing lung function testing, high-resolution computed tomographic
(HRCT) scanning of the lung, and fiberoptic bronchoscopy with
lavage, and multiple transbronchial biopsies.


Spirometry was performed according to the American
Thoracic Society guidelines.38 The percentage-predicted forced
vital capacity (FVC%) and forced expiratory volume in the first
second (FEV1%) were calculated by using the National Health and
Nutrition Examination Survey–based algorithm, recommended by
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TABLE 1. Distribution of Job Categories by Exposure and Sensitization to Beryllium∗


Total Beryllium
Exposure Category Job Category Screened Sensitization n (%)


0


Virtually no exposure; lowest


exposures at this plant


Administrative and office support 8


Automotive and equipment mechanics 7


Cameramen 1


Carpenters 1


Custodial 3


Electricians 6


Engineers 6


Expeditors, material handlers, and checkers 16


Equipment operators 3


Firefighters 1


Ironworkers 1


Inspectors 41


Laborers 20


Melt workers 10


Health care 1


Painters 2


Plant utilities 2


Plant services 1


Rail and transportation 1


Security 13


Sheet metal 3


Storage 17 1 (5.9)


Trainees, interns general 1


Grounds workers 5 1 (20.0)


Waste disposal 1


Radiograph 2


1


Rare exposures; can include


bystander or indirect


exposure


Production operators 274 5 (1.8)


Explosive operators 44 1 (2.3)


Component operators 187 1 (0.5)


Scientists 7


Plumbers/pipe fitters 4


2


Occasional exposures; can


include bystander or


indirect exposures


Machinists 7


Tool and die 6


Millwrights 41 2 (4.9)


Mechanical division supervisors 3


∗Category 0 also included food service, firing-site workers, scale/instrument repairmen, stores and safety and health. Category
1 included facilities maintenance and burn ground workers—none screened.


Hankinson et al,39 and were adjusted for age, sex, height, and race.
Percentage-predicted diffusing lung capacity for carbon monoxide
was calculated on the basis of the equations of Miller et al.40 The
HRCT scans were reviewed within the same radiology department for
the evidence of interstitial lung disease, including reticular changes,
honeycombing, traction bronchiectasis/bronchiolectasis, interlobu-
lar septal thickening, and ground glass opacities, as well as perilym-
phatic nodules and mediastinal and hilar adenopathy.41–43 Evidence
of spirometric and radiologic abnormalities in combination with
symptoms was required, under the clinical evaluation protocol, for
bronchoscopy with lavage and transbronchial biopsies.


Analysis
Data generated through this study were double-entered and


stored in a secure Microsoft Access 2002 to 2007 database, with
data queries completed periodically for update and quality assurance


purposes. Personal identifiers were removed from the data before
exporting them into PC SAS 9.2 software (SAS Institute Inc, Cary,
NC) for statistical analyses.44 The date of the last BeLPT screening
was used to determine workers’ age. Never smoking was defined as
less than 20 packs of cigarettes smoked during one’s lifetime and
ever smokers included current and ex-smokers. Use of immunosup-
pressants was defined as the use of oral or injected derivatives of
corticosteroids or other immunosuppressants, including chemother-
apeutic agents at the time of the testing.


Frequencies of categorical covariates and means, standard de-
viations, and ranges of continuous covariates were calculated by
sensitization status. Fisher exact test was used to evaluate the dif-
ferences in frequencies of covariates and exposure levels between
sensitized and nonsensitized individuals and to compare the preva-
lence rate of sensitization from this study with rates in other studies.
The Cochran-Armitage chi-square test45 was used to assess the trend
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in sensitization rates by exposure to beryllium, age, date of first hire,
and the duration of employment. Normality distribution of contin-
uous variables was tested by using the Shapiro-Wilk test, and the
Wilcoxon ranked sum test was used to evaluate the differences in
medians of nonnormally distributed continuous covariates between
sensitized and nonsensitized groups.


Crude odds ratios (OR) and 95% confidence intervals (CIs)
were calculated, using logistic regression methods, for unadjusted
association of each explanatory variable with sensitization. Forward
selection was used to build a multivariable logistic regression model,
in which the risk of sensitization by exposure was assessed while ad-
justing for potential confounders, including all explanatory variables
under study. A P value of less than 0.15 was required for possible
entry into the model. All tests conducted were double-sided, and
statistical significance of P < 0.05 was selected throughout all the
analyses.


RESULTS
The study cohort included 33,544 workers employed between


1948 and 2002. A total of 1131 workers (including 212 category
2 workers), identified through records from a major credit bureau
and World Wide Web sites as living within a 4-hour driving distance
of the screening sites, were mailed invitations to participate in the
study. Three hundred thirty-eight (30%) of contacted workers re-
sponded, and of these respondents, 210 (63%) agreed to participate
in the screening. Seventy percent (n = 793) of contacted workers
did not respond to the mailings or follow-up phone calls or their
contact information was incorrect. An additional 360 workers were
recruited after BeLPT sensitivity screening was opened to all work-
ers employed between 1948 and 2002 for a total of 570 participants.
Eight percent (n = 46) of the screened workers were excluded from
the analyses because of the following reasons: (1) They had potential
exposure to nuclear weapons—DoE operations on site (n = 34); (2)
They were employed on site before 1948 (n = 2); (3) Their em-
ployment started after 2002 (n = 2); or (4) They had no available
employment records (n = 2). Six additional workers were excluded,
because a single valid test result (ie, normal, abnormal, or border-
line) was not confirmed by a second valid test from either the initial
or subsequent split tests. The final cohort included 524 workers.


Table 1 shows the distribution of job categories between el-
igible workers and those found to be sensitized. There were a total
of 522 (99.6%) workers for whom at least one job title was avail-
able to estimate their exposure potential. Approximately 38% (n =
197) worked multiple jobs (range, two to six) during their tenure at
the plant; hence, the aggregate number of workers between the job
categories was greater than the actual number of workers screened.
Fifteen workers (2.9%) worked in short-term jobs with undetermined
exposure potential, and two (0.4%) of 524 eligible workers held jobs
at the plant that had undetermined exposure potential.


Eight workers (1.5%) were identified as sensitized by a con-
firmed abnormal BeLPT. Sensitized workers were found in each of
the three exposure strata: storage (category 0; n = 1), production
(category 1; n = 2), component operations (category 1; n = 1), and
millwright (category 2; n = 1). Three sensitized workers worked in
multiple jobs: one was first hired as a millwright (category 2) and
later rehired as a production operator (category 1); one worked as
an explosives operator (category 1) and subsequently in production
operations (category 1); and one started as a production operator
(category 1) and was rehired for grounds maintenance (category 0).


The nonsensitized workers included 490 (93.5%) individuals
with a confirmed double-normal result, three (0.6%) with a single
abnormal test, and 23 (4.4%) workers with a single borderline re-
sult. The majority of nonsensitized workers worked in production
and component operations, with 150 (54.7%) of the ever-production
workers found to have held multiple jobs and 63 (33.7%) of ever-
component operators working in other jobs as well. Altogether,


almost 20% of all nonsensitized workers (n = 102) worked in mul-
tiple jobs that would have put them in different beryllium-exposure
category: 81 worked in both categories 0 and 1 jobs; 8 in categories
1 and 2 jobs; 11 in categories 0 and 2 jobs; and 2 in every exposure
category.


Table 2 presents the prevalence of sensitization and unadjusted
associations of sensitization by age, sex, smoking, use of immuno-
suppressants, date of first hire, aggregate duration of employment,
and beryllium-exposure strata. With the exception of gender, none
of the variables was significantly associated with sensitization. All
confirmed sensitization cases occurred in men (P = 0.01). Work in
category 2 jobs was associated with an almost threefold higher rate
of sensitization when compared with category 0 exposures, but the
result was not statistically significant (OR = 2.64; 95% CI, 0.23 to
29.94; P = 0.36). Comparing individual highest exposed with those
working in combined exposure categories 0 and 1 was still not sta-
tistically significant but revealed a higher OR with a narrower CI
(OR = 3.10; 95% CI, 0.61 to 15.73; P = 0.19). The algorithm for
the multivariate logistic regression model did not converge.


Table 3 presents the results of the clinical evaluation of sen-
sitized individuals for CBD. Of eight sensitized workers, six un-
derwent clinical testing and two declined follow-up testing. All
six were found to have normal spirometry and diffusing lung ca-
pacity for carbon monoxide, with one worker having a minimally
decreased FEV1/FVC ratio suggestive of mild obstructive airways
physiology46; testing was, however, done before the bronchodilator
intake. No evidence of CBD was found on the HRCT of any of
the participants. There were no clinical indications at the time of
follow-up for bronchoscopy testing in any of the participants.


DISCUSSION
The prevalence of confirmed BeS, as defined by a double-


abnormal or abnormal and borderline BeLPT in this cohort of for-
mer and current conventional munitions workers, was 1.5%. This
prevalence is slightly higher than expected in workers with minimal
beryllium-exposure levels, including 1.3% (P = 0.89) in DoE work-
ers from the Nevada test site47 and 1.4% (P = 0.90) in construction
workers from three nuclear weapons sites.7 The rate remains higher
even after restricting the confirmed BeLPT definition to only two
and more abnormal tests (1.0% in this study), as compared with the
studies of aluminum smelter workers from nine aluminum-producing
plants (0.47%; P = 0.32).12 This sensitization rate is also higher than
the estimated 0% (P = 0.06) background rate of a double-abnormal
BeLPT in the population of new hires in the beryllium facility.48


The only identifiable risk of exposure was occasional resurfacing
and grinding of Cu–2% Be alloy tools (Fig. 1). In addition, these
activities were primarily conducted in one location, a tool-and-die
shop separate from the production area, with an estimated less than
2% of the workforce working in this area as millwrights and tool-
and-die workers. The beryllium-containing tools might also have
been resurfaced or ground in small shops in several buildings lo-
cated throughout the site, but the majority of workers at this site
were employed in jobs with no or minimal bystander potential for
exposure.


The implications of this prevalence rate for the DoD work-
force at large should be further explored. It has been estimated that
between 6% and 8% of those with a confirmed abnormal BeLPT
progress to CBD per year.24 Sensitization has also been found to
regress over time.30,49 It is unknown whether this regression in sen-
sitization may be caused by removal from exposure or age-related
waning of immune response. It is also unclear to what degree the re-
ported between- and within-laboratories disagreement on the BeLPT
serial testing may affect the estimates of progression.36,37,50,51 This
study found the agreement between split-test laboratories to range
from poor (weighted κ statistic = 0.17; 95% CI, −0.02 to 0.35) to fair
(weighted κ statistic = 0.35; 95% CI, 0.01 to 0.70).52 The probability
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TABLE 2. Characteristics of Sensitized and Nonsensitized Workers and Unadjusted Predictors of Beryllium Sensitization


Sensitized Nonsensitized P Odds Ratio
Parameter (n = 8) (n = 516) Value (95% Confidence Interval)


Age; mean (SD), range 64(7), 54–74 63(10), 28–88 0.85∗ NA


Age (yrs); n (%)


< 55 1 (1.1) 91 (98.9) 0.97† 1.0


55–59 2 (2.1) 93 (97.9) 1.96 (0.17–21.96)


60–64 2 (1.7) 119 (98.3) 1.53 (0.14–17.13)


65–69 1 (1.0) 96 (99.0) 0.95 (0.06–15.38)


70+ 2 (1.7) 117 (98.3) 1.56 (0.14–17.42)


Sex, n (%)


Male 8 (2.8) 273 (97.2) 0.01‡ NA


Female 243 (100.0)


Smoking, n (%)


Ever smoker 5 (1.5) 330 (98.5) 1.00‡ 1.0


Never smoker 3 (1.6) 186 (98.4) 1.07 (0.25–4.50)


Immunosuppressant use, n (%)


Yes 17 (100.0) 1.00‡ NA


No 8 (1.6) 499 (98.4)


Date of first hire, n (%)


<7/1/1975 (during DoE operations on site) 7 (1.9) 357 (98.1) 0.45‡ 1.0


≥7/1/1975 (no DoE operations on site) 1 (0.6) 159 (99.4) 0.32 (0.04–2.63)


Employment duration (mo); mean (SD), range 48(67), 0.5–194.0 103(126), 0.1–855.5 0.19∗ N/A


Employment duration (mo), n (%)


<12 3 (2.3) 129 (97.7) 0.19† 1.0


12–40 3 (2.2) 131 (97.8) 0.99 (0.20–4.97)


41–169 1 (0.7) 133 (99.3) 0.32 (0.03–3.15)


170+ 1 (0.8) 131 (99.2) 0.32 (0.03–3.20)


Beryllium exposure, n (%)


Category 0 1 (1.5) 66 (98.5) 0.36† 1.0


Category 1 5 (1.2) 398 (98.8) 0.83 (0.10–7.21)


Category 2 2 (3.8) 50 (96.2) 2.64 (0.23–29.94)


Missing (no available job data) 2 (100.0)


Beryllium-exposure categories combined, n (%)


Category 0+1 6 (1.3) 464 (98.7) 0.19‡ 1.0


Category 2 2 (3.8) 50 (96.2) 3.10 (0.61–15.73)


Missing (no available job data) 2 (100.0)


Beryllium-exposure categories combined, n (%)


Category 0 1 (1.5) 66 (98.5) 1.00‡ 1.0


Category 1+2 7 (1.5) 448 (98.5) 1.03 (0.13–8.52)


Missing (no available job data) 2 (100.0)


∗Wilcoxon rank-sum test.
†Cochran-Armitage test.
‡Fisher exact test.


of the split-testing protocol confirming sensitization was estimated,
using methods suggested by other researchers, at 60%.36 An ad-
ditional uncertainty in the interpretation of beryllium-sensitization
surveys is that both false positives and false negatives can only be
discerned through invasive testing. Given these estimates and the av-
erage latency of the last potential exposure to beryllium of 25 years
(range, 3 to 56 years), this population may have had an undetermined
number of previously sensitized individuals.


The results of this study reveal a nonzero prevalence of sen-
sitization in a low-exposed, previously unstudied industry and an
increase in prevalence of sensitization in those workers with job
titles associated with increased potential for exposure. Given the
widespread use of beryllium and its products by the munitions in-
dustry, these findings may have implications for recommendations of


surveillance of defense industry and other workforces who process
beryllium products or who are potentially exposed to resurfacing of
beryllium tools. These findings can also have implications for other
industries using such alloy tools (Fig. 1) to consider improvements
in control measures, including replacing damaged tools as opposed
to resurfacing same and reevaluation of industrial hygiene and engi-
neering control measures to prevent exposure to beryllium from the
grinding of beryllium-containing tools in the workplace.53


The increase in prevalence and risk of sensitization found in
those DoD workers working in category 2 beryllium-exposure jobs
compared with those working in only category 0 jobs, although not
statistically significant, is consistent with the trend in the risk of
sensitization found in the previous study of former DoE nuclear
weapons workers from the same site.31 Beryllium-exposure strata in


Copyright © 2011 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.


C© 2011 American College of Occupational and Environmental Medicine 5







Mikulski et al JOEM � Volume 00, Number 00, January 2011


TABLE 3. Results of Clinical Evaluation of Sensitized Workers


ID Age Age at First Hire Smoking FVC% FEV1% FEV1/ FVC% DLCO% HRCT Findings BeLPT


1 58 18 Ex-smoker 90 98 77 81 No ILD, calcified


granulomas, 2-mm nodules


AB + AB


2 59 18 Ex-smoker 96 100 73 102 No ILD, calcified granulomas AB + AB


3 64 22 Never 100 103 77 NA Multiple nonpathologic,


<1-cm mediastinal and


hilar lymph nodes


AB + BD


4 69 30 Never 94 114 83 89 No ILD; 3-mm pleural-based


nodule


AB + AB


5 72 30 Never 128 120 68 83 No ILD, minimal apical


scarring and punctuate


lymphadenopathy


AB + AB


6 74 18 Ex-smoker 94 113 79 101 No ILD; nodular intralobular


septal thickening, 3-mm


nodule


AB + AB


7 54 34 Ex-smoker Declined clinical follow-up AB + BD


8 60 18 Current Declined clinical follow-up AB + BD


AB, abnormal; BD, borderline; BeLPT, Beryllium Lymphocyte Proliferation Testing; DLCO%, percentage-predicted diffusing lung capacity for carbon monoxide FEV1%,
percentage-predicted forced expiratory volume in the first second; FVC%, percentage-predicted forced vital capacity; HRCT, high-resolution computed tomographic; ILD, interstitial
lung disease.


FIGURE 1. Copper-beryllium alloy tools with instructions for
grinding to maintain chamfer


both studies were determined on the basis of employment records,
with the highest individual exposure job potential used as a proxy
for personal exposure. The DoE workers at this site, as their DoD
counterparts, had minimal risk for exposure to beryllium. Those
highest exposed in both operations worked occasionally in grinding
and reshaping of Cu–2% Be alloy tools. The lack of significance
in the current study most likely resulted from insufficient power;
however, the increase in the risk of sensitization seen in those highest
exposed compared with those lowest exposed added to the body of
evidence of potential for BeS being associated with certain tasks
with the highest likelihood of beryllium exposure.


No evidence of definite CBD was found in clinically evalu-
ated sensitized workers in this study. The clinical evaluation pro-
tocol, with bronchoalveolar lavage and transbronchial lung biopsy
performed in only those sensitized individuals with other evidence
of lung disease, was negotiated and agreed upon with the fund-
ing agency. This protocol may have missed cases of CBD, as up
to 25% of those confirmed sensitized without radiologic evidence
of lung disease have been found to have noncaseating granulomas
with or without mononuclear cell interstitial infiltrates and fibrosis on
biopsy.54 Recent studies, however, show that those sensitized with no
histopathologic evidence of lung disease are less likely to progress to


a clinically symptomatic disease than those with a biopsy-confirmed
diagnosis of CBD.49


All confirmed abnormal BeLPT results in this study were
found in workers who did not use immunosuppressants at the time
of the testing, but this association lacked statistical significance.
No statistically significant association was seen between smoking
history and sensitization. A statistically significant association was
found between smoking and the use of immunosuppressants, includ-
ing inhaled steroids; ever smokers had more than twofold higher
history of using immunosuppressants compared with never smokers
(OR = 2.1; 95% CI, 1.03 to 4.15). This is most likely explained
by the higher rates of lung disease in ever smokers and subsequent
increase in the use of inhaled steroids, but there were no spirome-
try data available to confirm this finding. Nevertheless, this finding
should be considered in future studies of BeS, as immunosuppres-
sant use may confound tobacco use in epidemiologic studies of BeS
and lung disease.


Exposure potential in this study was assessed on the basis
of employment records and personal accounts of workers with
health and safety qualifications and extensive job tenure on site.
Exposure misclassification was possible because jobs within the
same exposure category might have differed relative to exposure
potential, and the accuracy of available work history records
remained unknown. Exposure to beryllium from other jobs was ruled
out, and the exposure assessment for this workforce was blinded
to the results of BeLPT screenings. Since uncertainties in exposure
classification were consistently resolved toward the highest exposure,
potential misclassification would have biased the results toward the
null hypothesis.


This study did not assess the potential for skin exposure in the
development of sensitization. No personal exposure data were avail-
able, and individual exposure estimates were based on employment
history under the assumption of airborne exposures. While dermal
exposure remained plausible,23,25 there was no history of risk for
beryllium splinters obtained from former workers at this facility. The
group with the highest potential for skin exposures would include
the category 2 millwrights and tool-and-die workers occasionally
working with the Cu–2% Be alloy tools and probably exposed to
larger beryllium particles than those suggested in other studies.55,56


Those workers’ higher risk of sensitization, although not statistically
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significant, was confirmed by using the qualitative exposure esti-
mates from the job exposure matrix.


Finally, there were no medical records available to estimate the
prevalence of sensitization and lung disease in the nonscreened co-
hort. Nonparticipants might have differed from the screened workers
in several characteristics, including, most importantly, gender, start
and duration of employment, as well as exposure status; however,
this information was not available to measure the potential selection
bias. In addition, participants might have self-selected for the study
on the basis of health status.


In summary, this study found a nonzero prevalence of a con-
firmed abnormal BeLPT in the cohort of former and current DoD
conventional munitions workers, with an overall low risk for beryl-
lium exposure. The only group with episodic exposures to Cu–2%
Be alloys were the millwright and tool-and-die-workers occasionally
resurfacing tools; their risk for sensitization was possibly higher, al-
though this result was nonsignificant most likely because of the lack
of power.
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Abstract


Background—The clinical effects of inhaled corticosteroids (ICS) on chronic beryllium disease 


(CBD) are unknown. Although frequently used for symptoms or disease not requiring systemic 


therapy, the clinical course of patients on ICS has not been evaluated.


Methods—In a retrospective cohort study, forty-eight subjects with CBD, diagnosed by 


granulomas on lung biopsy and treated with inhaled corticosteroids, were matched to sixty-eight 


subjects with CBD who were not treated. Pulmonary function testing (PFT), exercise tolerance, 


blood BeLPT, BAL cell count, and symptoms were evaluated.


Results—Treated patients showed no significant change over time in pulmonary function, when 


compared to controls, by forced vital capacity (FVC, p=0.28) or diffusion capacity (DLCO, 


p=0.45) or in exercise tolerance testing. However, symptoms of cough significantly improved in 


58% (compared to 17% in controls) and dyspnea improved in 26% after ICS treatment (compared 


to 0 in controls). Symptoms of cough were improved in patients with a lower baseline FEV1 and 


FEV1/FVC ratio. Subgroup analysis showed significant lung function response in cases with lower 


baseline FEV1/FVC and higher residual volume (RV).
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Conclusion—Although FVC and DLCO did not improve in the ICS treated group, we saw no 


difference in decline compared to matched controls. Symptoms of dyspnea and cough improved 


with ICS especially in those with obstruction and air trappingsuggesting that these should be 


considered an indication of ICS use in CBD patients.


Keywords


chronic beryllium disease; inhaled corticosteroids; obstruction; air trapping


INTRODUCTION


Chronic beryllium disease (CBD) is a granulomatous lung disease which causes both 


restrictive and obstructive lung function abnormalities. The clinical course is variable, but 


can result in progressive fibrosis and respiratory failure [1]. Removal from exposure or 


exposure reduction is key to primary treatment. Frequent monitoring for disease progression 


includes pulmonary function and exercise tolerance testing. Treatment options for 


individuals with CBD are limited. The mainstay of therapy is systemic corticosteroids [2–4], 


which is usually started with evidence of pulmonary impairment and or severe symptoms. 


While improvement in pulmonary function has been demonstrated in small case series [5–6], 


corticosteroid therapy carries a multitude of side effects, and other therapies such as TNF-α 
inhibitors have been reserved for more severe disease [7]. Early CBD may present with 


asthma like symptoms and at times an obstructive pattern on lung function [8]. Inhaled 


corticosteroids (ICS) have been used in clinical practice, often for mildly declining 


physiology, or symptoms such as cough and dyspnea, although the efficacy of this treatment 


is not known in CBD.


Results of ICS in pulmonary sarcoidosis, a clinically similar granulomatous disease, have 


been mixed. A randomized-placebo controlled trial [9] in sarcoidosis patients treated with 


ICS showed a non-statistically significant improvement in symptoms and no difference 


between groups in physiological outcomes after eight months of follow up. An open clinical 


study [10] treating sarcoidosis subjects with high dose ICS demonstrated an improvement in 


FVC and CXR findings over 18 months. Another trial [11] showed a significant 


improvement in vital capacity without change in DLCO or FEV1, while spirometry 


remained entirely unchanged in two other small studies [12, 13].


We hypothesized that treatment with inhaled corticosteroids (ICS) would improve or 


stabilize pulmonary function (FVC and DLCO) and improve symptoms, while minimizing 


the adverse effects of systemic therapy. The goal of this study was to evaluate the ability of 


ICS to prevent decline in pulmonary physiology, exercise capacity and symptoms, and to 


assess its effect on lung lymphocytic inflammation and the beryllium lymphocyte 


proliferation test (BeLPT).


METHODS


A retrospective cohort study was utilized involving a single center cohort of CBD cases. The 


primary endpoint for this study was the demonstration of improvement or stabilization of 


FVC or DLCO over 4 years following the initiation of an ICS. Secondary endpoints 
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included: stabilization of exercise physiology, BeLPT, BAL cell counts, and improvement of 


cough and/or dyspnea.


The study was reviewed and approved by the National Jewish Health Institutional Review 


Board and written informed consent was waived. A diagnosis of CBD was made based on 


demonstration of beryllium sensitization (BeS), defined as two positive BeLPTs or one 


positive bronchoalveolar lavage (BAL) BeLPT and evidence of granulomas on 


transbronchial biopsy [1]. Subjects with ICS listed as a medication in their medical record 


and at least one visit after 2008 were selected for inclusion. The CBD cases included in this 


study were identified either by referral for symptoms or by workplace medical surveillance 


using the BeLPT. Clinical data derived prior to the pathologic diagnosis of CBD was 


excluded. We selected a control group of subjects with CBD who were not on any ICS, 


frequency matched to treated cases by age, smoking history, and decade of beryllium 


exposure. Inclusion and exclusion criteria are listed in Table 1. A retrospective chart review 


was performed, with review of medical history, medication list, assessment and evidence of 


intent-to-treat with ICS and to confirm the diagnosis of CBD. Extraction of symptoms prior 


to, and at the 4 year follow-up visit was also conducted from the chart review. A symptom 


questionnaire was not used for this study, although it is standard for clinic physicians to 


address change in symptoms at each clinic visit. Machinist job title was included as a 


surrogate marker of higher exposure, as this has been associated with lung function in prior 


studies [14]. Data from the clinical evaluation included full pulmonary function testing with 


lung volumes and DLCO along with exercise tolerance testing, typically performed with an 


arterial line to evaluate maximum oxygen consumption (VO2 max), work load (Work), gas 


exchange, and dead space. The blood BeLPT was performed using previously described 


methods [7], and was expressed as the peak stimulation index (PSI). Bronchoscopy with 


BAL was performed with results expressed as total lymphocytes in cells/mL (Cell Count) 


and percent lymphocytes (% lymph). Subgroup analysis was also performed on subjects who 


demonstrated symptomatic and physiologic improvement at their 4 year visit compared to 


the baseline visit. Symptomatic improvement was defined as a subjective improvement or 


resolution of cough or dyspnea following treatment and physiologic improvement was 


defined by an increase in FEV1 or FVC greater than 12% or 200cc [15], or a change in 


DLCO greater than 10% [16–17].


Baseline demographics and physiology were compared between the ICS and control groups 


and between responders (those with symptomatic or physiologic improvement) and non-


responders. For continuous variables, 2-sample independent t-tests were calculated. For 


categorical variables, Chi-square tests or Fisher’s exact test for small frequencies were 


calculated. Outcome variables were fit separately with linear mixed models employing SAS 


(PROC MIXED). Each model had the following core predictors: visit (ranging from 0–4), 


group (study, control) and an interaction between visit and group. Visit was treated as a 


continuous variable in the models due to better model fit. Measured values in liters for PFT 


variables were used in longitudinal analysis in order to determine change in lung function 


and physiologic improvement over time. The following covariates were included in all 


models: age, sex, height, weight, race, smoking (yes, no) and machinist (yes, no). A Toeplitz 


covariance structure was used for within-subject repeated measures over time. An 


examination of other time-sensitive covariance structures such as spatial power did not yield 
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better model fit. A random intercept and random slope were considered for these models but 


did not lead to better model fit. Three variables (BeLPT PSI, BAL %Lymph and BAL cell 


count) were log transformed prior to mixed model analyses due to right-skewed 


distributions. All reported p-values are two-sided and p-values less than 0.05 were 


considered significant. Statistical analyses were performed using SAS.


RESULTS


The cohort was drawn from 499 patients with CBD, BeS or other diagnoses. Medical 


records of 134 patients with CBD who were prescribed ICS were evaluated for inclusion 


into the study. Fifty-three were excluded due to either an alternative diagnosis, concurrent 


treatment with another immunosuppressive, or no evidence of treatment with an inhaled 


corticosteroid; 33 were excluded due to lack of full lung function data. A total of 48 patients 


were eligible for analysis (Figure 1). All ICS subjects had been treated with an inhaled 


corticosteroid at the prescribing physician’s discretion. A frequency matched control group 


of 68 subjects with CBD, not on inhaled corticosteroids was included. Baseline 


demographics were similar other than an increased prevalence of ever smokers (57.4% vs. 


35.4%, p=0.02) in the control group and greater concomitant use of a long-acting beta-


agonist (LABA) in the ICS group (41.7% vs 1.5%, p <0.001) (Table 2a). BMI was 


marginally higher in the ICS group compared to the control group (30.7 vs 28.8, p=0.046). 


Baseline PFTs (FEV1, FVC, and DLCO) were significantly higher in the control group 


(Table 2b). There were no differences between groups in exercise physiology measures, 


blood BeLPTs or BAL lymph% at baseline.


The decline in lung function measurements over four years did not differ significantly 


between the ICS group and the control group in either FVC (p=0.28) or DLCO (p=0.45) 


(Figure 2, Table 3). Although the slopes across groups were not significantly different, the 


least squares means differed between the ICS and control groups at all visits for FVC (p-


values < 0.01) and DLCO (p-values < 0.05). The yearly decline in FVC in the ICS and 


control groups was similar (0.08 L/yr. vs. 0.06 L/yr., respectively, p=0.28), as was DLCO 


(0.61 mL/min/mmHg/yr. vs. 0.82 mL/min/mmHg/yr., respectively, p=0.45). The decline in 


exercise tolerance measures through the 4 years of treatment for the ICS group was not 


significantly different than that of the controls, for VO2 max (p=0.70) and Work (p=0.77) 


(Figure 3, Table 3). There was similarly no significant difference in the slope over four years 


between the two groups in dead space recruitment (p=0.99) or A-a gradient (p=0.56).


The change in log-transformed PSI over 4 years of treatment did not differ between the ICS 


and control groups (p=0.19). No significant difference in BeLPT least squares means was 


found across groups. No significant differences in slopes were found across groups for log-


transformed BAL lymph % (p=0.21) or the log cell count (p=0.39 (Table 3)).


Table 4 details the report of subjective symptoms before and after treatment with ICS. 


Symptoms of cough was an indication for treatment in 29 subjects. Of 29, 12 had no 


improvement, and 17 (58.6%) had partial improvement or complete resolution of the cough. 


In comparison, 24 of 68 controls reported having cough at baseline evaluation and only four 


of 24 (17%) reported improvement in cough on follow-up (p = 0.002). In 19 patients treated 
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with ICS for dyspnea, 14 had no response while 5 (26.3%) had partial or complete resolution 


of symptoms. Only 8 of 68 controls reported dyspnea at baseline and none reported 


improvement on follow-up (p = 0.28) (Figure 4).


In a subgroup analysis of those whose symptoms (either cough or dyspnea) responded to 


ICS treatment, significant predictors for an improvement were a lower baseline FEV1/FVC 


ratio (69.4±11.7% vs. 77.2±8.2%, p=0.005) and a lower baseline FEV1 (2.62± 0.64 vs. 


2.88± 0.74, p=0.02) (Table 5a). At 4 years, the average FEV1/FVC improved to 73.4% in the 


symptom group, and remained at 80.5% in the group without symptoms. Similarly, a 


subgroup of 10 patients who demonstrated a physiologically response to treatment, with a 


12% increase in either FVC or DLCO, had a lower baseline FEV1/FVC ratio (67.2±13.1% 


vs. 75.7±9.0% in the non-responders, p=0.013), and a higher RV (2.96±0.65 vs. 2.36±0.54, 


p=0.002, Table 5b). There was no significant difference in exercise tolerance measures 


between the responders and non-responders (data not shown).


DISCUSSION


We report the results of a restrospective study examining the effect of inhaled corticosteroids 


in CBD. This study suggests that ICS may stabilize the decline of pulmonary physiology and 


that symptoms of cough and dyspnea may improve with the use of ICS, especially in those 


with evidence of obstruction and air trapping on lung function. While we did not find 


improvement in FVC and DLCO in the ICS group as a whole, we also found no difference 


in the decline of FVC or DLCO in the group of ICS treated CBD patients compared to 


matched controls without symptoms. These data suggest, although admittedly do not prove, 


that ICS may slow lung function decline. The ICS group had significantly lower FVC, FVC/


FEV1 and DLCO suggesting that they began with lower lung function when treatment was 


initiated. Thus, it is plausible that physicians started the ICS group on treatment in part due 


to their lower lung function and that these patients may have been declining more quickly 


prior to treatment initiation. Unfortunately, we did not have enough data to assess decline 


prior to treatment as some patients were started on ICS at their initial evaluation and there 


was insufficient data to evaluate a change in rate of lung function decline from a time period 


prior to treatment initiation. However, since the rate of decline remained static, this may be 


evidence that ICS slowed the lung function progression in this group with more significant 


lung function abnormalities at baseline. We also saw a significant improvement in lung 


function in subgroups treated with ICS, including those with a lower baseline FEV1/FVC 


and a higher RV. Of note, these lung function abnormalities are consistent with airway 


obstruction with air trapping that can be seen in asthma and chronic obstructive pulmonary 


disease (COPD), which are also treated with ICS. There were more smokers in the control 


group than in the ICS treated group, suggesting that the effects noted in lung function at 


baseline and improvement in subgroups, were not likely solely due to smoking. While 


LABA use was also more prevalent in the ICS group, this would not have accounted for our 


findings of improvement lung function since LABAs are discontinued prior to obtaining 


PFTS.


Cough can be a debilitating symptom in patients with CBD and can be a trigger of treatment 


with systemic therapy. Thus, it is not surprising that physicians may have tried ICS treatment 


Mroz et al. Page 5


Respir Med. Author manuscript; available in PMC 2019 May 01.


A
uthor M


anuscript
A


uthor M
anuscript


A
uthor M


anuscript
A


uthor M
anuscript







as a means to treat cough, to avoid using oral corticosteroids, which are accompanied with 


significant side effects. We did identify a significant improvement in cough among those 


patients treated with ICS compared to untreated controls. Specifically, those patients who 


improved had a lower FEV1 and lower FEV1/FVC at baseline compared to those patients 


who did not improve.


By using measured values in liters for PFT variables instead of percent predicted values, we 


were able to determine change in lung function over time and compare our results to other 


studies. Previous work from our group showed a yearly decline in FVC for never smoking 


CBD cases of 30 mL/year [14], similar to the reported decline for nonsmokers in the general 


population [18]. In that same study, never smoking machinists, a job title surrogate for 


higher exposure, had an average yearly decline in FVC of 50mL/year. In our current study, 


we observed an average decline in FVC for the control group of approximately 60 mL/year, 


similar to the decline seen in those noted in our prior study with higher beryllium exposures 


and among active smokers [14, 18], with a similar (80 ml/year, p=0.28,) rate in our ICS 


treated group. There was a significantly larger percentage of ever-smokers in the CBD 


control group compared to the ICS group (57.4% vs, 35.4%) although the percentage of 


machinists was similar, suggesting that exposure should not have confounded our results, 


although smoking could have been a factor in our inability to find a difference in changes in 


lung function with treatment. The difference in prior and current smoking noted between our 


ICS and control group might raise the question of whether the clinic physicians were 


reluctant to prescribe ICS to patients with smoking related disease (although only 11% were 


current smokers). While this is a possibility, physicians in our group follow guidelines for 


treatment of COPD and smoking related disease, and thus they may have used a long acting 


muscarinic agent in the current or former smokers (which was beyond our data collection), 


and then a LABA and then ICS. It is interesting to note that this group had a lower use of a 


LABA, which might contradict this notion. These findings could also suggest that the 


control group was less sick and that physicians were less likely to prescribe ICS as a result. 


Indeed the ICS group had a lower baseline FEV1, FVC and DLCO compared with the 


controls suggests that this group was more impaired. In addition, the lower baseline 


FEV1/FVC and RV in the ICS treated group demonstrating PFT improvement, suggests that 


physicians may have been more likely to treat individuals with evidence of obstructive 


physiology. These results comparing the PFT physiology in treated and non-treated CBD 


cases support the use of ICS for all CBD cases with documented FVC or DLCO decline to 


prevent further disease progression.


Our findings of ICS effects in CBD are consistent with studies of ICS in pulmonary 


sarcoidosis. DuBois et al [9] examined 44 adults with stable untreated sarcoidosis in a 


double blind, randomized placebo-controlled trial of inhaled fluticason propionate. Although 


they found no difference in any pulmonary function measured between the two groups, 


symptom scores of cough, breathlessness and wheeze were lower in the active treatment 


group. Alberts et al [10]) also conducted a double-blind, placebo controlled study of inhaled 


Budesonide in newly diagnosed pulmonary sarcoidosis. They found that inspiratory vital 


capacity significantly increased by 7.9% during active treatment and subjective symptom 


scores were significantly better for those in the treatment group. They concluded that ICS 


may reduce deterioration and postpone the need for systemic corticosteroids. In COPD, a 
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meta analysis of the use of inhaled corticosteroids [19] showed that ICS treatment 


significantly slowed the rate of deterioration of FEV1. ICS has been the first-line treatment 


for asthma, surpressing inflammation in the airways [20] so it is not surprising that ICS has 


efficacy in the treatment of early CBD. CBD that manifests more in the airways with air 


trapping and obstruction, rather than in the lung parenchyma, may be more responsive to 


treatment with ICS. In a study by Newman et al, [21] looking at progression of BeS to CBD, 


five individuals exhibited granuloma formation within the bronchial walls. Past pathology 


studies have also described bronchial involvement in CBD [22–23]. Bronchial involvement 


is consistent with the obstructive changes seen in clinical CBD as described by Pappas and 


Newman [8]. Airflow limitation was the most common spirometric abnormality among their 


patients with clinically evident disease. The data from our study suggest that CBD patients 


with baseline obstruction and airflow limitation, including those with a negative smoking 


history, are more likely to benefit from the use of ICS.


Although this study did not examine reports of side effects, other studies have shown that 


ICS are safe and effective intreating cough and airflow limitation without adverse outcomes 


[20]. There has been concern that the use of ICS affects the systemic immunologic response 


of the BeLPT and BAL lymphocytes. Our study did not suggest that ICS had any effect on 


the immonolgic response or the ability to detect BeS as demonstrated by the comparison of 


BeLPT results or lymphcytosis in BAL between ICS treated cases and controls.


CONCLUSIONS


The use of ICS should be considered for CBD patients with airway-centered disease 


manifestations as well as for those with symptoms of cough. The use of ICS for those with a 


marginal decline in pulmonary physiology, not requiring systemic immunotherapy, remains 


uncertain. Future studies utilizing a randomized controlled trial would be beneficial in early 


CBD since few published studies are available for review. The complex genetics of CBD 


were not evaluated in this study, which may play an important role in the responsiveness to 


treatment.


ABBREVIATION LIST


A-a max Alveolar-arterial gradient for oxygen at maximal exercise


BAL Bronchoalveolar Lavage


BeS Beryllium Sensitization


BeLPT Beryllium Lymphocyte Proliferation Test


CBD Chronic Beryllium Disease


CPET Cardiopulmonary Exercise Test


CXR Chest X-ray


DLCO Diffusion Capacity of Carbon Monoxide
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FEV1 Forced Expiratory Volume in 1 Second


FVC Forced Vital Capacity


ICS Inhaled Corticosteroids


LABA Long-acting Beta-Agonist


PFT Pulmonary Function Tests


PSI Peak Stimulation Index


TLC Total Lung Capacity


RV Residual Volume


Vd/Vt max Deadspace/Tidal Volume Ratio at Maximal Exercise


VO2 max Oxygen consumption at Maximal Exercise


W max Maximum Workload
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Highlights


• Inhaled corticosteroids (ICS) to treat chronic beryllium disease (CBD) was 


evaluated.


• ICS maintained pulmonary function decline suggesting a stabilization effect.


• Treated cases with lung function improvement had evidence of baseline 


obstruction.


• Cough significantly improved, especially in patients with lower FEV1 and 


FEV1/FVC.


• ICS should be considered in CBD patients with asthma-like presentation and 


cough.
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Figure 1. 
Selection Criteria for subjects and number of subjects included in the ICS and control 


groups, as well as those not included in the analysis.
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Figure 2. 
FVC and DLCO following initiation of ICS. Plotted values are mean estimates ± standard 


errors obtained from mixed model analyses. Results are mean values that apply to white, 


male, nonsmoking machinists with an average age of 57.8 years, an average height of 


188.79cm and an average weight of 75.37kg. The solid line (study group) represents the ICS 


treated group versus the hashed line which represents the control untreated group.
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Figure 3. 
CPET in the 4 years following initiation of ICS for all patients Plotted values are mean 


estimates ± standard errors obtained from mixed model analyses. Results apply to white, 


male, nonsmoking machinists with an average age of 57.8 years, an average height of 


188.79cm and an average weight of 75.37kg. The solid line (study group) represents the ICS 


group versus the hashed line which represents the control group.
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Figure 4. 
Symptoms improvement in ICS treated cases group and untreated controlscontrol group.
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Table 1


Inclusion and Exclusion Criteria


Inclusion and Exclusion Criteria


Major inclusion criteria


 • Diagnosis of chronic beryllium disease


 • Use of inhaled corticosteroids


 • At least 1 encounter with a forced vital capacity (FVC) within 6 months preceding initiation of ICS


 • At least 2 encounters of a forced vital capacity (FVC) following the initiation of inhaled steroids


Major exclusion criteria


 • Use of immunosuppressive medications (Mycophenolate, Azathioprine, Methotrexate, Cyclosporine)


 • Chronic use of systemic corticosteroids, with daily doses exceeding 5mg prednisone equivalent


 • Interstitial lung disease other than CBD
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Table 2a


Baseline Demographics


Characteristic ICS Group
(n=48)


Control Group
(n=68)


P-value*


Age – years (mean ± sd) 59.3±10.2 57.0±9.8 0.2257


Male sex – n. (%) 40 (83.3) 59 (86.8) 0.6068


White race – n. (%) 44 (91.7) 64 (94.1) 0.7162


Body-mass index (kg/m2) (mean ± sd) 30.7±5.1 28.8±4.7 0.0457


Ever smokers – n. (%) 17 (35.4)* 39 (57.4)* 0.0199


Latency from exposure to Dx (yr) (mean ± sd) 25.6±11.3 27.0±9.2 0.4758


Concurrent use of LABA – n. (%) 20 (41.7)* 1 (1.5)* <0.001


Machinist – n. (%) 9 (18.8) 10 (14.7) 0.5622


*
P-value from 2 sample t-test, equal variance, for continuous variables, and from Chi Square test or Fisher’s exact test for categorical variables.
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Table 2b


Baseline Physiology


Characteristic ICS Group (n=48)
mean ± sd


Control Group (n=68)
mean ± sd


P-value*


Pulmonary Function Tests


 FEV1 (L) 2.75±0.70* 3.19±0.76* 0.0020


 FVC (L) 3.75±0.81* 4.21±0.97* 0.0076


 DLCO (mL/min/mmHg) 27.34±8.60* 30.80±7.25* 0.0294


Exercise Tolerance


 VO2 max(L/min)) 1.82±0.58 1.94±0.49 0.3201


 W max (W) 161.0±53.1 170.0±48.6 0.4288


 Vd/Vt max (%) 0.22±0.08 0.21±0.08 0.3783


 A-a max (mmHg) 14.4±9.2 15.5±9.0 0.6038


BeLPT (PSI) 5.24±3.30 3.32±3.65 0.1459


BAL (% lymphs) 22.06±2.21 20.91±2.95 0.3582


*
P-value from 2-sample t-test, equal variance. PSI and % Lymph were log transformed, geometric means ± sd reported. For FEV1 and FVC, p-


value adjusted for race, age, gender and height.
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Table 3


Average change per yearly visit


ICS Group
(n=48)


Control Group
(n=68)


p-value*


FVC (L) −0.08 −0.06 0.28


DLCO (mL/min/mmHg) −0.61 −0.82 0.45


Work (W) −3.49 −2.92 0.77


VO2 max (L/min) −0.03 −0.03 0.70


PSI 0.90 1.02 0.19


% Lymph 0.91 1.00 0.21


Cell Count 0.97 0.91 0.39


*
p-value for ICS versus control slope comparison. Tabled values are estimates obtained from mixed model analyses. p-value corresponds to 


group*visit interaction term in mixed model. Estimates have been adjusted for age, gender, race, height, weight, smoking status, and machinist 
status. Note that PSI, % Lymph and Cell Count were log transformed in model.
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Table 4


Subjective symptoms following treatment


ICS Group Control Group


Cough (n=29/48) Dyspnea (n=19/48) Cough (n=24/68) Dyspnea (n=8/68)


No improvement 12 (41.4%) 14 (73.7%) 20 (83.3%) 8 (100%)


Improvement 17 (58.6%) 5 (26.3%) 4 (16.7%) 0 (0%)


 Partial improvement 10 (34.5%) 4 (21.1%) 4 (16.7%) 0 (0%)


 Resolution 7 (24.1%) 1 (5.2%) 0 (0%) 0 (0%)
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Table 5a


Baseline Values in ICS Responders and Nonresponders


Symptomatic Response
Mean ± SD


Responders (n=22) Nonresponders (n=26) p Value*


Baseline PFTs


 FEV1 (L) 2.62±0.64 2.88±0.74 0.023


 FVC (L) 3.78±0.64 3.76±0.93 0.347


 FEV1/FVC 69.4±11.65 77.19±8.18 0.0052


 TLC (L) 6.58±0.96 6.42±1.43 0.67


 RV (L) 2.60±0.55 2.40±0.66 0.28


 DLCO (ml/min/mmHg) 28.89±10.16 26.21±7.26 0.308


*
P-value from linear regression model. For FEV1, FVC, and FEV1/FVC, p-value has been adjusted for race, gender, age and height.
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Table 5b


Baseline Values in ICS Responders and Nonresponders


Pulmonary Function Response
Mean ± SD


Responders (n=10) Nonresponders (n=38) p Value*


Baseline PFTs


 FEV1 (L) 2.49±0.80 2.85±0.67 0.12


 FVC (L) 3.76±1.05 3.77±0.76 0.99


 FEV1/FVC 67.2±13.08 75.68±8.99 0.013


 TLC (L) 6.96±1.49 6.36±1.16 0.164


 RV (L) 2.96±0.65 2.36±0.54 0.002


 DLCO (ml/min/mmHg) 27.58±13.68 27.38±7.06 0.952


*
P-value from linear regression model. For FEV1, FVC, and FEV1/FVC, p-value has been adjusted for race, gender, age and height.
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The Beryllium Lymphocyte Proliferation Test:
Relevant Issues in Beryllium Health Surveillance


Arthur W. Stange, PhD,� F. Joseph Furman, MD, DSc, and Duane E. Hilmas, DVM, PhD


Background The beryllium lymphocyte proliferation test (Be-LPT) measures beryllium-
specific cellular immune response, and is useful inmedical surveillance of beryllium sensi-
tivity and chronic beryllium disease (CBD).
Methods Current and former employees (n¼ 12,194) of 18 United States Department of
Energy (DOE) sites were tested for beryllium sensitization at four laboratories with Be-
LPT expertise. Beryllium sensitized individuals were offered evaluations for CBD. The
sensitivity, specificity, and positive predictive value (PPV) of the Be-LPTwere determined,
as was inter- and intra-laboratory agreement.
Results False positives were calculated to be 1.09%, with a laboratory range of 0.00–
3.35% for the 10-year investigation. Be-LPTs performed on inter-laboratory split blood
specimens from sensitized individuals showed a false negative rate of 31.7%. The intra-
laboratory repeatability of abnormal Be-LPT results ranged from 80.4–91.9%. The sensi-
tivity of the Be-LPTwas determined to be 0.683, with a specificity of 0.969. The PPVof one
abnormal Be-LPTwas 0.253.
Conclusions The Be-LPT is efficacious in medical surveillance of beryllium-exposed
individuals. The PPVof the Be-LPT is comparable to other widely accepted medical tests.
Confirmation of an abnormal result is recommended to assure appropriate referral for CBD
medical evaluation. Am. J. Ind. Med. 46:453–462, 2004. Published 2004 Wiley-Liss, Inc.{


KEY WORDS: beryllium; lymphocyte proliferation test; sensitivity; chronic beryllium
disease; health surveillance; occupational


INTRODUCTION


The beryllium lymphocyte proliferation test (Be-LPT) is


an in vitro measure of beryllium antigen-specific, cell-


mediated immune response that has been shown to be useful


in identifying people at elevated risk of developing chronic


beryllium disease (CBD) [Williams and Williams, 1983;


Rossman et al., 1988; Mroz et al., 1991, Newman et al., 1996;


Newman, 1996; Stange et al., 1996b]. The Be-LPT can


identify individuals who, upon exposure to sufficient


airborne beryllium, initiate an immune response, herein


referred to as beryllium sensitivity that plays a central role in


the immunopathogenesis of CBD [Newman et al., 1989;


Newman, 1994, 2000; Fontenot et al., 1999]. The electronics,


aerospace, defense and nuclear weapons industries have been


large users of beryllium and beryllium alloys.


The Be-LPT measures the response of T-cell lympho-


cytes isolated from heparinized peripheral venous blood or


lung lavage cells. The harvested T-cells are cultured in a


medium containing the DNA precursor, thymidine, which


has been labeled with tritium (3H), a radioactive isotope of


hydrogen. Cell uptake of the tritiated thymidine reflects


the immune response-driven cell proliferation of T-cells
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stimulated with 1, 10, and 100 mM beryllium salts. Between


1992 and 2001, all of the Be-LPT laboratories used beryllium


sulfate. One of the laboratories also used beryllium fluoride


in performing the Be-LPT.


A stimulation index is the ratio of the radioactivity


(counts per minute) of beryllium-exposed cell cultures to the


count rate of unstimulated cultures. The stimulation indices


for tested individuals are compared to those of a non-exposed


control group that define the normal range for the Be-LPT


results [Rossman et al., 1988; Newman, 1996]. Each test has


six possible stimulation index values resulting from three


beryllium concentrations and two incubation periods. Two or


more stimulation index values of six possible values that


exceed the normal range index by at least two standard devia-


tions is the definition of an abnormal test. One of six stimu-


lation index values that exceed the normal range index by at


least two standard deviations is a borderline-abnormal test.


From 1992 to 2000, two of the four laboratories used a


standard ratio of 3.0 (stimulated to unstimulated) as the cut-


off for an abnormal result, and the other two laboratories used


a statistically calculated lab-specificabnormal cut-off. Begin-


ning in 2001, a third laboratory began using a statistically


calculated lab-specific abnormal cut-off.


In previous studies, Be-LPT results were nearly always


abnormal in persons with CBD, indicating that the Be-LPT


might be an effective surveillance test for both beryllium


sensitivity and CBD [Williams and Williams, 1983; Rossman


et al., 1988; Morz et al., 1991; Newman et al., 1996;


Newman, 1996; Stange et al., 1996b]. However, questions


remained regarding the test sensitivity and specificity and the


rates of false positives and false negatives when using the Be-


LPT [Deubner et al., 2001].


A very limited amount of information has been publish-


ed concerning the sensitivity and specificity of the Be-LPT


[Bobka et al., 1997; Newman, 2000; Deubner et al., 2001].


Test sensitivity and specificity cannot be easily defined for


beryllium sensitivity because the Be-LPT is the only


practical means to determine beryllium sensitivity and there


is no other standard test with which to compare.


Beryllium sensitivity and CBD cases have been reported


previously for current and former employees of the United


States Department of Energy (DOE) Rocky Flats Environ-


mental Technology Site (RFETS) [Kreiss et al., 1989, 1993;


Stange et al., 1996a,b, 2001]. This investigation significantly


increased the size of the RFETS study population, and


provided additional information from 17 other DOE sites.


The authors estimate the sensitivity and specificity of the Be-


LPT, the false positive and negative rates, and the PPV using


RFETS Be-LPT data collected from 1992 to 2001. Of the 18


DOE sites represented in this investigation, the RFETS site


provided the largest cohort with the longest history of


beryllium sensitivity testing. The authors also estimate the


background rates of abnormal Be-LPT results found in


RFETS individuals with no known beryllium exposure. Inter-


and intra-laboratory agreement were analyzed for RFETS


Be-LPT results and Be-LPT data from 17 other DOE sites


where sensitivity testing was performed during the 1999 to


2001 time period.


MATERIALS AND METHODS


Be-LPT results (n¼ 25,643) obtained from 1992 to 2001


for current and former employees from 18 DOE and


predecessor sites were analyzed to evaluate the efficacy of


the Be-LPT for determining beryllium sensitivity and CBD.


These 18 sites represent a variety of DOE missions (national


laboratories, production, and support) and accordingly a


variety of beryllium exposure frequency and exposure level


scenarios. Beryllium exposure at 17 of the sites included


either beryllium or beryllium oxide, while exposure at one


site was limited to a beryllium-copper alloy. In January 2000,


DOE sites implemented 10 CFR 850, the Chronic Beryllium


Disease Prevention Program, to reduce exposure to beryllium


and establish medical surveillance using the Be-LPT (10 CFR


850, 1999). Additionally, in April 2001, the DOE published


Specification-1142-2001, Beryllium Lymphocyte Prolifera-


tion Testing (Be-LPT), which provides the technical speci-


fications for laboratories performing the test [United States


Department of Energy, 2001]. By this specification, an


abnormal Be-LPT is defined as two or more of six possible


stimulation index values above a calculated cut-off value


specific for each laboratory.


Four laboratories with demonstrated expertise in perfor-


ming Be-LPTs processed the submitted blood specimens.


Be-LPT results from the largest cohort, RFETS, were used to


determine the sensitivity and specificity of the test, the false


positive and false negative rates for the test, and the useful-


ness of serial Be-LPTs. A subcohort of the RFETS


population and beryllium non-exposed new hires was tested


to determine background levels of beryllium sensitivity and


CBD. Inter- and intra-laboratory split-specimen agreement


included Be-LPT results from all 18 DOE sites where testing


occurred between 1992 and 2001.


An Institutional Review Board (IRB) reviewed all


procedures and materials used by the surveillance program


on an annual basis. An informed consent approved by the IRB


was obtained from each participant prior to any testing associ-


ated with the program. Participants were asked to complete a


self-administered questionnaire regarding their medical and


occupational history and demographics. An interviewer with


subject matter expertise reviewed the questionnaire for


completeness with each participant. All participants were


offered testing for beryllium sensitivity using the Be-LPT.


Beryllium Sensitivity Surveillance


To determine if individuals not exposed to known


sources of beryllium could be identified as having beryl-


lium sensitivity, 458 participants with no known beryllium
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exposure were tested. The potential for exposure to beryllium


was based on the results of a work and exposure history


questionnaire and interviews. The non-exposed cohort


included 291 newly hired RFETS employees who had no


known exposure to beryllium in prior employment and 167


current RFETS employees who had no known exposure to


beryllium prior to their RFETS employment and had not


entered RFETS beryllium buildings or work areas. Based on


industrial hygiene monitoring (1959–1998) and hazardous


materials documentation, beryllium characterization for the


RFETS site was available. The interviewer used this informa-


tion to confirm that current RFETS non-exposed employees


had not entered buildings, work areas, or storage locations


where beryllium was used or maintained. As part of this non-


exposed cohort testing, new hires received an initial Be-LPT


prior to their entering the site. The non-beryllium-exposed


current employees received initial, 3- and 6-year follow-up Be-


LPTs. The non-exposed current employees originally tested


completed a follow-up exposure and work history question-


naireandaninterviewtodetermine theirpotentialforberyllium


exposure since their initial test, prior to receiving the Be-LPT.


Employees who reported entering a beryllium work area were


removed from the non-exposed cohort.


Serial Be-LPT testing was offered at approximate 3-year


intervals to current and former employees who had normal


Be-LPT results and who were no longer occupationally


exposed. Current employees with the potential for ongoing


exposure to beryllium were tested annually. Participants (no


longer exposed to beryllium) who had an abnormal Be-LPT


result that had not been confirmed by a second Be-LPT


received serial retesting at 6- to 12-months, decreasing in


frequency to every 3 years. Serial testing allowed for the


identification of Be-LPT normal-to-abnormal conversions and


of initial false negative Be-LPT results. Individuals identified


as sensitized did not receive additional peripheral blood Be-


LPTs as part of the surveillance program, but were offered


ongoing tests as part of their CBD medical evaluation.


Blood specimens consisting of 30 ml of peripheral


venous heparinized blood were collected from program


participants and sent via overnight carrier to predetermined


laboratories. Specimens for inter-laboratory comparisons


were selected from individuals on a random basis (5–8% of


individuals on a weekly basis) and from those with other than


normal Be-LPT results.


In recognition of the possibility of inter- and intra-


laboratory variability in the test results, a person was not


considered beryllium sensitized unless an initial abnormal


Be-LPT result was confirmed by one or more concurrent or


subsequent Be-LPTs.


CBD Medical Evaluations


Participants sensitized to beryllium were offered clinical


evaluations on an ongoing basis to monitor for the develop-


ment of CBD. Participants diagnosed with CBD were offered


periodic clinical evaluations to monitor the progression of the


disease and to provide treatment where appropriate. The


frequency of beryllium sensitivity and CBD medical evalu-


ations were at the discretion of the pulmonologist based


on individuals’ health status and ranged from 3 months to


3 years.


All participants with beryllium sensitivity were offered a


diagnostic clinical evaluation at one of several major medical


facilities in the United States having expertise in the diag-


nosis of CBD. Pulmonologists at different medical centers


did not use the same medical evaluation protocol. A


‘‘complete’’ clinical evaluation generally included a work


history, physical examination, blood chemistry (including


CBC with differential), peripheral blood Be-LPT, exercise


physiology/pulmonary function, posterior-anterior chest X-


ray with B-reader interpretation [International Labor Orga-


nization (ILO), 1980], CT of the lungs, bronchoalveolar


lavage (BAL) with biopsy, and a BAL Be-LPT. A diagnosis


of CBD resulted from a history of beryllium exposure,


histopathologic evidence on biopsy of non-caseating gran-


ulomas or mononuclear cell infiltrates in the lung, a con-


firmed abnormal peripheral blood Be-LPT, and an abnormal


BAL Be-LPT. CBD was also diagnosed in participants with


normal BAL Be-LPTs, confirmed abnormal peripheral blood


Be-LPTs and with histologic evidence on biopsy or CT


evidence of pulmonary granulomatous disease. Because of


the difficulty in obtaining adequate biopsy specimens, a CBD


diagnosis was made with immunologic evidence of be-


ryllium sensitivity (peripheral blood Be-LPT or BAL Be-


LPT) and other compelling evidence of pulmonary disease


such as decreased diffusing capacity, CT evidence of


granulomatous disease, or increased level of mononuclear


cell infiltrates consistent with CBD. CBD was rarely diagno-


sed in individuals with only abnormal peripheral blood and


BAL Be-LPTs. Participants who were identified as sensitized


to beryllium or who were diagnosed with CBD were notified


of the potential hazards related to further exposure to


airborne beryllium.


Analysis of Be-LPT Results


Sensitivity and specificity of the Be-LPTwere calculated


using the more extensive RFETS Be-LPT data set containing


results from laboratories performing a high volume of tests


each year.


False positives and false negatives were calculated using


the following definitions. If an abnormal test result could not


be confirmed by additional (minimum of two) retest Be-LPTs


(first retest usually performed within 2 months of the


abnormal), then the original abnormal result was considered


a false positive. False negative results were identified only


among those participants found sensitized based on two or


more abnormal results. Among this group, a false negative
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result was defined as a normal test result concurrent with or


following within 2 years of an abnormal result.


If a normal result occurred 2 or more years after the last


of two or more abnormal results, it was considered a true


negative. This is because we assume that immune response


might have diminished with time in some individuals. Weakly


sensitized individuals can show both normal and abnormal


Be-LPT results. In these individuals, no effort was made to


eliminate the normal results from the calculation of false


negatives; however, the normal results would not be a failure


of the test, but a manifestation of the inability of weakly


sensitized individuals to mount a consistently abnormal


result.


The positive predictive values (PPV) (true positives/


(true positivesþ false positives)) for the first abnormal Be-


LPT result being confirmed as beryllium sensitivity (2


abnormal Be-LPT results), for the first abnormal Be-LPT


resulting in a CBD diagnosis, and for beryllium sensitivity


resulting in a CBD diagnosis were calculated.


Inter- and intra-laboratory agreement were analyzed for


the entire 10-year investigation period by comparing Be-LPT


results for split blood specimens sent to different laboratories


and sequential specimens sent to the same laboratory. For


inter-laboratory comparisons, the percent of split-specimen


pairs that resulted in an abnormal-abnormal agreement of


results was calculated. These percents were tabulated both


for all split specimens and for only those split specimens


taken from individuals with confirmed beryllium sensitivity.


For intra-laboratory comparisons, performed for sensitized


individuals only, we calculated the percent of abnormal


results obtained for sequential specimens.


Using split-specimen results that were obtained from the


RFETS sensitized participants, the authors estimate the per-


cent of false negatives according to the following equation:


x¼ (r/(2þ r))*100, where: x¼ fraction of false negatives,


r¼ (number of normal-abnormal pairs)/(number of abnor-


mal-abnormal pairs), 2¼ constant reflecting the two possi-


bilities for the result (normal and abnormal), and


100¼ conversion from fraction to percentage.


The second approach in examining inter- and intra-


laboratory agreement was the calculation of the weighted


kappa statistic. Kappa measures the level of agreement that


exceeds the agreement that would occur by chance alone,


and can range from �1.0 to þ1.0 [Cohen, 1960]. Using a


weighted kappa allows comparisons among sample pairs of


three Be-LPT result types (abnormal, borderline-abnormal,


and normal), with weighting factors used to reflect the level


or relative seriousness of disagreement among the types


[Spitzer et al., 1967]. Other possible Be-LPT outcomes,


including unsatisfactory and uninterpretable results, were


excluded from the analysis. The weighting factors for the Be-


LPT comparisons were calculated using the method of Fleiss


and Cohen [1973]. The ranges of kappa, <0.21, 0.21–0.40,


0.41–0.60, 0.61–0.80, and 0.81–1.00, are considered to


represent poor, fair, moderate, good, and excellent agree-


ment, respectively [Landis and Koch, 1977].


For the inter-laboratory kappa calculations, the authors


used data from all 18 DOE sites for split-specimen Be-LPTs


performed between 1992 and 2001 (n¼ 7,394 paired-tests).


Likewise, for intra-laboratory comparisons, normal, border-


line-abnormal, and abnormal results from sequential sam-


pling were used in calculating kappas.


RESULTS


Identification of Beryllium Sensitivity
and CBD


A total of 12,194 current and former employees of 18


DOE sites, who had known potential for exposure to


beryllium, were tested for beryllium sensitivity. Eighty-one


percent of those tested were former employees and had no


potential for ongoing exposure to beryllium. A total of 25,643


Be-LPTs were performed on the 12,194 participants. The


1,902 Be-LPT results that were borderline-abnormal, unsa-


tisfactory, or uninterpretable were excluded from the analy-


ses except for the inter- and intra-laboratory agreement and


kappa. Unsatisfactory and uninterpretable Be-LPT rates,


1992 to 2001, averaged 4.12% (range 2.55–6.13%). No


correlation was found between the annual number of Be-


LPTs performed by a laboratory and the unsatisfactory and


uninterpretable Be-LPT rates.


The authors examined 20,275 RFETS Be-LPT


results (1,427 borderline-abnormal, unsatisfactory, or unin-


terpretable results were excluded) to determine the test


sensitivity and specificity of the Be-LPT. The prevalence of


beryllium sensitivity without CBD in the subject population


is 2.35% (184/7,820), the prevalence of CBD is 1.50% (117/


7,820), and the combined beryllium sensitivity and CBD


prevalence is 3.85% (301/7,820). Ultimately, 38.9% (117/


301) of the sensitized participants were diagnosed as having


CBD.


The data in Table I track the progression of diagnosis


from sensitivity to CBD. Of the 117 diagnosed with CBD,


75.2% were diagnosed on their initial CBD clinical evalu-


ation, 90.5% by their second evaluation, and 96.6% by the


third. Participants may not have received the same diagnostic


tests, due to variations in protocol at different medical centers


or participant-specific medical contraindications. Ninety-


four percent of beryllium-sensitized participants diagnosed


with CBD had a ‘‘complete’’ clinical evaluation, and 37% of


participants diagnosed as beryllium-sensitized without CBD


had a ‘‘complete’’ evaluation. Because of variation in medi-


cal evaluation diagnostics and individual preference, some


sensitized individuals may not have been offered all of the


tests necessary to determine whether they had CBD. As a


result, the PPV of the Be-LPT in determining CBD may be


underestimated.
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Non-Exposed Population


Based on interviews and completed exposure and work


history questionnaires, 291 RFETS new hires and 167 current


RFETS employees identified as having no known exposure to


beryllium, received Be-LPTs. As shown in Table II, of the


458 receiving an initial Be-LPT, 7 had an abnormal response


(3 new hires, 4 current employees). Upon retesting at the


laboratory that had identified the abnormal response and a


second quality control laboratory, none of these abnormal


results were repeatable. As a result of completed ques-


tionnaires and interviews with current employees regarding


the potential for beryllium exposure, 149 of the 167 who


received an initial Be-LPT received a 3-year retest. Of the


149 current employees who received a 3-year serial retest, 2


individuals with previously normal results were identified


with abnormal results, but were not confirmed upon retesting.


Based on interviews and completed questionnaires, 136 of


the 149 who received a 3-year retest were offered and


completed a 6-year retest. None of the 6-year retests were


identified as having an abnormal response.


False Positives


The annual false positive rates for the individual labora-


tories range from 0.00% to 3.35%, with an average for the


four laboratories over the entire 10-year period of 1.09%.


Among the 7,820 RFETS participants tested during the 10-


year period, abnormal results for 218 (2.79%) could not be


confirmed with repeat testing. The Be-LPT laboratory


average false positive rate of 1.09% is lower than the 2.79%


of RFETS participants with unconfirmed abnormal results


because RFETS participants were serially tested for 10 years,


providing an increased opportunity of having a false positive


result.


False Negatives


When only normal and abnormal results were con-


sidered, there were 153 normal-abnormal pairs and 165


abnormal-abnormal pairs. The percent of false negatives was


calculated as ((153/165)/(2þ(153/165)))*100%¼ 31.7%.


When pairs with borderline-abnormal results were included


and the borderline-abnormal results counted as abnormal


results, there were 164 normal-abnormal pairs and 214


abnormal-abnormal pairs. With borderline-abnormal results


included, the percent of false negatives was ((164/214)/


(2þ(164/214)))*100%¼ 27.7%. The two laboratories with


the most consistent agreement between their results have a


24.6% false negative rate, based on 43 normal-abnormal


pairs and 66 abnormal-abnormal pairs. When borderline-


abnormal results were counted as abnormal results, their rate


of false negatives was 21.0% (44 normal-abnormal pairs and


83 abnormal-abnormal pairs).


Table III lists initial Be-LPT results for the 301 RFETS


participants who had a known potential for beryllium expo-


sure and who ultimately were determined to be sensitized.


The rates of false negatives calculated above using split-


specimen pairs can be compared to thevalues listed in Table III


for the Percent of Total Cases for the Normal Results on


Initial Tests: 24.7% for CBD; 24.5% for Sensitized Only; and


24.6% for the 2 categories combined (Total). A total of 519


TABLE II. Be-LPTResults for BerylliumNon-Exposed RFETSEmployees*


Employees
tested


Abnormal
Be-LPTs


Abnormals
confirmed


Number with
3-year retests


Abnormal
Be-LPTs


Abnormals
confirmed


Number with
6-year retests


Abnormal
Be-LPTs


Newhire (RFETS) 291 3 0 n/a n/a n/a n/a n/a
Current (RFETS) 167 4 0 149 2 0 136 0
Total 458 7 0 149 2 0 136 0


*Rocky Mountain Flats Environmental Technology Services.


TABLE I. Progression of Sensitivity to Chronic BerylliumDisease (CBD)


Number of clinical
evaluations


Number of CBD
cases diagnosed


Mean number of years*:
sensitivity to CBD Percent of total


Cumulative
percent of total


1 88 0.34 75.2 75.2
2 18 2.73 15.4 90.5
3 7 3.65 6.0 96.6
4 3 4.83 2.6 99.1
5 1 4.48 0.9 100.0
Totals 117 100.0 100.0


*Denotes time from the identification of beryllium sensitivity to the diagnosis of CBD.
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confirmational Be-LPT tests were performed for the 301


individuals who ultimately were found to be sensitized. False


negative Be-LPTs occurred in 138 of the 519 (26.6%) tests


performed for these participants.


To determine the number of serial tests after which no


further testing is informative or necessary, the authors looked


at how many normal tests preceded the first abnormal test in


all of those participants ultimately confirmed to be sensitized.


The distribution of these results is listed in Table IV. When


the serial Be-LPT results for the 301 sensitized participants


were examined, it was observed that 13 of these participants


had three or more normal Be-LPT results prior to the first


abnormal result. Using a single-test false negative rate of


30%, the combined false negative rate for four tests in series


is 0.81% (30%*30%*30%*30%); the combined false


negative rate for five tests in series is 0.24%. The rate of


negatives represented by the 13 cases exceeds what would be


expected from false negatives alone, and at least some of


these 13 sensitized participants may have expressed true


immune system conversion. However, 3 of the 13 had some


minimal potential for exposure to beryllium between their


serial Be-LPTs because they continued to work at RFETS,


although they were not assigned to buildings in which


beryllium was used. The majority (69.1%) of sensitized


participants were found to have an abnormal Be-LPT result


on their initial test.


Inter- and Intra-Laboratory Agreement


Tables VA and VB summarize the comparisons of inter-


laboratory split-specimen quality control testing data for the


Be-LPT laboratories. Test results other than abnormal,


borderline-abnormal, and normal were excluded from the


analysis. These data include split specimens from the 18


DOE sites where Be-LPTs were performed during the 1992–


2001 time period. As shown in Table VA, the inter-laboratory


agreement for abnormal results ranged from a low of 26.2%


to a high of 61.8%. In those instances where borderline-


abnormal results were received from both laboratories


(n¼ 15), the results were counted as an abnormal match. In


Table VB the inter-laboratory agreement for abnormal results


was analyzed for the sensitized population only. The sensi-


tized population was selected in order to eliminate the


potential for false positive Be-LPT results influencing the


analysis. Table VC summarizes the intra-laboratory agree-


ment for abnormal results among sequential specimens


analyzed for the sensitized population from the 18 DOE sites.


This agreement ranges from 80.4% to 91.9%.


Using kappa statistics, the best agreement occurred be-


tween laboratories 1 and 4, with a kappa of 0.61 indicating


good agreement. Moderate agreement was demonstrated


between laboratories 1 and 3 (kappa¼ 0.48) and laboratories


2 and 3 (kappa¼ 0.42). The agreement for sequential


specimens tested within the same laboratory ranged from


moderate to fair using weighted kappa, but, as noted above,


the agreement rate for abnormal results of sequential


specimens ranged from 80.4% to 91.9%. Laboratory 1 with


1,967 sequential specimen tests (86.2% agreement among


abnormal results, kappa¼ 0.51) and laboratory 3 with 1,851


sequential specimen tests (91.9%, kappa¼ 0.50) showed


moderate agreement.


For each laboratory, sensitivity and CBD outcomes for


individuals whose serial Be-LPT results went from border-


line-abnormal to normal, borderline-to-borderline and bor-


derline-abnormal to abnormal also were examined. Only the


TABLE III. Initial Be-LPT Results for RFETS Participants with a Known
Potential for Exposure andWho UltimatelyWere Determined to be Sensitized


Be-LPTresults-initial test


Normal (%) Abnormal (%)
Borderline


abnormal (%)


CBD (n¼117) 29 (24.7) 78 (66.7) 10 (8.5)
Sensitized, no CBD (n¼184) 45 (24.5) 124 (67.4) 15 (8.2)
Total (n¼ 301) 74 (24.6) 202 (67.1) 25 (8.3)


TABLE IV. Frequency ofNormal Be-LPTs in SeriallyTested RFETSParticipants Ultimately Determined to
be Sensitized


Number of normal Be-LPTresults preceding the first abnormal result


0 1 2 3 4 5


CBD 85 17 7 0 1 0
Sensitized only 123 38 18 9 1 2
Total 208 55 25 9 2 2
Cumulative total 208 263 288 297 299 301
Cumulative % of total sensitized 69.1 87.4 95.7 98.7 99.3 100
Participants tested 7,820 7,261 5,119 2,783 1,543 674
%Abnormal 2.66 0.76 0.49 0.32 0.13 0.30
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first borderline-abnormal result and the subsequent con-


firmational retest result for each individual was used in the


analysis. Of the 19,396 normal, borderline-abnormal and


abnormal Be-LPT results received by 7,820 RFETS


participants tested between 1992 and 2001, 355 participants


exhibited borderline-abnormal results. Borderline-abnormal


to normal results (271/355) occurred significantly (P< 0.01)


more often than borderline-to-borderline results (37/355) or


borderline-abnormal to abnormal results (47/355). Indivi-


duals, who received a borderline-abnormal result followed


by a normal result at the same laboratory, eventually were


found to have beryllium sensitivity 9.23% of the time and


CBD 3.32% of the time. In individuals who received a


borderline-abnormal result followed by another borderline-


abnormal result at the same laboratory, a significant


(P< 0.01) increase was found in the percentage of indivi-


duals found to have beryllium sensitivity (35.16%) and CBD


(8.11%) over the borderline-abnormal to normal cohort.


Similarly, in individuals who received a borderline-abnormal


result followed by an abnormal result, a significant (P< 0.01)


increase was found in the percentage of individuals found to


have beryllium sensitivity (51.06%) and CBD (23.40%)


versus the borderline-abnormal to normal cohort.


Statistical Parameters


Table VI lists calculated statistical parameters for the


Be-LPT. The calculations are based on the data collected


from 1992 to 2001 for the RFETS population, as this popu-


lation provides the largest homogeneous set of beryllium


sensitivity and CBD data. The test sensitivity (0.683), true


positives/(true positivesþ false negatives) is the probability


that a patient with CBD will have an abnormal Be-LPT result.


The test specificity (0.969), true negatives/(true negativesþ
false positives) is the proportion of normal tests in all patients


who do not have CBD. The PPV for the first abnormal Be-


LPT result (true positives/(true positivesþ false positives))


for CBD was 0.253. The PPV for the first abnormal Be-LPT


for beryllium sensitivity was 0.580.


DISCUSSION


Analysis of data from the RFETS beryllium medical


surveillance program demonstrates the efficacy of the Be-


LPT in determining beryllium sensitivity. The calculated


values for test sensitivity (0.683) and specificity (0.969) of


the Be-LPT for a 10-year period in a serially tested popu-


lation of 7,820 current and former employees illustrate the


usefulness of the Be-LPT in a properly designed beryllium


medical surveillance program. The calculated PPV indicates


that 25.3% of participants with one abnormal Be-LPT result


and 38.9% of those found sensitized ultimately were diagno-


sed with CBD. The PPV for CBD may be underestimated by


factors such as the thoroughness of the clinical evaluation,


and the number of repeat evaluations a sensitized individual


had before diagnosis of CBD. This predictive capability is


TABLE VA. Inter-Laboratory Split-SpecimenAgreement,1992^2001


Laboratories
Number of
test pairs


Number of
abnormal-abnormal pairs


%Agreement for
abnormal results


1and 2 1,716 126 26.2
1and 3 2,604 272 39.7
1and 4 106 34 61.8
2 and 3 2,496 210 32.4
2 and 4 17 0 n/a
3 and 4 455 22 27.3


TABLE VB. Inter-Laboratory Split-Specimen Agreement, Sensitized Cases
Only,1992^2001


Laboratories
Number of
test pairs


Number ofabnormal-
abnormal pairs


%Agreement for
abnormal results


1and 2 93 34 36.6
1and 3 218 107 49.1
1and 4 34 22 64.7
2 and 3 159 65 40.9
2 and 4 0 n/a n/a
3 and 4 9 5 55.6
Total 513 233


TABLE VC. Intra-Laboratory Split-Specimen Agreement, Sensitized Cases
Only,1992^2001


Laboratory
Number of
tests


Number of
abnormal tests


%Agreement for
abnormal results


1 427 368 86.2
2 285 229 80.4
3 345 317 91.9
4 72 64 88.9


TABLE VI. Calculated Parameters for RFETSBe-LPTResults (n¼19,396)


CBDprevalence 1.50%
Sensitized only prevalence 2.35%
Backgroundberyllium sensitivity prevalence 0.00%
False positive rate 1.09%
False negative rate
Borderline-abnormal results included 27.7%
Borderline-abnormal results excluded 31.7%


Be-LPTsensitivity 0.683
Be-LPTspecificity 0.969
Be-LPT (1st abnormal) PPV for sensitivity 0.580
Be-LPT (1st abnormal) PPV for CBD 0.253


Beryllium Health Surveillance Relevant Issues 459







similar to that of other widely accepted medical screening


tests, such as the prostate-specific antigen, Pap smear,


tuberculin skin test, and mammography [Nash and Douglass,


1980; Kerlikowske et al., 1993; Brown et al., 1995; Fahey


et al., 1995; Gann et al., 1995; Marshall, 1995; Bass, 2001;


Schroeder et al., 2001; Solomon et al., 2001; Kulasingam


et al., 2002].


The PPV of the first abnormal Be-LPT for beryllium


sensitivity was 0.580. Using the Be-LPT to accurately


identify beryllium sensitization is extremely important as it


portends a future risk of developing CBD. It may also assist


health and safety personnel in determining the effectiveness


of changes in workplace practices that are implemented to


minimize the risk of beryllium sensitization and CBD.


To assess the potential for environmentally induced


beryllium sensitivity, the authors measured beryllium sensi-


tization in a population of RFETS non-beryllium exposed


individuals. Normal results from the initial Be-LPTs of 291


non-beryllium exposed RFETS newly hired employees, and


from 167 non-beryllium exposed current employees supports


the idea that beryllium sensitivity, as the result of non-


occupational exposure, is rare. In addition to these initial Be-


LPTs, 149 non-beryllium exposed current employees receiv-


ed a second serial test and 136 received a third serial retest


without the identification of beryllium sensitivity.


The relatively high rate of false negatives seen in this


study demonstrates the importance of serially testing beryl-


lium exposed individuals. False negatives range from about


25% to 38%, depending upon which laboratories and DOE


sites are included in the data set and whether borderline-


abnormal test results are included and treated as abnormal


results. The range of false negatives might be the result of


factors that influence a laboratory’s ability to repeat an


abnormal test. Such factors may include the frequency and


level of exposure, the latency of testing, and the type of


beryllium exposure at each of the tested sites. False negative


results can occur in individuals who are in the process of


becoming sensitized to beryllium. As the immune system


response grows, the likelihood of a repeatable abnormal test


increases while the likelihood of false negative results


decreases. This is demonstrated by the inspection of serial


Be-LPT results for a beryllium-exposed population.


A small percentage of individuals tested with normal Be-


LPT results may, as the result of false negative tests, be


sensitized, have CBD and not be offered a CBD medical


evaluation. This investigation offered serial Be-LPTs and


used a multiple laboratory testing protocol to minimize the


probability of missing an individual as the result of a false


negative Be-LPT result.


It should be noted that because abnormal tests were


generally repeated in the original laboratory, plus one other


laboratory, the calculated false negative rates might be


artificially increased as the result of our retesting scheme and


the fact that a different serum is used in each of the labora-


tories. Serum differences play a role in laboratory agreement


as shown by the differences between intra-laboratory and


inter-laboratory results. Additional factors that can affect a


laboratory’s ability to repeat a positive test include the


number of Be-LPTs that the laboratory regularly performs,


the proficiency and experience of the laboratory personnel,


and the statistics used to analyze the Be-LPT data.


Of the 301 RFETS participants diagnosed with be-


ryllium sensitivity or CBD, 98.7% had abnormal results by


the fourth serial Be-LPT. The average period between serial


Be-LPTs in the RFETS population was 3.2 years. Four


former employees had three or more normal Be-LPT results


prior to the first abnormal Be-LPT result, and another 17 had


two normal results prior to an initial abnormal result. Based


on interviews and questionnaire data, these 21 former


employees were found to have no identifiable opportunity


for beryllium exposure for at least 9 years (range 9–23 years).


These findings indicate the potential for the development or


recognition of beryllium sensitivity long after exposure to


beryllium has ceased. For individuals who no longer have the


opportunity for exposure to beryllium and no B-reader chest


X-ray findings or symptoms suggestive of CBD, our results


indicate that the value of the Be-LPT is diminished after the


third or fourth normal test result, and that testing can be


stopped if serial Be-LPTs are normal. However, periodic


surveillance testing using the Be-LPT is recommended, if the


potential for exposure to beryllium continues. Individuals


with known exposure to beryllium and unexplained pulmon-


ary findings consistent with CBD should be considered for


further clinical evaluation even with repeatedly normal


Be-LPTs.


These results aid those planning long-term beryllium


medical surveillance efforts by providing an empirical basis


for determining the length of follow-up required to determine


the presence or absence of beryllium sensitivity or CBD, in


individuals no longer exposed to beryllium. Individuals in


beryllium surveillance testing programs should be instructed


that if unexplained respiratory symptoms arise that are


suggestive of CBD, they should contact their beryllium medi-


cal surveillance provider for further guidance and potential


evaluation.


The authors previously reported a 21% to 38% agree-


ment among three Be-LPT laboratories for split-specimen


tests that followed previous abnormal results [Stange et al.,


2001]. Other investigations have indicated inter-laboratory


variability in Be-LPT results [Kreiss et al., 1997; Deubner


et al., 2001]. These previous studies reflect data that is nearly


10 years old. Since that data was reported, the increase in


inter-laboratory agreement for abnormal results may be


attributed to several factors including improved laboratory


technique (the standardization of Be-LPT protocols) and the


laboratories increased experience in performing the Be-LPT.


We believe the data and analysis of this current investigation


is more reliable. The data set used in this investigation to
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examine laboratory agreement for split specimens was


expanded to include data from 17 other DOE sites. Agree-


ment between some laboratories is markedly different than


between other laboratories, for example, Lab 1 has better


agreement with Lab 4 (61.8%) than with the other labora-


tories (Lab 2: 26.2%; Lab 3: 39.7%). These inter-laboratory


differences may be the result of several factors including, the


statistical interpretation of the Be-LPT data, the differences


or similarities in the human serum pools used by each of the


laboratories, the protocols and equipment used by the


laboratories, and the amount of experience of the laboratories


technicians.


This study found that the overall inter-laboratory


agreement (1992–2001) for the four Be-LPT laboratories


for all Be-LPT results ranged from 93.8% to 98.1%, and the


range of agreement for abnormal results ranged from 26.2%


to 61.8% (kappa 0.42–0.61). The kappa values may be


underestimated as the result of factors intrinsic to sequential


testing, such as immune system variability over time, and the


differences in environmental conditions during specimen


shipment.


The better intra-laboratory agreement suggests that


much of the poorer inter-laboratory agreement may be the


result of test serum differences. Consideration has been given


to having all of the Be-LPT laboratories use the same human


serum in their test. However, if the difference seen among the


laboratories is due to the serum, using a single human serum


might decrease the ability to identify sensitized individuals.


In addition, coordinating the use of a single serum is not


practical because of several factors including highly variable


levels of testing between laboratories and the limited size of


available serum lots.


In this investigation if a participant was found through


serial testing to have an initial borderline-abnormal result


followed by an abnormal result from the same laboratory, the


majority (87.1%) of these participants eventually developed


either beryllium sensitivity or CBD. However, if an initial


borderline-abnormal result was followed by a normal result


from the same laboratory, only a small percentage (9.9%)


of these participants have been identified with beryllium


sensitivity or CBD. Based on these observations, the authors


recommend that individuals with borderline-abnormal results


should be offered two repeat Be-LPTs, using the initial as


well as a second testing laboratory.


Inter- and intra-laboratory agreement varied among the


four Be-LPT laboratories that were used to perform the


testing. Careful examination of Be-LPT results and con-


firmation of abnormal results is recommended to assure


appropriate referral for additional clinical evaluation. The


Be-LPT is a highly effective tool for the identification of


beryllium-sensitized individuals who may be at risk for the


development of CBD. However, in cases where beryllium


sensitivity is not clear, proper assessment and disposition of


these cases requires careful examination of serial Be-LPT


results and knowledge of medical and exposure history


through questionnaires and trained participant interviewers.


The Be-LPT can be used as a means to identify areas of


excess beryllium exposure where remediation is warranted,


and to identify employee populations at risk.


The RFETS data indicate that sensitized individuals


with no evidence of CBD or other lung disease (i.e., pulmo-


nary function tests are normal; there are no B-reader chest X-


ray findings possibly related to CBD; and there are no


symptoms of CBD) can be clinically evaluated every 2 years.


Of the 117 participants diagnosed with CBD, 90.5% were


identified by their second clinical evaluation and 99.1% by


their fourth, with the mean time to these evaluations of


2.73 years and 4.83 years, respectively, although diagnoses


occurred up to 9.77 years following the identification of


sensitivity. The results suggest that the frequency and the


comprehensiveness of CBD clinical evaluations for sensi-


tized individuals could be progressively reduced if CBD is


not diagnosed by the fourth evaluation, and if the individual’s


pulmonary condition remains stable.
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Beryllium Disease Among Construction Trade
Workers at Department of Energy Nuclear Sites


Laura S. Welch, MD,1� Knut Ringen, Dr. PH,1 John Dement, PhD,2 Eula Bingham, PhD,3


Patricia Quinn, BA,1 Janet Shorter, BA,4 and Miles Fisher, BA
1


Background A medical surveillance program was developed to identify current and
former construction workers at significant risk for beryllium related disease from work at
the DOE nuclear weapons facilities, and to improve surveillance among beryllium exposed
workers.
Methods Medical examinations included a medical history and a beryllium blood
lymphocyte proliferation test (BeLPT). Stratified and multivariate logistic regression
analyses were used to explore the risk of disease by age, race, trade, and reported work in
buildings where beryllium was used. After adjusting for covariates, the risk of BeS was
significantly higher among boilermakers, roofers, and sheet metal workers, as suggested in
the stratified analyses. Workers identified as sensitized to beryllium were interviewed to
determine whether they had been subsequently diagnosed with chronic beryllium disease.
Results Between 1998 and December 31, 2010 13,810 workers received a BeLPT through
the BTMed program; 189 (1.4%) were sensitized to beryllium, and 28 reported that they
had had a compensation claim accepted for CBD.
Conclusions These data on former construction workers gives us additional information
about the predictive value of the blood BeLPT test for detection of CBD in populations with
lower total lifetime exposures and more remote exposures than that experienced by current
workers in beryllium machining operations. Through this surveillance program we have
identified routes of exposures to beryllium and worked with DOE site personnel to identity
and mitigate those exposures which still exist, as well as helping to focus attention on the
risk for beryllium exposure among current demolition workers at these facilities. Am. J.
Ind. Med. � 2013 Wiley Periodicals, Inc.


KEY WORDS: beryllium; construction; medical surveillance


BACKGROUND


In 1993, Congress added Section 3162 to the Defense
Authorization Act, calling for the Department of Energy
(DOE) to determine whether workers within the nuclear
weapons facilities were at “significant risk” for work-related
illnesses and if so, to provide them with medical surveillance.
In 1996 DOE initially established six pilot programs,
including three programs directed at construction workers
at the Hanford Nuclear Reservation in Richland,Washington,
the Oak Ridge Reservation in Oak Ridge, Tennessee, and the
Savannah River Site (SRS) in Aiken, SC.


By then, beryllium had been identified as a significant
source of occupational disease risk within the DOE complex,
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and in 1994 DOE issued its first Health Hazard Alert on the
subject (DOE, 1994). A blood test, known as the beryllium
lymphocyte proliferation test (BeLPT) had been developed
and accepted for screening of DOE workers for beryllium
sensitization [Kreiss et al., 1993] and cases of both beryllium
sensitization and chronic beryllium disease were being
identified in growing numbers [Newman et al., 1996]. At
some facilities, vocal advocacy groups of workers affected by
beryllium exposures were demanding a reckoning for having
been placed at risk. By 1996, DOE had established an interim
Chronic Beryllium Disease Prevention Program rule, which
was finalized in 1999 [Department of Energy, 1999]. In 2000,
the Energy Employees Occupational Illness Compensation
Act made beryllium sensitization and chronic beryllium
disease in workers who had been employed in DOE facilities
eligible conditions for compensation.


Beryllium usage within the DOE complex had been
cloaked in secrecy, but since 2000, there has been an
explosion of information about it. The Department of Labor’s
DOE Site Exposure Matrix (SEM) data base, includes 190
pages in total of listings of occupations, buildings, facilities,
and processes throughout the DOE complex where there may
have been opportunities for occupational exposures [DOL,
2013].


For instance, at Hanford, a needs assessment that was
performed in 1996–1997 prior to beginning of medical
surveillance identified beryllium usage in five buildings
where fuel fabrication or research and development had been
performed [Takaro et al., 2002]. By 2012, the official Hanford
website listed 73 current and 38 former beryllium facilities
and areas [DOE Hanford, 2013].


In prior analyses we have reported on the prevalence of
beryllium sensitization among these construction workers.
Here we update our prior analysis and present data on the
prevalence of chronic beryllium disease among the workers
with beryllium sensitization. This updated data on our former
construction workers gives us additional information about
the performance of the Blood BeLPT test, and its predictive
value for CBD in populations with lower total lifetime
exposures and more remote exposures than that experienced
by current workers in beryllium machining operations.


MATERIALS AND METHODS


Surveillance Program Overview


We have previously described the development and
administration of the Building Trades National Medical
Screening (BTMED) program as well as prevalence of
respiratory diseases, hearing loss, beryllium sensitization,
and mortality patterns among construction workers at
Department of Energy (DOE) sites [Dement et al., 2003,
2005, 2009, 2010; Welch et al., 2004]. Our previous


publication [Welch et al., 2004] presented BeLPT surveil-
lance results among 3,842 workers from Hanford Nuclear
Reservation in Richland, Washington, the Oak Ridge
Reservation in Oak Ridge, Tennessee, and the SRS in Aiken,
South Carolina through September 1, 2002. Since the 2004
publication the number of DOE sites has been considerably
expanded and currently includes 27 sites.


Participation in the medical screening programs is
voluntary and without cost to workers. Workers participate
in these programs only after signed informed consent. The
study has been reviewed by the CPWR IRB as well as by two
IRBs established by the Department of Energy, one of which
focused exclusively on beryllium programs. Details con-
cerning worker outreach and enrollment have been previous-
ly published [Dement et al., 2003, 2005; Welch et al., 2004].
Construction workers potentially eligible for participation are
identified through multiple sources including union rosters,
contractor records where available, media advertisement, and
presentations at worker meetings. The Building Trades
National Medical Screening Program operates a website
(http://www.btmed.org) to provide workers with information
about the program, instructions for participation, and health
information. Ten staffed outreach offices are located in
regions with covered DOE sites.


The screening program uses a two-step design with the
initial step consisting of an intake questionnaire followed by a
detailed work history interview. The medical examination
includes a detailed medical history, smoking history, physical
examination, and tests for medical effects from specific
hazards. Workers were asked about beryllium exposures in
three broad areas: (1) performing or working around
maintenance, repair, renovation or demolition, (2) specifical-
ly working with or around beryllium, and (3) working in
buildings or areas with potential exposures to beryllium. For
each component of the occupational history, exposures to the
task, material, or buildingwere ranked qualitatively on a scale
of 1–5; this process, and the details of the examination
protocol are described in detail in prior publications [Dement
et al., 2003, 2010]. Workers included in these analyses
covered a broad array of building trades. Some trades
performing similar tasks were grouped for the current
analyses using groups previously defined for our study of
COPD among these workers [Dement et al., 2010]. Very few
of workers were employed in multiple trades at these DOE
sites (approximately 3%) and these workers were classified in
trade of longest duration. Approximately 21% of workers
reported having worked at more than one DOE site and these
were classified according to the site of longest work duration.
In preliminary analyses, we investigated the prevalence of
BeS among those who reported having worked at multiple
DOE sites and found no significant difference in prevalence
of BeS among these workers.


Most construction trades at DOE sites were unaware of
their potential exposures to beryllium; therefore, we reduced
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worker reported exposure ranking for beryllium exposure or
tasks associated with beryllium to a dichotomous ranking of
ever versus never reported exposure. Workers were classified
as having a beryllium exposure if they reported exposure to
beryllium as a material or reported having performed a task
with potential exposure to beryllium.


Beryllium Disease Surveillance


The beryllium screening relies on a medical history and
examination, which includes a respiratory history and
symptom questionnaire, posterior–anterior (P-A) chest
radiograph and spirometry, and a blood lymphocyte
proliferation test (BeLPT) according to the standard DOE
protocol. Details of the BeLPT clinical decision logic that is
applied was described in detail in our prior publication
[Welch et al., 2004]. Briefly, the first step is to collect a blood
sample, which is delivered for processing at a single DOE-
designated laboratory. The laboratories use approved proto-
cols for processing a blood BeLPT. If the initial BeLPT is
abnormal, borderline or not interpretable, the worker is
referred for a second BeLPT. Prior to 2007 the blood sample
was split and sent to two laboratories; after 2007 the second
BeLPT was sent to one laboratory only.


The respiratory history and symptom questionnaire was
adapted from the American Thoracic Society (ATS) DLD-78
questionnaire [Ferris, 1978]. The chest radiograph is
classified by a B-reader according to International Labor
Office (ILO) Classification of Radiographs of Pneumoconio-
sis [International Labour Office, 2002; International Labour
Office, 2011]. For purposes of the analyses presented in this
report, a parenchymal abnormality is defined as a profusion
score of 1/0 or greater.


All participating clinical facilities agree to obtain
spirometry according to ATS standards [1995; Miller et al.,
2005]. An occupational health nurse, with training in review
of spirometry, reviews all spirometry results and feedback is
given to the clinical provider about test results not meeting
ATS standards. If necessary, workers are asked to repeat the
spirometry at a later date if their initial test results are not
interpretable. In addition, the surveillance program medical
director reviews spirometry performance for all clinical
facilities annually, and provides a detailed report to each
clinic on their spirometry performance. The medical director
collaborates with the clinics to improve performance as
needed, resulting in several clinics purchasing more updated
equipment and sending technicians for additional spirometry
training [Dement et al., 2003, 2010].


Beryllium sensitization (BeS) is defined as one abnormal
plus one borderline or two abnormal tests. Participants found
to be BeS are referred for CBD medical evaluations. Prior to
2003 this referral was through a programmanaged by the Oak
Ridge Institute for Science and Education (ORISE), and since


that date referrals are supported by the EEOICPA program
within the Department of Labor Office of Workers
Compensation Program. The evaluation provided at desig-
nated CBD clinical centers generally included physical
examination, chest X-ray, chest CT, pulmonary function tests,
pulmonary exercise study, and bronchoscopy with lavage
and/or biopsy, although the contents the evaluation are up to
the examining physician. Although the workers are free to see
a physician of their choice, visits to these specialized centers
were encouraged because of the centers experience with
diagnosis of CBD.


The diagnosis for CBD as used in this studywas based on
the worker’s report that he or she had a claim accepted for
CBD by the Department of Labor, which uses this definition:


“The medical documentation must include: an abnormal
beryllium lymphocyte proliferation test (BeLPT), or an
abnormal beryllium lymphocyte transformation test
(BeLTT), performed on either blood or lung lavage cells;
lung pathology consistent with CBD; plus including any of
the following:


� A lung biopsy showing granulomas or a lymphocytic
process consistent with CBD.


� AComputerized Axial Tomography (CAT) scan showing
changes consistent with CBD.


� A pulmonary function study or exercise tolerance test
showing pulmonary deficits consistent with CBD.”


All data collected by these programs are stored in a SQL
data management system (DMS). In addition to providing
data storage and management capability, the DMS is used
extensively for program management, quality control, and
reporting. For these analyses, custom queries were developed
to extract appropriate demographic, work history, exposure
history, and medical information. These data were converted
to SAS data sets for statistical analyses. All analyses used de-
identified data.


Beryllium Disease Follow-Back Survey


In 2011 we attempted to contact all participants with BeS
who had been examined between 1998 and December 31,
2010. We conducted a structured interview by telephone that
assessed whether the participant had had additional diagnos-
tic evaluation, where that evaluation was performed, and the
results. BeS was defined as a confirmed abnormal BeLPT or
an abnormal plus a borderline BeLPT. We requested
permission to obtain medical records for all those who had
had additional evaluation for BeS (N ¼ 86). We also asked if
the worker had filed a claim for BeS or CBD with the Energy
Employees Compensation Program (EEOICPA), which
provides medical care for BeS and CBD and additionally
provides a one-time $150,000 payment for CBD if the worker
meets the criteria set by the act.
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Statistical Analysis


Both descriptive and multivariate analysis methods were
used. Demographic data were summarized by calculation of
means and standard deviations of study parameters for
continuous variables (age and DOE work time) and analysis
of variance (ANOVA) was used to assess differences across
sites. Stratified analyses were used to explore trends in
disease frequency by age, race, sex, employment duration,
DOE site, trade group, time period since last having been
employed at a DOE facility, and cigarette smoking history.
Time since last having been employed at a DOE facility was
calculated as the difference in years between the BTMed
exam year and year of last DOE facility work. For categorical
variables chi square tests and Fisher’s exact tests were used to
assess association between demographic variables and the
prevalence of BeLPT positive and trends in prevalence were
tested for ordered categorical variables using the Cochran–
Armitage trend test.


Unconditional logistic regression was used to further
explore the risk of BeLPT sensitization by duration of DOE
employment, worker reported exposure to beryllium, DOE
site, and trade group, while controlling for potential
confounders such as age, race, sex, cigarette smoking, and
time period since last having worked at a DOE facility. For the
unconditional regression analyses, a “case” was defined as
any worker BeLPT sensitized. We sought the most
parsimonious model and began by building a base model
that included age, gender, and race, retaining all variables
with a Type III analysis of effects of P < 0.05 or those whose
removal led to a �10% change in other predictor variables.
After fitting the base model other model parameters were
entered and evaluated using these same criteria but retaining
the base model parameters. Model fit was further evaluated
using the Akaike’s Information Criterion (AIC).


All analyses presented in this report were conducted
using PC SAS Version 9.2 [SAS Institute, Inc., 2008].


RESULTS


Surveillance Data


Between 1998 and December 31, 2010 13,810 workers
received a BeLPT through the BTMed program. Of those
receiving BeLPT tests 189 (1.4%) were sensitized to
beryllium. The proportion diagnosed with BeS was not
significantly different before and after 2007, the year where
we changed from a split sample for confirmatory test to a
single sample. There were 33 individuals who had a single
positive BeLPT and did not return for a confirmatory test, so
our proportion with BeS may be an under-estimate. Those
who did not have a confirmatory test did not differ from those
who did in race, age, gender, trade or DOE site. As of


December 2010 168 participants had BeS and were still alive
(see Fig. 1). Among these, 29 were lost to follow-up and 3
refused an interview or were too ill to participate. Of the 136
individuals interviewed, 9 had never filed a claim for
compensation with EEOICPA, 16 had either had the claim
denied, or never received a medical card needed to pay for
medical evaluation; only 1 of these individuals without a
medical card from EEOICPA had any further diagnostic
testing. An additional 25 individuals who had received a
medical card had not sought diagnostic testing for CBD.


Eighty-six individuals had additional diagnostic testing,
of whom 64 went to a center with expertise in diagnosis of
CBD and 22 went to a doctor not affiliated with one of those
centers. Twenty-five individuals reported that they had had a
claim accepted by EEOICPA for CBD, of whom 23 were
evaluated at a specialized center. We had conducted a similar
follow-back survey in 2004, and from that survey identified 1
additional case of CBD who subsequently had died and 2 lost
to follow-up in the current survey; all 3 had had their
evaluations at a specialized center.


We requested medical records for all participants who
reported they sought any additional medical follow-up for
BeS; we were able to obtain at least partial records on about
50% of these individuals. Among the group for which we
received records we were able to substantiate the diagnosis of
CBD in all the cases who reported a diagnosis. The criteria
used by the Department of Labor to define the case of CBD
are more inclusive than those generally used by academic
centers; not all of the individuals who reported a diagnosis of
CBD would meet the generally accepted medical diagnostic
criteria but they did meet the Department of Labor criteria.


Overall, 15% of those workers with BeS reported that
they were diagnosed with CBD. For the subset of workers
who received additional diagnostic testing, 36% of those
sensitized workers who went to a specialized center for
evaluation. Thirty percent of all sensitized workers who went
for any additional evaluation were diagnosed with CBD.


Table I shows the demographic characteristics of
construction workers by BeLPT category (normal, uncon-
firmed positive, and beryllium sensitized). Workers with
normal BeLPT results were slightly younger and less likely to
have ever smoked, but did not differ by gender or race from
the other two groups. The workers with CBD had worked
longer at a DOE site than sensitized workers without CBD,
but otherwise did not differ in age, gender, race or smoking
status (Table II).


Tables III and IV show the prevalence of BeS and CBD
byDOE site and by trade respectively. The overall prevalence
of BeS was 1.4% (95% CI ¼ 1.2–1.6); however, significant-
ly higher crude prevalence was observed among workers
employed at Brookhaven and Kansas City. Boilermakers,
roofers, and sheet metal workers were found to have a
prevalence of BeS of 2.0% or greater. A few trades were
grouped for these analyses and among those grouped, only
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the trade group “Plumber, Steamfitter, and Pipefitter” had
sufficient Be sensitization cases for meaningful sub-analyses
by specific trade. A chi-square test of BeS prevalence for
trades within this larger group failed to detect significant
differences (P ¼ 0.41).


Overall, 26.5% of workers reported ever having a known
Be exposure or having performed a task with potential Be
exposure. These self-reported Be exposures (ever vs. never)
were not found to be higher among the trades or sites with a
higher prevalence of BeS, suggesting that workers were
generally not aware of their Be exposures. In crude analyses
workers who were BeS were found to have a higher
prevalence of self-reported exposure to Be (31.2% vs. 26.4%)
(Table I), with the difference across BeLPT category
approaching statistically significance (P ¼ 0.17).


Pulmonary function, ILO B-reader results, and respira-
tory symptoms by BeLPT and CBD status are presented and
compared in Table V. No statistically significant differences
were detected comparing workers by BeS and CBD status.


Results of the logistic regression modeling of BeS are
presented in Table VI. The final model included age, race,
trade group, DOE site, and worker reported beryllium
exposure. By AIC criteria, the best fitting model did not
include trade group; however, analyses of the effects of
excluding trade group on other model parameters found
significant changes in the model parameters by site; therefore,
trade group was retained in the final model. Reference cells
for site (Savannah River) and trade (electrician) were chosen
to approximate the overall prevalence and to assure stability
of reference cell prevalence estimates; therefore, odds ratios
by site and trade group can be interpreted as deviations from


the overall average. We did not choose workers classified in
the trade group “Administrative, Scientific, Security,” as the
reference category as only four Be sensitization cases were
found in this group, resulting in somewhat unstable
prevalence rates in this group.


The risk of BeS increased with age andwas slightly lower
for non-whites. After adjusting for covariates, the risk of BeS
was significantly higher among boilermakers, roofers, and
sheet metal workers, as suggested in the stratified analyses
(Table IV). Years since last having worked at a DOE site (<10
and �10) was not significantly associated with BeS. Only
workers at Brookhaven had an elevated BeS risk relative to the
approximate overall mean. The risk among workers at the
Kansas City Plant was elevated but not statistically different
from the overall mean. Worker self-reported exposure to Be
was moderately but significantly associated with risk of BeS
in the fully adjusted regression model, consistent with the
crude analyses which found workers who were BeS had a
higher prevalence of self-reported Be exposures.


We performed several additional analyses to determine if
could explain the higher prevalence of BeS at Brookhaven
using the data at hand. At Brookhaven a greater proportion of
workers tested were members of the “Electrician” (46%) and
“Plumber, Steamfitters, Pipefitter” (29%) trades compared to
the overall distribution across all sites (18% and 19%,
respectively). However, self-reported exposure to Be was
actually somewhat lower at Brookhaven compared to all sites
combined (3.0% vs. 26.5%), suggesting that Brookhaven
construction workers were, by and large, unaware of their Be
exposures. Additional investigation is needed regarding the
higher risk of BeS at Brookhaven.


FIGURE1. One hundred eighty-nine workers had beryllium sensitization, 28 were diagnosed with CBD.
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DISCUSSION


Screening workers with potential beryllium exposure
using a blood BeLPT test is generally accepted as a valid
indictor of both exposure and probability of developing
subsequent chronic beryllium disease [Fontenot et al., 2000;
Maier, 2001; Newman et al., 2001; Kreiss et al., 2007; Mroz
et al., 2009]. Chronic beryllium disease of the lung can be
disabling, even fatal [Stoeckle et al., 1969; Meyer, 1994].
Treatment at an early stage for similar granulomatous
diseases of the lung, such as sarcoidosis, can prevent disease
progression [Rossman, 2001; Sood, 2009]. There is therefore
a clear rationale for early detection of CBD, and a clear reason
to screen for sensitization in populations at risk for CBD.


Our data on beryllium screening continues to show
patterns we reported in 2004; both the rate of BeS (1.4%) and
the ratio of CBD/BeS (between 15% and 35%) are lower than
those reported in a number of other populations, such as
currently exposed workers in production facilities. This is not
unexpected since our population has a different exposure


profile than the populations in other research studies. Our
participants were construction workers who were unlikely to
have worked directly with beryllium in operations such as
machining, and whose exposure is hypothesized to have
occurred by skin contact with beryllium-contaminated
surfaces and with inhalation of re-entrained beryllium dust.
In addition, our workers had to have left construction
employment at the site to be eligible for the BTMed screening
program and many had left employment years before the
examination took place, and there is some evidence that
beryllium sensitization wanes with time [Schuler et al., 2005,
2008, 2012; Cummings et al., 2007; Bailey et al., 2010]. This
may be due to a variation in immune response over time, or
the use of different testing laboratories [Kreiss et al., 2007].


For all sites combined, 57% of our participants with a
single abnormal blood BeLPTwere confirmed abnormal with
a second test; this ratio has been reported as high as 80%. We
also found a prevalence of CBD somewhat lower than other
exposed groups. There were 28 diagnosed cases of CBD, a
prevalence of 15% overall, and a prevalence of 30–35%


TABLE I. Demographic Characteristics of ConstructionWorkers by BeLPTCategory


Parameter
Normal BeLPT


(N ¼ 13,489), N (%)


Single
positive BeLPT
(N ¼ 133), N (%)


Be sensitizeda


(N ¼ 189), N (%)
Statistical significance


comparing BeLPTcategoryb


Mean age (SD) 60.1 (12.9) 61.1 (12.1) 61.6 (10.8) P < 0.05
BeLPTprevalence by age category (years) P < 0.05
<45 1,478 (99.0) 7 (0.5) 8 (0.5)
45^54 3,308 (97.7) 33 (1.0) 45 (1.3)
55^64 3,872 (97.5) 36 (0.9) 65 (1.6)
65þ 4,830 (97.4) 57 (1.2) 71 (1.4)


Be LPTprevalence by genderc NS
Male 12,717 (97.7) 121 (0.9) 176 (1.4)
Female 766 (97.0) 12 (1.5) 12 (1.5)


Be LPTprevalence by raced NS
Caucasian 11,593 (97.6) 116 (1.0) 168 (1.4)
African-American 1,331 (98.3) 12 (0.9) 11 (0.8)
Hispanic 194 (98.0) 1 (0.5) 3 (1.5)
Asian/Hispanic 36 (100.0) 0 (0.0) 0 (0.0)
Alaskan/Indian 80 (97.7) 2 (2.4) 0 (0.0)
Other or missing 254 (96.6) 2 (0.8) 7 (2.7)


Mean years at DOE site (SD)e 9.1 (9.8) 9.5 (9.2) 10.2 (11.1) NS
Self-reported be exposure 3,561 (26.4) 41 (30.8) 59 (31.2) NS
Be LPTprevalence by smoking statusf P < 0.05
Never smoked 4,453 (98.0) 30 (0.7) 60 (1.3)
Ever smoked 8,202 (97.5) 92 (1.1) 119 (1.4)


aBe sensitizedworkers included thosewith double positive BeLPTs or thosewith single positive BeLPTand a borderline BeLPT.
bChi-square testswere used for categorical variables and ANOVAtests used for continuous variables.NS ¼ P > 0.05.
cGendermissing for six workers.
dRacemissing for173workers.
eYearsworked at DOE could not be approximated fromwork histories for 42workers.
fSmoking data missing for 854workers.
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among the workers with a confirmed abnormal BeLPT who
completed diagnostic evaluation. In other cross-sectional
studies, a variable but substantial percentage of workers
(often over 50%) who are sensitized are found to have CBD
after further diagnostic evaluation; this proportion varies by
industry and other exposure characteristics [Schuler
et al., 2005, 2012; Cummings et al., 2007; Kreiss
et al., 2007; Mroz et al., 2009; Bailey et al., 2010]. Why
might our workers have a lower prevalence of CBD among
those with BeS than the prevalence expected from studies of
workers in other industries?


Biologically, the dose to the lung must be an important
determinant of the risk of CBD. Exposure to beryllium leads
to T cell activation, but the amount of actual inflammation in
the lung (and thus CBD) depends on the accumulation of
these activated T cells. The presence of activated T cells in


turn would depend, to some degree, on the amount of
beryllium resident in the lung to stimulate granuloma
formation and the efficiency of antigen presentation with
its known genetic determinants [Maier et al., 2002]. Epide-
miologic studies have shown a dose–response relationship
between beryllium exposure and CBD, but have not found a
strong dose response relationship for beryllium sensitization.
Stange et al. [2001] describe the prevalence of beryllium
sensitization (defined as a confirmed abnormal blood BeLPT)
and CBD among workers at Rocky Flats tested through on-
going beryllium surveillance. As years of exposure increased,
the proportion of those examined who had CBD also
increased, but the proportion of sensitization without CBD
did not increase. The CBD rate increased from 0.5% among
workers with fewer than 5 years of employment to 3.72%
among those with 20–25 years worked at Rocky Flats while


TABLE II. Comparison ofWorkers BeLPT Sensitized and Diagnosed CBD


Parameter
Be sensitized but not


diagnosed CBD (N ¼ 161)
Be sensitized and


diagnosed CBD (N ¼ 28)
Statistical Significance


comparing sensitized and CBD casesa


Mean age (SD) 61.5 (11.1) 61.8 (9.6) NS
Age category (years) NS


<45 (%) 7 (4.3) 1 (3.6)
45-54 (%) 39 (24.2) 6 (21.4)
55-64 (%) 55 (34.2) 10 (35.7)
65þ (%) 60 (37.3) 11 (39.2)


Genderb NS
Male (%) 152 (95.0) 24 (85.7)
Female (%) 8 (5.0) 4 (14.3)


Racec NS
Caucasian (%) 143 (88.8) 25 (89.2)
African-American (%) 9 (5.6) 2 (7.1)
Hispanic (%) 3 (1.9) 0 (0.0)
Asian/Hispanic (%) 0 (0.0) 0 (0.0)
Alaskan/Indian (%) 0 (0.0) 0 (0.0)
Other or missing (%) 6 (3.8) 1 (3.6)


Mean years at DOE site (SD) 9.2 (10.7) 16.0 (11.9) P < 0.05
Years worked at DOE category (years) P < 0.05


<5 84 (52.2) 7 (25.0)
5^14 39 (24.2) 6 (21.4)
15^24 20 (12.4) 7 (25.0)
25þ 18 (11.2) 8 (28.6)


Mean year first DOE work 1976 1973 NS
Smoking statusd NS


Never smoked 51 9
Ever smoked 102 17


aChi-square testswere used for categorical variables and ANOVAtests used for continuous variables.NS ¼ P > 0.05.
bGendermissing for oneworker BeLPTsensitized.
cRacemissing for oneworker BeLPTsensitized.
dSmoking data missing for eight workers BeLPTsensitized and twoworkerswith CBD.
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the rate of sensitization without CBDwas 3% among workers
with less than 5 years at the plant, and increased to at most 4%
in groups with more years of exposure. The ratio of CBD/all
sensitized was 35% among the Rocky Flats workers


described by Stange et al. [2001]. This ratio was 14% in
those workers with fewer than 5 years of employment at
Rocky Flats, and increased to 65% among workers with more
than 20 years of work at the facility.


TABLE III. Prevalence of Beryllium Sensitivity and Number of CBD CasesAmong ConstructionWorkers by DOE Site*


DOE site Workers tested Number sensitized


Be sensitivity prevalence (%)a,b


Number of CBD casesPrevalence 95% LCL 95% UCL


Brookhaven Lab 435 24 5.5 3.6 8.1 1
Fernald (FMPC) 1,298 15 1.2 0.7 1.9 1
Hanford 2,259 30 1.3 0.9 1.9 4
INEEL 705 6 0.9 0.3 1.8 1
Kansas City Plant 503 15 3.0 1.7 4.9 0
Mound 267 2 0.8 0.1 2.7 0
Oak Ridge 2,498 34 1.4 0.9 1.9 10
Paducah 728 11 1.5 0.8 2.7 1
Portsmouth 874 2 0.2 <0.1 0.9 1
Rocky Flats 529 3 0.6 0.1 1.7 1
Savannah River Site 3,153 45 1.4 1.0 1.9 8
All Other Sites 561 2 0.4 <0.1 1.3 0
ALL SITES 13,810 189 1.4 1.2 1.6 28


aFisher’s exact confidence limits.
bChi-square tests for overall association of DOE site and BeLPTsensitization foundprevalence to be significantly different by site (P < 0.05).
�Data are shown separately by DOE site for siteswith at least100workerswith BeLPT tests.


TABLE IV. Prevalence of Beryllium Sensitivity and Number of CBD CasesAmong ConstructionWorkers byTrade*


Construction trade Workers tested Number sensitized


Be sensitivity prevalence (%)a,b


Number of CBD casesPrevalence 95% LCL 95% UCL


Administrative, scientific, security 223 4 1.8 0.5 4.5 0
Asbestos worker, insulator 383 7 1.8 0.7 3.7 1
Boilermaker 274 8 2.9 1.3 5.7 1
Carpenter 929 9 1.0 0.4 1.8 1
Cement mason, brick mason, plasterer 227 1 0.4 <0.1 2.4 0
Electrician 2,495 35 1.4 1.0 2.0 2
Ironworker 758 11 1.5 0.7 2.6 1
Laborer 1,930 17 0.9 0.5 1.4 3
Millwright, machinist, mechanical trades 402 6 1.5 0.6 3.2 3
Operating engineer 790 8 1.0 0.4 2.0 2
Painter 399 5 1.3 0.4 2.9 1
Plumber, steamfitters, pipefitter 2,653 34 1.3 0.9 1.8 8
Roofer 108 3 2.8 0.6 7.9 0
Sheet metal worker 786 19 2.4 1.5 3.8 3
Teamster 465 6 1.3 0.5 2.8 0
All other trades 988 16 1.6 0.9 2.6 2
All trades 13,810 189 1.4 1.2 1.6 28


aFisher’s exact confidence limits.
bChi-square tests for overall association foundprevalence not significantly different by trade (P > 0.05).
�Data are shown separately by trade for tradeswith at least100workerswith BeLPT tests.
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Viet et al. [2000] also found that years of employment, an
estimate of cumulative exposure, and an estimate of mean
exposure all were significantly greater for the CBD cases than
for their control group. For sensitization, although the results
were consistently in the same direction, there was no
significant difference in these exposure groupings between
cases of sensitization and their control group. These studies
suggest that inhalation exposure to beryllium is more strongly
linked to the risk for CBD than to the likelihood of
sensitization. These data suggest the exposure to construction
workers at the DOE facilities was lower than that of
production workers machining beryllium at Rocky Flats.


There exists a genetic susceptibility to BeS and CBD. In
a large case control study Van Dyke reported the presence of
HLA-DPB1 E69 genotype conferred increased odds for both
BeS and CBD, as had been shown in other studies
[McCanlies et al., 2003, 2010; Silveira et al., 2012]. Van
Dyke found that increased exposure was associated with
CBD whether considering self-reported exposure assess-
ments or quantitative exposure reconstructions [Van Dyke
et al., 2011a,b]. However, no exposure–response relationship
was apparent for BeS, even with inclusion of genetic risk
factors. Van Dyke also noted that BeS case subjects were
overrepresented in the lowest lifetime weighted average
exposure quartile; more than one-third of BeS case subjects
never worked in areas or processes where exposures
exceeded 0.02 mg/m3.


The lower prevalence of CBD among those construction
workers with BeS might be due to dermal exposure to
beryllium. Dermal exposure can cause sensitization [Day
et al., 2006; National Research Council, 2008]. Additional
information on the role of skin contact comes from studies of
prevention programs that include strict measures to prevent
skin contact showing these programs are more effective in


prevention of BeS than programs that focus primarily on
preventing inhalation exposure [Cummings et al., 2007;
Bailey et al., 2010; Schuler et al., 2012]. In addition, the form
of beryllium may be important in sensitization through the
skin, because some forms, such as soluble metals, may make
beryllium more bioavailable [National Research
Council, 2008]. We can presume dermal exposure without
respiratory exposure would not lead to lung disease. If the
predominate exposure for our construction workers were
dermal, we would expect a lower proportion of CBD among
sensitized workers.


DOE has been conducting surveillance among current
and former workers with less direct exposure, or potential
exposure, to beryllium thanworkers in berylliummanufactur-
ing. Rocky Flats, Y12, and K25 (both sites within Oak Ridge)
were DOE facilities with significant use of beryllium, and
were the first facilities targeted for medical examination
programs; other sites were added over time but had used less
beryllium than the aforementioned sites. The prevalence of
sensitization is similar among these DOE facilities; at Rocky
Flats 3.7% are sensitized, 2.7% at Pantex, 3.07% at Lawrence
Livermore, and 2.0% at Kansas City Plant. However, among
those sensitized workers who underwent bronchoscopy, the
rate of CBD varies markedly. At Rocky Flats, 45% of those
completing a diagnostic evaluation have CBD, while at
Pantex, Lawrence Livermore, and Kansas City these rates
were 25%, 13%, and 14% respectively [Stange et al., 2003].
These data suggest that the positive predictive value of an
abnormal Blood BeLPT, as expressed as the ratio of CBD/
CBD þ BeS, goes down at facilities with more limited use of
beryllium than Rocky Flats.


There are several limitations to this study. Participation
was voluntary and it may be the case that workers who were
aware of beryllium exposure were more likely to participate.


TABLE V. Summary of Pulmonary Function, Chest X-Ray B-Reads, and Respiratory Symptoms by BeLPTStatus


Parametera Workers with normal BeLPt Be sensitized but not diagnosed CBD Be sensitized and diagnosed CBD


Pulmonary function
Mean (SD) percent predicted FVC 87.1 (19.2) 86.4 (18.6) 88.6 (26.9)
Mean (SD) percent predicted FEV1 85.8 (22.2) 87.9 (21.7) 89.2 (29.2)


Chest X-ray B-readings
Number (%) of parenchymal changes�1/0 629 (4.8) 6 (3.8) 3 (11.1)


Respiratory symptoms
Cough (%) 3,821 (36.1) 36 (29.0) 5 (27.8)
Phlegm (%) 3,852 (35.6) 44 (33.9) 8 (38.1)
Dyspnea Grade1 (%) 2,005 (14.7) 31 (19.3) 7 (25.0)
Dyspnea Grade 2 (%) 149 (1.1) 4 (2.5) 0 (0.0)


aNotallworkerswithBeLPTparticipatedinthePFTandB-Readcomponentsof theexaminations.Of the13,810workerswithBeLPTtests,13,116hadpulmonary functiontests
and13,317hadachestX-raywithaB-read.Forsymptomdata,percentagesare reported forworkersprovidingvalidanswers to the respiratoryquestionnaire.Nostatistically
significant differences (all P > 0.05) were detected comparing workers by BeS and CBD status listed above.The distribution for Dyspnea Grade1approached statistical
significance (P ¼ 0.09) with higher prevalence among thosewith CBD.
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In addition there may be variable recall about having worked
with beryllium. We do not think either of these potential
biases would affect the prevalence of beryllium sensitization
or of CBD among those sensitized.


Taken together, we can conclude that among groups of
workers with low/intermittent exposure to beryllium, or


groups where skin exposure is an important determinant of
sensitization, the predictive value of the blood BeLPT for
CBDmay be lower than in more highly exposed populations.
But in addition to identification of CBD, the BeLPT also has
an important role in identification of groups of workers,
specific processes, or work locations at high risk for exposure.


Our final statistical model shows a higher rate of BeS
among three trades: sheet metal workers, roofers and
boilermakers, and a higher rate of BeS at the Brookhaven
Laboratories. We are working with the site personnel at
Brookhaven to identify locations and dates where beryllium
was used, so those locations can be evaluated if they are still
in use in any capacity. This is a good example of the use of
BeLPT for occupational surveillance, in which risk of
sensitization within specific atomic weapons sites can be used
to identify higher risk areas for prevention measures. Within
the beryllium industry, linking the characteristics of persons
identified as sensitized to work processes or types of exposure
has identified targets for primary prevention [Schuler
et al., 2012].


Beryllium sensitization is not a disease in its own right,
but is important because the presence of sensitization presents
a risk of significant granulomatous lung disease. Any such
biological test has a positive predictive value, which is the
likelihood that if the test is abnormal the disease is present,
and a negative predictive value, in which the disease is absent
if the test is normal. This data on our former construction
workers gives us additional information about the perfor-
mance of the Blood BeLPT test, and its predictive value for
CBD in populations with lower total lifetime exposures and
more remote exposures than that experienced by current
workers in beryllium machining operations. As noted above,
in addition to predicting the risk for CBD, screening for BeS
identifies groups of workers at risk; helps identify locations
and routes of exposure; and can be used to assess the
effectiveness of prevention programs [Cummings et al.,
2007]. Similar biological markers are an essential part
controlling occupational exposures to lead, cadmium,
pesticides, and many other hazards. Through surveillance
of construction workers we have identified exposures to
beryllium and subsequently worked with DOE site personnel
to identity and mitigate those exposures which still exist, plus
help to focus attention on the risk for beryllium exposure
among current demolition workers at these facilities.
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TABLE VI. Final LogisticModel for BeLPT Sensitivity


Parametera Odds ratios (95% CI)


Age (years)
<45 Reference
45^54 2.32 (1.08^4.98)
55^64 3.18 (1.51^6.69)
65þ 2.85 (1.35^6.01)


Race
White Reference
Non-white 0.64 (0.37^1.12)


Trade group
Electrician Reference
Asbestos worker, insulator 1.95 (0.84^3.04)
Boilermaker 2.74 (1.23^6.13)
Carpenter 0.84 (0.38^1.86)
Cement mason/brick mason/plasterer 0.56 (0.08^4.17)
Ironworker 1.26 (0.62^2.54)
Laborer 0.98 (0.52^1.86)
Millwright, machinist, mechanical trades 1.45 (0.59^3.59)
Operating engineer 1.02 (0.46^2.26)
Painter 1.28 (0.49^3.37)
Plumber, steamfitters, pipefitter 0.98 (0.58^1.63)
Roofer 2.57 (1.23^4.12)
Sheet metal worker 2.26 (1.24^4.12)
Teamster 1.33 (0.54^3.27)
All other trades 1.60 (0.85^3.04)


DOE site
Savannah river site Reference
Brookhaven Lab 3.97 (2.26^6.97)
Fernald (FMPC) 0.73 (0.38^1.36)
Hanford 0.76 (0.45^1.27)
INEEL 0.56 (0.23^1.36)
Kansas City Plant 1.53 (0.80^2.92)
Mound 0.43 (0.10^1.82)
Oak Ridge 0.90 (0.55^1.47)
Paducah 1.14 (0.57^2.29)
Portsmouth 0.16 (0.04^0.67)
All other sites 0.19 (0.05^0.80)


Worker reported be exposure
No Reference
Yes 1.54 (1.09^2.19)


aA total of 12,913 workers without any missing data for all model covariate were
includedinthemodels.All covariateswerecategorical.Otherparametersconsidered
in the finalmodel buteliminateddue to lackofsignificanceoreffectsonotherparam-
eterestimatesweregender,cigarettesmoking,yearsemployedataDOEsite,andtime
period since last havingworked at a DOE.
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program. The Amchitka, Hanford, Oak Ridge, and Savannah
River construction workers medical screening program have
rolled into the Building Trades National Medical Screening
Program still operated by CPWR and its consortium and
funded by DOE. Currently BTMed serves construction
workers from 27 DOE sites. We have received guidance and
support from various Building and Construction Trades
Council including the Central Washington, Augusta, Knox-
ville, Greater Cincinnati, and Idaho Councils. We received
assistance from numerous people across the DOE complex
includingMary Fields (DOE FWPmanager). This program is
reviewed by both the Central DOE Institutional Review
Board (Jim Morris, Chair; Becky Hawkins, Administrator)
and the CPWR Institutional Review Board (Jim Platner,
Chair). The Oak Ridge program was coordinated by Dr. Eula
Bingham and Bill McGowan at the University of Cincinnati
and was merged into the BTMed program in 2005. The
coordinating office and data center are administered at Zenith
American Solutions under the supervision of Richard Hepner,
Sue Boone, Anna Chen, and Kim Cranford.
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Abstract


Objectives: Peak beryllium inhalation exposures and exposure to the skin may be relevant for 
developing beryllium sensitization (BeS). The objective of this study was to identify risk factors asso-
ciated with BeS to inform the prevention of sensitization, and the development of chronic beryllium 
disease (CBD).
Methods: In a survey of short-term workers employed at a primary beryllium manufacturing facility 
between the years 1994–1999, 264 participants completed a questionnaire and were tested for BeS. 
A range of qualitative and quantitative peak inhalation metrics and skin exposure indices were cre-
ated using: personal full-shift beryllium exposure measurements, 15 min to 24 h process-specific 
task and area exposure measurements, glove measurements as indicator of skin exposure, process-
upset information gleaned from historical reports, and self-reported information on exposure events. 
Hierarchical clustering was conducted to systematically group participants based on similarity of pat-
terns of 16 exposure variables. The associations of the exposure metrics with BeS and self-reported 
skin symptoms (in work areas processing beryllium salts as well as in other work areas) were evalu-
ated using correlation analysis, log-binomial and logistic regression models with splines.
Results: Metrics of peak inhalation exposure, indices of skin exposure, and using material containing 
beryllium salts were significantly associated with skin symptoms and BeS; skin symptoms were a 
strong predictor of BeS. However, in this cohort, we could not tease apart the independent effects 
of skin exposure from inhalation exposure, as these exposures occurred simultaneously and were 
highly correlated. Hierarchical clustering identified groups of participants with unique patterns of 
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exposure characteristics resulting in different prevalence of BeS and skin symptoms. A cluster with 
high skin exposure index and use of material containing beryllium salts had the highest prevalence 
of BeS and self-reported skin symptoms, followed by a cluster with high inhalation and skin ex-
posure index and a very small fraction of jobs in which beryllium salts were used. A cluster with low 
inhalation and skin exposure and no workers using beryllium salts had no cases of BeS.
Conclusion: Multiple pathways and types of exposure were associated with BeS and may be im-
portant for informing BeS prevention. Prevention efforts should focus on controlling airborne beryl-
lium exposures with attention to peaks, use of process characteristics (e.g. the likelihood of upset 
conditions to design interventions) minimize skin exposure to beryllium particles, and in particular, 
eliminate skin contact with beryllium salts to interrupt potential exposure pathways for BeS risk.


Keywords:   beryllium; peak exposure; risk management; sensitization; skin exposure


Introduction


Beryllium sensitization (BeS) is caused by exposure to 
beryllium, and elevated risk of BeS and chronic beryl-
lium disease (CBD) has been reported for specific work 
processes in beryllium manufacturing and downstream 
processing facilities (Kreiss et al., 2007). While ex-
posure–response relationships have been inconsistent, 
some studies have observed associations of BeS with 
metrics of average, highest-ever job, or task exposure 
(Balmes et al., 2014). The Occupational Safety and 
Health Administration (OSHA) recently promulgated 
a comprehensive occupational exposure standard for 
beryllium that lowered the permissible exposure limit 
to 0.2 µg/m3 and established a short-term exposure limit 
of 2 µg/m3 (DoL, 2017). For BeS, peak exposures may 
be particularly important because they may be sufficient 
to initiate immune sensitization which may induce lung 
inflammation ultimately resulting in CBD (NAS, 2008). 
While true short-duration exposure measurements are 
not widely available, studies have shown associations 
between BeS and surrogates of peak exposure such as 
highest-annual maximum task exposure (Henneberger 
et al., 2001), highest annual average full-shift job ex-
posure (Schuler et al., 2012), or the 95th percentile of 
full-shift measurements in a year (Madl et al., 2007). 
Skin exposure to soluble beryllium salts is relevant for 
BeS and dermatitis (Curtis, 1951). In addition, skin ex-
posure to poorly soluble particles has been hypothe-
sized as relevant for BeS (Tinkle et al., 2003; Cummings 
et al., 2007), but formal epidemiological analyses with 
metrics of skin exposure have not been conducted as 
measurements are sparse and can be difficult to interpret 
(Day et al., 2006; Day et al., 2007; Kreiss et al., 2007; 
Armstrong et al., 2014).


A major challenge in exposure assessment for epi-
demiological studies is the conceptualization of bio-
logically relevant exposure metric(s) and obtaining 


appropriate exposure data to construct these metric(s) 
(de Vocht et al., 2015). For BeS, the exposure metric is 
ideally based on the amount of beryllium available to 
interact with immune cells in the lungs or in the epi-
dermis. In a simple model, beryllium particles deposited 
in the lungs or on the skin may undergo chemical dissol-
ution in the fluid lining the lungs/phagocyte cells and in 
sweat respectively. In models using simulated lung fluids 
or sweat solution, it is estimated that over 1010 ions may 
be released within 24 h in the lungs (Stefaniak et al., 
2003; Stefaniak et al., 2011b; Stefaniak et al., 2012), 
and 107–1014 ions per hour on the skin (Stefaniak et al., 
2011b) depending on the form of beryllium. Beryllium 
ions and particles in contact with damaged or comprom-
ised skin (e.g. cuts, abrasions) may cross the skin barrier 
(Day et al., 2006). Once in the viable epidermis, beryl-
lium ions may interact with the major histocompatibility 
complex class II molecules of the antigen-presenting 
cells such as dendritic cells (lung) or Langerhans cells 
(skin), with the appropriate form of the antigen being 
displayed for recognition by naïve CD4+ T-lymphocytes. 
The rate at which beryllium ions are produced would 
need to be sufficient to form ample antigen to activate 
the T-lymphocyte-mediated immune response (Viola 
and Lanzavecchia, 1996). The recognition by CD4+ 
T-lymphocytes leads to their activation, proliferation, 
and differentiation into beryllium-specific memory 
CD4+ T-cells, and to induction of BeS. In addition to 
the exposure and immune factors, genetic characteristics 
confer an increased susceptibility for BeS (Samuel and 
Maier, 2008). The foregoing suggests that short-duration 
beryllium exposure in the air or on the skin could be 
relevant measures for BeS; however, personal samples 
that capture these exposures are likely not available. 
Quantitative metrics based on full-shift measurements, 
or qualitative metrics based on events such as accidental 
exposures, summarized over longer time scales such as 
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months or years may be relevant if they are correlated 
with the short-duration exposures.


Peak metrics are not commonly or consistently 
used in epidemiologic studies in part because the rele-
vant characteristics of peaks vary depending on the 
kinetics of the exposure agent and the dynamics of the 
disease mechanism (Rappaport, 1985). Peaks can be 
thought of as arising from normal process variation 
(regular peaks) or from process upset conditions and 
non-routine operations (irregular peaks) (Bullock and 
Ignacio, 2006; Deubner, 2013). Regular peaks are 
more likely assessed using exposure data from routine 
monitoring, whereas irregular peaks from unplanned 
events or non-routine operations will likely be missed 
unless continuous monitoring of the workplace is con-
ducted. Irregular peaks are more frequently assessed 
qualitatively from questionnaire surveys or during the 
investigation of an occupational illness. Quantitative 
peak metrics are ideally obtained from real-time 
measurements, however, often only full-shift time-
integrated measurements are available to construct 
peak metrics. Skin exposure to chemicals is not com-
monly or consistently assessed and skin assessment 
methodology is not well developed (Stefaniak et al., 
2011a). Hence, novel metrics that attempt to account 
for biological mechanisms must be created from avail-
able exposure data/information for use in epidemio-
logic studies.


In our previous work, we observed associations of 
BeS with average and highest ‘total’ (measurements col-
lected using a 37-mm closed-face cassette) exposure 
metrics but not with cumulative exposure, and of CBD 
with cumulative respirable and ‘total’ exposure met-
rics, but not with the average exposure metric (Schuler 
et al., 2012). In the present study, we investigate the 
associations of peak inhalation metrics and skin ex-
posure indices with BeS and self-reported skin symp-
toms. We focus on BeS as sensitization is prerequisite 
for the development of CBD, and identifying factors as-
sociated with BeS will enable improved prevention of 
BeS (and thus also CBD). The objectives of the study 
were to: (i) assess correlations among metrics of regular 
and irregular peak inhalation exposure and skin indices 
obtained from different types of data such as quantita-
tive measurements, self-reports, and historical records 
of upset conditions; (ii) explore groupings of exposure 
metrics and workers based on common underlying 
characteristics; (iii) establish the association of BeS with 
exposure metrics and understand the shape of the ex-
posure–response curve; and (iv) identify exposure and 
workplace factors that may be useful for managing ex-
posures and BeS risk.


Methods


A cross-sectional epidemiologic survey for BeS was con-
ducted in 1999 at a primary beryllium production fa-
cility processing beryllium salts, beryllium metal and 
alloys, and beryllium oxide. A sub-cohort of 264 short-
term workers hired after 1 January 1994 was defined, 
which minimized exposure misclassification errors due 
to imprecise understanding of the timing of BeS onset. 
The survey included blood samples drawn to test for 
BeS, and a worker questionnaire with self-reported items 
on: start and end dates of each job held at the facility, 
including the processes and tasks performed and their 
location, frequency and timing of skin rashes and ul-
cers (in work areas processing beryllium salts as well as 
in other work areas), performance of shut-down main-
tenance, decontamination work, spill cleanups, and ac-
cidental exposure to high levels of airborne beryllium. 
Qualitative and quantitative exposure measures were 
summarized by job and location-task/process and were 
assigned to each participant based on their work history. 
The overall strategy was to select from each individual’s 
work history the maximum values of exposure met-
rics as indicators of peak exposure, which were then 
used in epidemiologic analysis. Details of the study 
population and survey methods have been previously 
described (Schuler et al., 2012; Virji et al., 2012). The 
study protocol was reviewed by the Institutional Review 
Board of the National Institute for Occupational Safety 
and Health (NIOSH), and written informed consent was 
obtained from each study participant.


Exposure metrics from quantitative 
measurements
A brief description of the exposure metrics cre-
ated is described here, details of which are provided 
in Supplementary Material (available at Annals of 
Occupational Hygiene online). Quantitative exposure 
data used to create the peak inhalation metrics and 
skin indices came from three sources: (i) a targeted 
comprehensive (baseline) air sampling campaign con-
ducted by the company over three months in 1999 
which collected 4022 full-shift (typically 6–8 h) per-
sonal samples representative of standard work (Virji 
et al., 2011); (ii) ongoing surveillance (historical) air 
monitoring conducted by the company throughout 
the study period (1994–1999) which collected short-
duration (mostly <60 min) task samples (n = 2593 or 
3.3% of the historical data) from locations known 
to have higher or variable exposure, and longer-
duration (mostly <24 h) general-area process samples 
(n = 77,046 or 96.7%) from all locations (Kolanz 
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et al., 2001); and (iii) a sampling campaign conducted 
jointly by NIOSH and the company in 2007 that col-
lected 323 cotton glove samples over multiple 2-h 
periods from 138 workers as a relative index of his-
torical skin exposure (Armstrong et al., 2014). The 
baseline data are suitable for describing the typical ex-
posure distribution for jobs, but are less likely to cap-
ture any irregular events or upset conditions because 
of infrequency of sample collection (Deubner, 2013).


Data from baseline sampling were summarized 
for each job (denoted with a subscript ‘b’) and are de-
scribed in Supplementary Table S1 (available at Annals 
of Occupational Hygiene online), e.g. the 95th percentile 
point estimate (P95b). These peak exposure metrics were 
selected for the highest exposure over the entire work 
history and over the first year only, as well as exposure 
intensity associated with the longest duration jobs. In 
addition, exceedance metrics (nominal 0/1 variables) 
were created for summary measures exceeding 2 µg/
m3 or the fraction of measurements above 2 µg/m3 ex-
ceeding 5%. Metrics reflecting the duration of time (in 
years) in jobs with highest exposures were also cal-
culated to evaluate the role of time-related metrics in 
predicting BeS.


The historical air sampling data (surveillance data) 
are more likely to capture exposures associated with 
process upset conditions or non-routine tasks. Historical 
air sampling data for tasks and general-area were 
summarized separately for location-task/process for 
each quarter (denoted with a subscript ‘h’) and are de-
scribed in Supplementary Table S1 (available at Annals 
of Occupational Hygiene online), e.g. the maximum 
measured concentration (Maxh). These data were sum-
marized in a similar manner as described above for the 
baseline data.


Glove sampling data were summarized by selecting 
the mean and the maximum associated with a job as 
indices of skin exposure (Supplementary Table S1, 
available at Annals of Occupational Hygiene online). 
Historical jobs that were no longer performed in 2007 
were assigned glove loading values of similar jobs by a 
panel of experts which included the company industrial 
hygienist (IH) and occupational medicine physician, and 
in consultation with four NIOSH IHs familiar with the 
processes. In addition, jobs were assigned a solubility 
characteristic (nominal 0/1 variable) that noted the pres-
ence or absence of beryllium salts (i.e. beryllium fluoride 
or ammonium beryllium fluoride) in the materials used 
(Virji et al., 2011). Note, the analytical method for 
quantifying beryllium in the air or on gloves measures 
total beryllium and cannot distinguish among the forms 
of beryllium that may be present in the air or on surfaces.


Metrics based on company records and self-
reports of upset conditions
The company maintained monthly reports and/or 
quarterly summaries of exposure measurements and 
events which were available for production locations 
throughout the study period. Information was ex-
tracted for each location and quarter on the number of 
occurrences of specific events such as: leaks and upset 
conditions, ventilation or equipment failure and re-
portable spills, and instances of evacuations, and the 
sum of the number of events over the duration of em-
ployment were assigned to the work histories based on 
location, year and quarter (Supplementary Table S1, 
available at Annals of Occupational Hygiene online). 
Workers also provided responses to a survey question-
naire on the number of times they participated in shut-
down maintenance, experienced high exposure due to 
unexpected events, and whether they ever performed 
decontamination of work areas, materials and prod-
ucts leaving the plant, or cleanup after spills and their 
self-reported exposure score (Supplementary Table S1, 
available at Annals of Occupational Hygiene online). 
The relevant questions from the questionnaire are pre-
sented in Supplementary Table S2 (available at Annals of 
Occupational Hygiene online).


Statistical analysis
Statistical analyses were conducted using SAS soft-
ware version 9.3 and JMP software version 11.2.0 
(SAS Institute, Inc., Cary, NC), and plots were pre-
pared in SigmaPlot 12.5 (Systat Software Inc., San Jose, 
CA). Summary statistics and correlation coefficients 
(Spearman rho - ρ) were calculated, and distributions 
were explored via histograms and probability plots for 
the quantitative metrics. Hierarchical clustering was 
done to partition workers into groups that share a set of 
exposure characteristics that may impart different risk of 
BeS, such as different combinations of high or low inhal-
ation or skin exposure, handling soluble versus poorly 
soluble beryllium, or having experienced certain very 
high-exposure events. Hierarchical clustering creates a 
single variable of groups of participants who share such 
similar exposure profiles across the different input vari-
ables. In this case, 16 variables including quantitative 
and qualitative inhalation and skin exposure metrics and 
use of materials containing beryllium salts, were offered 
as input variables. The inputs were standardized to min-
imize the effect of scale and outliers. Ward’s linkage 
method and Euclidean distance measure were used to 
estimate the similarity of input variables between clus-
ters, and then to combine two most similar clusters at 
each step until all clusters belonged to one single cluster, 
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forming a cluster tree (Friesen et al., 2015). A plot of 
the dendrogram (tree diagram) and constellation plots 
were used to visually select the number of clusters. Seven 
clusters were extracted from the cluster tree, which were 
summarized by worker, process, and exposure character-
istics to aid in the interpretation of the clusters, which in 
turn may inform risk management. These characteristics 
included the 16 input variables in the clustering as well 
as additional variables not used in clustering such as 
prevalence of BeS and skin symptoms, the most common 
form of soluble beryllium material used (e.g. beryllium 
fluoride or ammonium beryllium fluoride), exceedance 
metrics (e.g. ExPcntb>2), company recorded or self-
reported events, and the process in which most workers 
had their highest exposure.


Log-binomial regression models were used to explore 
exposure–response relationships for BeS and skin symp-
toms with log-transformed quantitative and qualitative 
metrics. As there are no known risk factors for BeS other 
than genetic factors, and our previous work did not find 
associations of BeS with age, sex, tenure, smoking status, 
or race, models were not adjusted for these factors 
(Schuler et al., 2012). Prevalence ratios (PR) with corres-
ponding 95% confidence intervals (CI) were calculated 
using the GENMOD procedure in SAS (Coutinho et al., 
2008). To assess any non-linearity in the relationships 
between BeS and quantitative peak metrics, a published 
SAS macro was used which fit logistic regression models 
with restricted cubic spline terms (Desquilbet and 
Mariotti, 2010). These models were specified with three 
to five knots (which join adjacent polynomials) based 
on the minimum Akaike Information Criteria (AIC) 
value, and the 5th percentile value for the exposure met-
rics was used as the reference value. The log-odds were 
plotted against exposure values to inspect for non-linear 
curves. To examine the contribution of the various ex-
posure metrics (regular or irregular, inhalation, or skin 
exposure) on the risk of BeS, multiple log-binomial re-
gression models were developed using two exposure 
metrics as predictor variables at a time. Binary variables 
for inhalation (>5% measurements exceeding 2 µg/m3), 
skin exposure (average glove measurement greater than 
median), and using material containing beryllium salts 
were combined to generate one composite variable with 
eight levels to explore their interaction. The composite 
variable and the cluster variable were also evaluated 
in the log-binomial regression models for BeS. Finally, 
to compare risk across processes in a normalized way, 
rates of BeS were calculated for processes as number 
of workers experiencing the event while ever having 
worked in a process per person-years of follow-up in 
that process (Cummings et al., 2007).


Results


As previously reported, the study population was mostly 
male (77.3%) and white (98.1%) with median age at 
hire of 31.4 years (range: 19.3–60 years) and median 
tenure at the time of survey of 20.9 months (range: 
0.2–72.7 months) (Schuler et al., 2012). Of the 264 par-
ticipants, 26 (9.8%) were sensitized and 84 (31.8%) 
reported any skin symptoms (skin rashes 31.1% and 
skin ulcers 8.3%). Prevalence of BeS was 19.1% among 
those who reported any skin symptoms (BeS prevalence 
values were 19.5% and 13.6% among those reporting 
rash and ulcers, respectively) compared to 5.6% among 
those who did not report any skin symptoms. Note that 
6 of the 26 sensitized were also diagnosed with CBD; we 
did not exclude them from the analysis because all who 
are diagnosed with CBD are sensitized, by definition and 
blood test.


Histograms and probability plots of the quantita-
tive metrics show lognormal distributions. The distribu-
tions of the historical metrics were more right-skewed 
and up to orders of magnitude greater than their cor-
responding baseline metrics (Table 1). Ranges of correl-
ations within and across the different types of data are 
shown in Supplementary Table S3 (available at Annals of 
Occupational Hygiene online). There was a high degree 
of correlation (ρ s) within the baseline intensity metrics 
(ρ s: 0.73–0.96) especially among P95b, Pcntb>2 and Avgb, 
and between GSDb and Maxb. Intensity metrics from 
historical data were also highly correlated (ρ s: 0.62–
0.94), especially among P95h, Pcnth>2 and Avgh, and 
between GSDh and P95h. Moderate correlations were 
observed across the baseline and historical datasets (ρ s: 
0.47–0.72). Self-reported events were generally poorly 
correlated with all other metrics. Historical events had 
moderate correlation with historical intensity metrics, 
and less so with baseline intensity metrics, while glove 
measurements were moderately correlated with base-
line intensity metrics. The longest job and the first year 
exposure intensity metrics followed a pattern similar to 
the baseline intensity metrics. All of the duration metrics 
were negatively correlated with the intensity metrics.


Hierarchical cluster analysis generated a dendro-
gram and a constellation plot displaying the formation 
of the seven extracted clusters (Supplementary Fig. S1, 
available at Annals of Occupational Hygiene online). 
The characteristics of the clusters with regard to the 
input variables and other variables not used in clustering 
are displayed in Table 2, and a simplified table is pre-
sented in Supplementary Table S4 (available at Annals 
of Occupational Hygiene online). Cluster 1 is character-
ized by workers in administration, who had the lowest 
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exposure levels (e.g. GloveAvg, P95b), the lowest preva-
lence of skin symptoms, jobs with no salt exposure, and 
with no cases of BeS. Cluster 2 is similar to cluster 1 
with slightly higher levels for the exposure metrics, no 
jobs with salt exposure with moderate prevalence of skin 
symptoms and some BeS. Clusters 3 and 5 were very 
similar and had mid-range prevalence of BeS and skin 
symptoms, no jobs with salt exposure and mid-range 
peak inhalation exposure. Cluster 3 had higher value for 
the index of skin exposure and higher prevalence of skin 
symptoms, while cluster 5 had higher number of histor-
ical events. Cluster 4 had the highest prevalence of skin 
symptoms, BeS and jobs with salt exposure (from metal 
extraction), the highest value for the index of skin ex-
posure but moderate levels of inhalation exposure and 
moderate to high historical events. Cluster 6 had the 
third highest prevalence of skin symptoms with low BeS, 
moderate skin exposure index, and high levels of his-
torical exposures and events. Cluster 7 had the second 
highest prevalence of BeS and skin symptoms and almost 
no jobs with salt exposure (in powder metal production), 
the highest peak inhalation exposures, and the second 


highest value for the index of skin exposure. Clusters ex-
hibited different exposure characteristics leading to dif-
ferent prevalence of BeS and skin symptoms.


The associations of each of the metrics with BeS and 
skin symptoms were evaluated in single variable log-
binomial regression models and the PR and their 95% 
CI are presented in Fig. 1 and Supplementary Table 
S5 (available at Annals of Occupational Hygiene on-
line). Baseline intensity metrics representing peaks from 
normal process variations were significantly associated 
with BeS (except Pcntb>2, GSDb) and skin symptoms 
(except Pcntb>2) with narrow confidence intervals and 
a strong signal to noise ratio (β/SE(β)). Only Maxh of 
the historical intensity metrics representing irregular 
peaks was significantly associated with BeS with a strong 
signal to noise ratio and the smallest AIC value; histor-
ical intensity metrics were significantly associated with 
skin symptoms (except Pcnth>2, GSDh). Using process 
material containing beryllium salts and average glove 
loading were significantly associated with both BeS 
and skin symptoms. Historical events and self-reported 
events had elevated PRs, which were significantly 


Table 1.  Summary statistics of selected exposure metrics for the participants.


Peak Metric Mean SD Median P95 Max IQR


Baseline Metrics


  P95b (µg/m3) 8.5 26.9 1.6 15.7 141.4 0.3–5.6


  Pcntb>2 µg/m3 (%) 12.6 16.8 3.1 46.2 69.2 0.6–17.6


  Avgb (µg/m3) 2.1 6 0.6 3 31.7 0.1–1.9


  Maxb (µg/m3) 19.2 50.3 5.1 48.1 254.2 2.2–14.6


  GSDb 3.2 1.4 2.9 5.8 9.8 2.1–3.7


Historical Metrics


  P95h (µg/m3) 114.2 297.7 4.2 726.4 1552.5 2.1–40.7


  Pcnth>2 µg/m3 (%) 30.1 34.8 14.0 100 100 0–52.5


  Avgh (µg/m3) 10.3 22.5 1.4 67.1 187.9 0.5–6.4


  Maxh (µg/m3) 111.7 128.5 40.1 375 377.9 0.9–250.4


  GSDh 7.3 5.5 4.5 18.2 32.8 4.4–7.8


Skin Metrics (µg/h)


  GloveMax 8839 13,557 546 26,500 67,500 135–17,500


  GloveAvg 1715 3066 318 6798 17,224 57–2649


Historical Events (total # events)


  Evacuations 41.9 64.3 3 171 348 0–74.5


  Leaks 28.7 45.4 7 123 284 0–40


  Spills 3 4.6 0 13 25 0–5


  Any Events 31.8 48.9 7.5 134 305 0–45


Self-Reports (# times during tenure)


  Any Skin 7.3 41.5 0 15 440 0–1


  Shutdown Maintenance 1.4 2.5 1 5 30 0–2


  Accidental Exposure 4.9 20.8 0 24 250 0–1


IQR = interquartile range; Max = maximum value; P95 = lognormal based 95th percentile point estimate; SD = standard deviation.
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associated with skin symptoms but not with BeS; the 
lower CI for some of these metrics approached 1 and the 
signal to noise ratios were close to those observed for the 
intensity metrics. The exposure intensity metrics for jobs 
in the first-year and the longest duration jobs were not 
associated with BeS, had poorer fit (larger AIC values) 
and weaker signal to noise ratios compared to their cor-
responding highest exposure jobs with full tenure metrics 
(Supplementary Tables S6 and S7 (available at Annals of 
Occupational Hygiene online)). The duration metrics as-
sociated with the highest exposure jobs were inversely 


associated with BeS, albeit non-significant with poorer 
fit and weaker signal to noise ratios (Supplementary 
Table S8, available at Annals of Occupational Hygiene 
online).


Non-linear exposure–response relationships were 
examined for quantitative baseline (P95b, Avgb, Maxb), 
historical (P95h, Avgh, Maxh), and skin indices (GloveAvg, 
GloveMax) for BeS. Only the splines for Avgb and P95b 
showed significant or marginally significant non-linear 
associations with BeS, as displayed in Supplementary 
Figs S2 and S3 (available at Annals of Occupational 


Table 2.   Summary of the clusters by input and other variables not used in clustering.


Variable C1: 
Ref. 


(n = 43)


C2: 
Low 


exposure 
(n = 58)


C3: 
Moderate 
exposure 
(n = 74)


C4: 
Salt and skin ex-
posure (n = 31)


C5: 
Moderate 
exposure 
(n = 20)


C6: 
Historic events 


(n = 26)


C7: 
High air 
and skin 
(n = 12)


Variables included in clustering       


  Beryllium Salt Material (0/1) 0.00 0.00 0.00 0.90 0.00 0.19 0.08


  GloveAvg (µg/h) 217 423 1733 6835 542 1453 2505


  P95b (µg/m3) 0.18 1.13 3.82 5.19 2.84 6.23 127


  Pcntb>2 µg/m3 (%) 0.28 3.58 14.6 15.0 8.89 22.4 66.6


  Maxb (µg/m3) 1.84 5.32 9.89 18.1 7.71 11.6 244


  GSDb 1.9 2.6 3.2 4.0 2.8 3.5 7.8


  P95h (µg/m3) 2.30 7.36 22.0 49.4 45.7 940 93.7


  Pcnth>2 µg/m3 (%) 1.35 9.47 27.5 45.7 45.6 87.3 59.3


  Maxh (µg/m3) 9.48 9.91 138 145 225 281 169


  GSDh 4.2 4.8 5.5 7.9 6.3 21 11


  Evacuations (# events) 3.91 0.66 29.3 55.8 170 102 74.8


  Leaks (# events) 1.14 0.50 18.5 62.8 84.7 69.3 57.8


  Spills (# events) 0.14 0.10 3.03 4.23 10.7 6.38 4.83


  Shutdown Maintenance (# 


events)


0.23 0.93 1.27 2.29 2.30 2.81 1.25


  Decontaminate Area (0/1) 0.00 1.00 0.93 0.90 1.00 0.92 1.00


  Decontaminate Products (0/1) 0.00 0.00 0.55 0.55 0.30 0.42 0.25


Variables not included in clustering       


  BeS (%) 0.00 8.62 10.8 22.6 10.0 7.69 16.7


  Skin Symptoms (%) 6.98 15.5 34.4 77.4 25.0 42.3 66.7


  GloveAvg (% >median) 9.3 24.1 66.2 100 60.0 42.3 100


  Pcntb>2 µg/m3 (% >5) 0.0 22.4 55.4 93.5 50.0 96.2 100


  Pcnth>2 µg/m3 (% >5) 7.0 32.8 70.3 90.3 100 100 100


  Shutdown Maintenance (%) 7.0 51.7 54.1 80.6 90.0 69.2 58.3


  Any Events (# events) 1.3 0.6 22 67 95 76 63


  Most Common Be Material Be PF Be MWF Be PF BeF2/NH42BeF4 Be MWF BeF2 BeF2/


NH42BeF4


  Most Common Process for 


Highest Air and Glove Metric


Admin. P. Ops. P. Ops./R.R. Pebbles P. Ops. P. Ops. PMP


Admin. = administration; Be PF = beryllium in process fluids; Be MWF = beryllium in metalworking fluids; BeF2 = beryllium fluoride; NH42BeF4 = ammonium beryl-


lium fluoride; P.Ops. = primary operations; R.R. = resource recovery; Pebbles = beryllium extraction; PMP = powder metal production.
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Hygiene online); however, both metrics had similar AIC 
values (168.8 and 170.6), which were similar to linear 
models using log-transformed exposure variables.


In multiple log-binomial regression models for BeS 
with two variables, i.e. regular and irregular peak met-
rics, inhalation and skin exposure metric, or exposure 
metrics and jobs with salt exposure, only one or none 
of the two metrics remained significant, in part due to 
correlation among metrics (Table 3). The models with 
salt exposure and historical inhalation exposure had 
the best fit and signal to noise ratio of all models, with 
the CI excluding 1 for the salt variable, and almost at 
1 for the historical exposure variable. The combination 
of the inhalation (historical or baseline), skin and salt 
exposure variables yielded a composite variable with 
values in six out of the possible eight levels, with the 
prevalence of BeS ranging from 6 to 25% (excluding 
one level with only two workers, one of whom was sen-
sitized) (Supplementary Table S9, available at Annals 
of Occupational Hygiene online). The six levels were 
further combined into three levels reflecting a low ex-
posure group, a group with high inhalation exposure 
and variable glove/salt exposure, and a final group with 
salt and high glove exposure and variable inhalation 
exposure (Supplementary Table S9, available at Annals 
of Occupational Hygiene online). In the log-binomial 


model of the three-level combination variable, compared 
to level one, the PRs for level three (i.e. high glove and 
salt exposure) were significantly elevated, whereas the 
PRs for level two were not in models using the histor-
ical or baseline inhalation exposures. The log-binomial 
model for BeS with the cluster variable showed the 
highest PR of 4.561 (CI: 1.557–13.36) for cluster 4, and 
elevated PRs for the rest of the clusters albeit not sig-
nificant, compared to the combined clusters 1 and 2 as 
reference. Note that cluster 1 had no cases of BeS, and 
was thus combined with cluster 2 as the reference group.


The rates (#events/person-years) of BeS are displayed 
in Table 4, and were similar across the processes; the order 
of processes is different from the previously reported 
order based on prevalence not accounting for person-year 
of follow-up in each process (Schuler et al., 2012). The 
highest rate of BeS was observed in maintenance workers 
followed by metal production in pebbles plant.


Discussion


The data reported here represent historical workplace 
conditions, before the implementation of a redesigned 
comprehensive prevention program starting in 2000, 
which included targeted measures to reduce inhal-
ation and skin exposure through enhanced engineering 


Figure 1.  Prevalence ratios for BeS and skin symptoms with metrics of peak and skin exposures from multiple types of data and 
sources of information.
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Table 3.   Prevalence ratios for BeS associated with multiple exposure metrics.


Exposure Metric PR 95% CI β/SE(β) AIC Correlation


Regular and Irregular Metrics


Maxb (µg/m3) 1.126 0.874–1.119 0.92 167.9 0.53


Maxh (µg/m3) 1.211 0.973–1.507 1.71


Maxb (µg/m3) 1.221 0.969–1.534 1.69 171.9 0.44


Evacuations 2 vs. 1 1.053 0.384–2.892 0.10


3 vs. 1 1.592 0.638–3.974 1.00


Maxh (µg/m3) 1.337 1.030–1.737 2.17 169.7 0.72


Evacuations 2 vs. 1 0.600 0.193–1.875 −0.89


 3 vs. 1 0.840 0.283–2.492 −0.31


Maxb (µg/m3) 1.218 0.977–1.518 1.76 169.3 0.29


Decontaminate Products 1.690 0.805–3.545 1.39


Maxh (µg/m3) 1.232 1.009–1.505 2.05 167.3 0.33


Decontaminate Products 1.558 0.740–3.281 1.17


Maxb (µg/m3) 1.225 0.982–1.528 1.82 169.7 0.34


Shutdown Maintenance 1.614 0.718–3.626 1.16


Maxh (µg/m3) 1.235 1.011–1.508 2.06 167.8 0.31


Shutdown Maintenance 1.481 0.652–3.366 0.94


Inhalation and Skin Metrics


Maxb (µg/m3) 1.171 0.901–1.524 1.18 170.9 0.67


GloveAvg (µg/h) 1.100 0.898–1.348 0.92


Maxh (µg/m3) 1.226 0.996–1.510 1.92 167.5 0.44


GloveAvg (µg/h) 1.107 0.923–1.327 1.10


GloveAvg (µg/h) 1.160 0.970–1.388 1.63 171.9 0.39


Evacuations 2 vs. 1 1.096 0.408–2.949 0.18


3 vs. 1 1.729 0.721–4.143 1.23


GloveAvg (µg/h) 1.137 0.955–1.353 1.44 170.1 0.36


Decontaminate Products 1.627 0.752–3.523 1.23


GloveAvg (µg/h) 1.148 0.965–1.367 1.57 170.4 0.36


Shutdown Maintenance 1.575 0.691–3.591 1.08


Inhalation or Skin Metrics and Salt


Maxb (µg/m3) 1.161 0.914–1.475 1.23 165.1 0.40
Be Salt Material 2.860 1.304–6.270 2.62


Maxh (µg/m3) 1.212 0.988–1.487 1.85 162.7 0.26
Be Salt Material 2.745 1.305–5.773 2.66


GloveAvg (µg/h) 1.049 0.869–1.267 0.50 166.3 0.47
Be Salt Material 3.057 1.197–7.810 2.34


Combination Variable For Air*, Skin and Salt


High Baseline Air: 2 vs. 1 1.061 0.419–2.688 0.12 166.6 -


High Skin, Salt: 3 vs. 1 3.706 1.496–9.183 2.83


High Historical Air: 2 vs. 1 1.451 0.490–4.296 0.67 166.1 -


High Skin, Salt: 3 vs. 1 4.699 1.557–14.18 2.75
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controls and greater use of personal protective equip-
ment (PPE) and clothing, improved housekeeping, min-
imizing the migration of beryllium from work areas and 
additional health and safety and work practice training 
(Deubner and Kent, 2007). As such, the exposure–re-
sponse relationships are assumed to represent the his-
torical exposures received by workers, and for the most 
part are not affected by PPE use. While PPE use was 
required and documented for the performance of some 
short-term high-exposure tasks, PPE use was not system-
atically documented for all other instances of being in a 
process area or performing a job, and was thus not used 
to adjust worker exposure estimates.


These data presented a unique opportunity to explore 
the different types of peak metrics and examine their 
utility in relation to BeS and skin symptoms. Significant 
linear associations for BeS and skin symptoms were ob-
served with multiple peak metrics representing both 
regular and irregular peaks, skin exposure index, and 
use of material containing beryllium salts. The company 


recorded historical event metrics and some of the self-
reported event metrics also showed elevated PRs, and 
the lower confidence limit approached 1 for some 
of these metrics, with the signal to noise ratio for the 
effect measure close to 2. The moderate to high correl-
ation among these metrics suggests that multiple types 
of metrics may be useful in predicting BeS or skin symp-
toms. With a larger population size, these types of peak 
metrics would be useful predictors of BeS. However no 
one single metric stood out as the best predictor of BeS. 
Hierarchical clustering revealed multiple exposure char-
acteristics dominating in the different clusters. Cluster 
4 had the highest prevalence of BeS and skin symp-
toms, and exposure characteristics included high skin 
exposure index, high prevalence of jobs with salt ex-
posure, and moderate levels of inhalation exposure, thus 
implicating the role of skin pathway for salt exposure in 
BeS. Cluster 7 had the second highest prevalence of BeS 
and skin symptoms, with exposures characterized by the 
high peak inhalation and skin exposures and very low 


Table 4.   Rate of BeS by process.


Process Person-years Rate (95% CI)


All Maintenance 52.1 0.154 (0.081–0.291)


Pebbles Plant 49.7 0.141 (0.071–0.280)


Bulk Products 31.1 0.129 (0.052–0.322)


Strip Operations 31.5 0.127 (0.051–0.317)


All Facilities 34.3 0.117 (0.047–0.294)


Powder Metal Products 28.5 0.105 (0.036–0.306)


Resource Recovery 18.3 0.109 (0.029–0.403)


Primary Operations and Extrusion 168.6 0.095 (0.060–0.151)


Machine Shop 9.6 -


Administration with Time in Plant 65.2 -


Quality-Assurance/Control and Research and Development 23.6 -


Rate = number of workers experiencing an event per person years; 95% CI = 95% confidence interval.


Exposure Metric PR 95% CI β/SE(β) AIC Correlation


Hierarchical Clustering Variable


Cluster 1 and 2 (Ref) - - - 173.5 -


Cluster 3 2.184 0.774–6.407 1.42


Cluster 4 4.561 1.557–13.36 2.77


Cluster 5 2.020 0.421–9.691 0.88


Cluster 6 1.554 0.319–7.560 0.55


Cluster 7 3.367 0.731–15.50 1.56


Spearman correlation; *Exceedance for historical and baseline air.


AIC = Akaike Information Criteria value; 95% CI = 95% confidence intervals; β/SE(β) = signal to noise ratio; PR = prevalence ratio.


Table 3.   Continued
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prevalence of jobs with of salt exposure, suggesting a 
role of inhalation/skin exposures in absence of jobs with 
salt exposure. However, no cluster reflected high skin ex-
posure, low inhalation exposure, and jobs with no salt 
exposure, which would have enabled the separation of 
the skin from inhalation pathway. Thus the risk of BeS 
in this cohort is characterized by the combination of 
inhalation and skin exposure, and the influence of jobs 
with salt exposure and upset events, which cannot be 
disentangled to evaluate their independent effects. Risk 
management may be best achieved by simultaneously 
addressing all relevant aspects of exposure.


The importance of skin exposure to beryllium salts 
in initiating sensitization has been known for decades 
(Curtis, 1951) and the potential for poorly soluble beryl-
lium particles to initiate sensitization has been dem-
onstrated in an animal study (Tinkle et al., 2003) and 
hypothesized in case descriptions of workers (Cummings 
et al., 2007). A range of skin lesions including allergic 
or irritant contact dermatitis, chemical ulcers and ulcer-
ating granulomas can occur as result of skin exposure 
to soluble beryllium salts. Dermal granulomas can re-
sult from subcutaneous instillation of beryllium metal or 
oxide, or (historically) beryllium-containing phosphor in 
fluorescent lamps (Epstein, 1991). However, epidemio-
logical studies of the association between skin exposure 
and BeS or skin symptoms are lacking largely because 
of the absence of clearly recognized skin symptoms for 
forms other than beryllium salts and the related paucity 
of skin exposure measurements. In this study, we used 
glove measurements as a crude relative index of poten-
tial for skin exposure. Skin exposure was significantly 
associated with self-reported skin symptoms and self-
reported skin symptoms were a significant predictor of 
BeS, supporting the relevance of the dermal pathway for 
BeS. However, multiple log-binomial regression models 
including both inhalation and skin exposure metrics 
were not able to tease apart the independent effects of 
skin exposure from inhalation exposure, as these ex-
posures often occurred simultaneously and are cor-
related (Armstrong et al., 2014). In recognition of the 
potential relevance of all pathways of exposure, the 
company implemented an enhanced comprehensive pre-
ventive program after the reduction of inhalation ex-
posures through engineering controls in the mid-late 
1990s failed to lower the prevalence of sensitization; the 
comprehensive preventive program included controlling 
both inhalation and skin exposures along with minim-
izing the migration of beryllium from contaminated sur-
faces (Deubner and Kent, 2007; Knudson and Kolanz, 
2009). Surveys of workers hired after the implementa-
tion of the enhanced program in 2000 at a beryllium 


metal, alloy and oxide manufacturing facility, a ceramics 
oxide facility and a copper-beryllium alloy processing fa-
cility showed a marked reduction in prevalence of sen-
sitization when compared with workers hired before 
the enhanced program (Cummings et al., 2007; Thomas 
et al., 2009; Bailey et al., 2010).


Consistent with the previously observed non-linear 
trend in quartiles of exposure categories (Schuler et al., 
2012), the association between BeS and baseline met-
rics showed significant non-linear relationships (via 
spline regression) represented by a rapid increase in 
log-prevalence odds for BeS starting from the lowest ex-
posure levels, and then flattening out or rising slowly. 
This shape may have resulted from confounding by 
beryllium salt exposure or effect modification by genetic 
predisposition. The shape of these curves also suggests 
that log-transforming exposure metrics, which stretches 
out the lower end and draws in the higher end of the 
curves, can result in linear associations, which is desir-
able as it facilitates ease of interpretation and prediction 
of outcomes. In log-binomial models, log-transformed 
inhalation metrics showed significant linear association 
with BeS. On the other hand, log-transformation can 
dampen the steep rise in the risk of BeS at lower con-
centrations leading to possible overestimation of the 
no-effect or low-effect levels.


Both the study design and selection of exposure met-
rics have strengths and limitations. The time from hire 
to the date BeS was identified (survey/test date) includes 
some irrelevant exposure time, as we do not know when 
the individual actually became sensitized. By limiting the 
study population to short-term workers (i.e. those with 
6 years or less since first exposure; median tenure of 
20.9 months), we were able to limit exposure misclassi-
fication and increase the plausibility of the exposure–re-
sponse relationships we identified. However, limiting 
work tenure also necessarily limited the number of study 
participants. Since our intent was to understand risk fac-
tors associated with BeS, we retained in our sensitized 
group those who had also been diagnosed with CBD. 
BeS is an immune response and is necessary for devel-
opment of CBD; that is, all with CBD were first sensi-
tized. Thus, it is unnecessary to separate those workers 
who had progressed to develop CBD from the BeS group 
in order evaluate the relationship between exposure 
and BeS.


Another challenge was addressing peak exposure 
in the absence of real-time exposure data. Metrics 
based on baseline exposure measurements were per-
sonal measurements with a large sample size per job 
title (n = 15) to adequately characterize personal ex-
posure, but were collected for a full-shift which does not 
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capture short-duration exposures, were not corrected for 
changes in exposure over time, and were collected and 
summarized over the 3-month sampling period. Metrics 
from the historical data included short-duration task 
samples collected near the source or the breathing zone 
but were very sparse (3.3%), and the longer-duration 
process samples were plentiful (n = 77,046) but do not 
represent personal exposure and were not collected 
equally across all locations. These measurements were 
summarized over a quarter and incorporated changes in 
exposure over time, but only 20% of the location-task/
process and quarter combinations could be assigned 
a specific summary value. For the remaining 80% of 
the cells, higher-level summaries (i.e. annual or overall 
for a process) were successively applied until all the 
cells had estimates as described in the Supplementary 
Material (available at Annals of Occupational Hygiene 
online), which likely resulted in errors with each succes-
sive higher-level summary assignment. Mobile workers 
such maintenance workers were assigned general-area 
exposures which likely underestimated their exposures; 
however, maintenance workers were most likely to wear 
respiratory protection during higher exposure tasks. 
Glove measurements collected in a 2007 survey were 
used as crude indices to approximate skin exposure in 
the 1990s and were imprecise or inaccurate due to limi-
tations of the sampling method, and may not reflect 
conditions at the time employees developed BeS. The 
company records of historical events were assigned to a 
worker if their work history indicated a job conducted 
in an area and during a quarter in which an event oc-
curred. This does not account for the fact that a worker 
may have been absent during the event, that workers in 
adjacent processes may also have been exposed during 
the event, or that maintenance workers may have been 
called in to fix the problem. In calculating the rate of 
BeS, a case was attributed to all the processes worked by 
the affected worker because the timing of sensitization 
was unknown, leading to errors in the rate calculated for 
each process. Given the known role of skin exposure to 
beryllium salts in development of rashes and ulcers, we 
attributed these self-reported symptoms to beryllium ex-
posure based on the modeling results, but cannot rule 
out that other industrial exposures as the putative agent.


Conclusion


Our results show that multiple peak inhalation metrics 
were important for understanding BeS. Multiple path-
ways and types of exposure such as regular or irregular 
peak inhalation, skin exposure, upset conditions, and ex-
posure to beryllium salts were associated with BeS, but 


these factors occur together and it was not possible to 
distinguish the effect of each factor based on the charac-
teristics of this cohort. Hierarchical clustering identified 
groups of participants with unique patterns of exposure 
characteristics resulting in different prevalence of BeS 
and skin symptoms. The cluster with high prevalence of 
jobs with salt exposure, high skin exposure index and 
moderate inhalation exposure had the highest prevalence 
of BeS and skin symptoms. The cluster with the second 
highest prevalence of BeS and skin symptoms had high 
inhalation and skin exposure index and very few jobs 
with salt exposure. Cluster 1, comprising mostly ad-
ministrative workers, had the lowest average skin and 
inhalation exposures, no jobs with salt exposure and 
no sensitization. These results suggest that interventions 
should focus on reducing exposures to the lowest tech-
nically feasible level through engineering controls, chan-
ging work practices, and the use of PPE when required. 
Maintenance work was associated with the highest rate 
of BeS; however, the nature of this work is highly vari-
able and necessitates the use of PPE as an integral part 
of an exposure control strategy, which starts with con-
sideration of engineering and administrative controls. To 
focus prevention efforts, risk management should min-
imize skin exposure to beryllium particles, in particular 
eliminate skin contact with beryllium salts, control air-
borne beryllium exposure with attention to peaks, and 
use process characteristics, such as the likelihood of upset 
conditions or presence of salt, to design interventions to 
interrupt potential exposure pathways for BeS risk.


Supplementary Data


Supplementary data are available at Annals of Work Exposures 
and Health online.
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ABSTRACT


In 1974, the National Institute for Occupational Safety and Health recommended a ban on the use
of silica sand abrasives containing >1% silica due to the risk of silicosis. This gave rise to substitutes
including coal slag. AnOccupational Safety andHealthAdministration investigation in 2010 uncovered
a case cluster of suspected pneumoconiosis in four former workers at a coal slag processing facility in
Illinois, possibly attributable tooccupational exposure to coal slagdust. This article presents the results
fromaNational Institute for Occupational Safety andHealth industrial hygiene survey at the same coal
slag processing facility and a second facility. The industrial hygiene survey consisted of the collection
of: (a) bulk samples of unprocessed coal slag, finished granule product, and settled dust formetals and
silica; (b) full-shift area air samples for dust, metals, and crystalline silica; and (c) full-shift personal air
samples for dust, metals, and crystalline silica.
Bulk samples consisted mainly of iron, manganese, titanium, and vanadium. Some samples had
detectable levels of arsenic, beryllium, cadmium, and cobalt. Unprocessed coal slags from Illinois and
Kentucky contained 0.43–0.48% (4,300–4,800 mg/kg) silica. Full-shift area air samples identified ele-
vated total dust levels in the screen (2–38 mg/m3) and bag house (21 mg/m3) areas. Full-shift area
air samples identified beryllium, chromium, cobalt, copper, iron, nickel, manganese, and vanadium.
Overall, personal air samples for total and respirable dust (0.1–6.6 mg/m3 total; and 0.1–0.4 mg/m3


respirable) were lower than area air samples. All full-shift personal air samples for metals and silica
were below published occupational exposure limits. All bulk samples of finished product granules
contained less than 1% silica, supporting the claim coal slag may present less risk for silicosis than sil-
ica sand. We note that the results presented here are solely from two coal slag processing facilities,
andmore in-depth air monitoring is needed to better characterize occupational exposure to coal slag
dust, metals, and silica at similar facilities.


Introduction


In 1974, the National Institute for Occupational Safety
and Health (NIOSH) recommended a ban on the use of
silica sand abrasives containing more than 1% silica due
to the elevated risk of silicosis and death among work-
ers using silica-containing abrasives.[1] The NIOSH rec-
ommended ban on silica-containing abrasives gave rise to
abrasive substitutes including coal slag. Greater than 85%
of total recycled coal slag in the U.S. is now used in abra-
sive blasting and roofing granules[2] because it is relatively
inexpensive.[3] The physical properties of coal slag make
it a suitable abrasive substitute for silica sand. For exam-
ple, the Mohs mineral hardness of coal slag (>7) is very


CONTACT Christopher Mugford CMugford@cdc.gov Respiratory Health Division, National Institute for Occupational Safety and Health,  Willowdale
Rd., MS , Morgantown, WV .
This article not subject to U.S. copyright law.


similar to silica quartz in their potential to fracture into
smaller particle sizes.[4]


Coal slag is a recycled byproduct from coal combus-
tion and is often viewed and marketed as “green”, non-
hazardous, and environmentally friendly by manufactur-
ers.[5,6] The coal slag processing and recycling industry
employs between 6,600 and 14,200workers nationwide.[7]


It should be noted that these numbers do not include
temporary workers. Many coal slag processing facilities
are small and employ temporary workers due to seasonal
variation and demand from the construction industry.


Limited previous scientific literature has assessed the
elemental properties of bulk coal slag,[8–12] but the
results varied, likely due to geographic variation of
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elements in coal seams.[3] Nevertheless, bulk sample anal-
ysis from Álvarez-Ayuso and Tomás,[8] Stettler et al.,[11]


andMacKay et al.[12] all identified the presence of carcino-
gens or suspect carcinogens and other toxic elements.


There is limited information on the pulmonary toxi-
city potential of coal slag exposure. Some studies of coal
slag exposure have demonstrated pulmonary injury, fibro-
sis, and pneumoconiosis in animal (rat) models.[3,12] At
times, the markers of pulmonary inflammation and fibro-
sis in rats exposed to coal slag even exceed responses to
silica sand blasting agents.[10]


Over the last few decades, a number of studies have
assessed occupational exposure to metals and particles
during abrasive blasting operations with silica sand[13–19]


and fewer studies have assessed occupational exposure to
metals and particles during abrasive blasting with coal
slag.[13,20–22] To our knowledge, only a single Occupa-
tional Safety and Health Administration (OSHA) inves-
tigation in 2010 characterized occupational exposure to
dust, silica, and metals during midstream production of
coal slag granules at a coal slag processing facility in
Illinois.[23]


OSHA investigation


An OSHA investigation in 2010 uncovered a case cluster
of suspected pneumoconiosis in four former workers at
a coal slag processing facility in Illinois. The suspected
pneumoconiosis cases were considered attributable to
occupational exposure to coal slag dust.[23] Medical
records including medical and occupational histories,
physical examinations, pulmonary function tests, chest
x-ray readings, and physicians’ assessments and diagnoses
for three of the four former workers were obtained by an
OSHA medical officer. Three of the four workers were
interviewed by the medical officer and described respi-
ratory symptoms within months to years before the end
of their employment at the plant. The OSHA compli-
ance officer on-site noted that workers entered “dusty
areas,” specifically screening and crushing of coal slag
granules areas, of the facility with no respiratory pro-
tection. Air sampling from the investigation resulted
in multiple personal total dust samples from a plant
operator and maintenance workers that exceeded the
OSHA permissible exposure limit (PEL) of 15 milligrams
per cubic meter (mg/m3). One personal respirable crys-
talline silica (quartz) sample from a maintenance worker
exceeded the American Conference of Governmental
Industrial Hygienists’ (ACGIH) threshold limit value
(TLV R©) of 0.025 mg/m3 and approached the NIOSH rec-
ommended exposure limit (REL) and new OSHA PEL of
0.050 mg/m3.


In response to that OSHA investigation, OSHA
required management of the coal slag processing facil-
ity to request a health hazard evaluation from NIOSH
to assess the potential respiratory health hazards at their
facilities. In September 2014, NIOSH performed a com-
prehensive industrial hygiene survey at the facility where
former workers were diagnosed with pneumoconiosis
(facility A) and a second facility (facility B). We present
here the results of those exposure assessments. Our work
expands the current limited understanding of occupa-
tional exposures to dust, silica, and metals in coal slag
granule production.


Coal slag processing


Figure 1 presents the general flow of coal slag processing
in the U.S. Many slag processing facilities are located in
close proximity to coal-fired power plants that utilize wet-
bottom boiler systems. Wet-bottom boilers have a solid
base with an orifice that periodically opens to drop the
spentmolten slag into quenching water.When themolten
slag comes into contact with the quenching water, the
rapid cooling of the slag causes it to break apart into small,
glass-like pellets. The water/slag mixture is usually trans-
ported by high pressure water lines from the power plant
into outdoor collection basins where it is collected and
brought to the slag processing facility. Most of the pro-
cesses at the slag processing facility take place in the out-
door environment, although workers may operate con-
trols and perform administrative tasks indoors.


The processing of coal slag typically involves crush-
ing and screening of coal slag, and storing and/or bag-
ging of finished product granules. In addition to receiving
coal slag from a neighboring power plant, unprocessed
coal slag may be delivered from coal-fired power plants
in other areas of the U.S. for processing.


Coal slag is initially dropped into a feed hopper that
funnels material onto a conveyor belt. A series of magnets
on the conveyor belt may be used to remove unwanted
metals. Next, the coal slag is placed in a rotating dryer
oven to remove moisture content. The coal slag then goes
through a screening process that sifts oversized coal slag
pieces for reprocessing through a crusher until the desired
particle diameter is achieved for a specific type of product.
This process may be repeated numerous times depending
on the number of screens and crushers at the processing
facility. The finished product granules are conveyed for
bagging, warehouse storage, or directly loaded for truck
or rail transport.


Job titles reported during the NIOSH industrial
hygiene survey included maintenance, plant opera-
tor, plant manager, bagger, heavy equipment operator,
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Figure . Generalized coal slag process flow diagram.


environmental health and safety (EHS) manager, and
office coordinator.


Methods


Industrial hygiene survey


In September 2014, three NIOSH industrial hygienists
performed a comprehensive industrial hygiene survey at
two coal slag processing facilities. The survey was con-
ducted over two days at each facility and included the col-
lection of bulk material samples of unprocessed coal slag,
finished product granules, and settled dust; and full-shift
area and personal air samples for respirable and total dust,
metals, and crystalline silica (quartz).


Bulk samples were collected by scooping the bulk
material or settled dust into a 50-mL plastic Corning
centrifuge tube while wearing nitrile gloves and exclud-
ing large solids. Bulk samples were analyzed following
NIOSH Method 7500 (silica) and NIOSH Method 7303
(metals).[24] Bulk and air samples were digested and ana-
lyzed for the following metals: arsenic (As), beryllium
(Be), cadmium (Cd), chromium (Cr), cobalt (Co), copper
(Cu), iron (Fe), lead (Pb), manganese (Mn), nickel (Ni),
titanium (Ti), and vanadium (V) using inductively cou-
pled plasma atomic emission spectroscopy (ICP-AES).
Platinum (Pt) was analyzed using inductively coupled
plasma mass spectrometry (ICP-MS).


Full-shift personal and area respirable dust samples
were collected using an aluminum cyclone (SKC, Inc.,
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Table . Elemental analysis of bulk samples from two coal slag processing facilities,  (mg/kg).


Facility A As Be Cd Cr Co Cu Fe Pb Mn Ni Pt Ti V Quartz


Settled Dust; Screen House;
rd Floor


<LOD <LOD .    ,    . ,  ,


Settled Dust; Screen House;
nd Floor


 <LOD .    , <LOD   . ,  ,


Settled Dust; Warehouse;
Loading Station


<LOD <LOD .   , ,    . ,  ,


Settled Dust; Warehouse;
Bagging Station


<LOD <LOD .    , <LOD   <LOD ,  <LOD


Finished Product Granule A <LOD <LOD .    , <LOD   <LOD ,  <LOD
Finished Product Granule B <LOD <LOD .    , <LOD   . ,  <LOD
Finished Product Granule C <LOD <LOD .    , <LOD   . ,  <LOD
Finished Product Granule D <LOD <LOD .    , <LOD   . ,  ,
Finished Product Granule E <LOD <LOD .    , <LOD   . ,  <LOD


Facility B As Be Cd Cr Co Cu Fe Pb Mn Ni Pt Ti V Quartz


Raw Slag (IL) <LOD . <LOD . . . , <LOD  <LOD <LOD  . ,
Raw Slag (KY) <LOD . .   . , <LOD   . ,  ,
Raw Slag (WY) <LOD <LOD <LOD    , <LOD   <LOD ,  <LOD
Raw Slag (IL) <LOD . <LOD <LOD . <LOD , <LOD . <LOD <LOD  <LOD ,
Slag on Conveyor Belt <LOD . <LOD <LOD <LOD <LOD , <LOD  <LOD .  . ,
Primary Magnet  <LOD .    ,   , <LOD   ,
Settled Dust; Bag House <LOD . .    ,    <LOD ,  ,
Finished Product Granule A <LOD <LOD .  .  , <LOD   . ,  <LOD
Finished Product Granule B <LOD <LOD .   . , <LOD   . ,  <LOD
LOD  . .  .  .  .  .   ,


Note. arsenic (As), beryllium (Be), cadmium (Cd), chromium (Cr), cobalt (Co), copper (Cu), iron (Fe), lead (Pb), manganese (Mn), nickel (Ni), platinum (Pt), vanadium
(V); mg/kg-milligrams per kilogram;<LOD-below the limit of detection; finished product granules vary in granule diameter and are designated by A-E.


Eighty Four, PA) with a two-piece, 37-mm cassette
fittedwith a polyvinyl carbonate (PVC) filter and analyzed
using NIOSH Method 0600. Respirable silica was ana-
lyzed using NIOSHMethod 7500. Full-shift personal and
area total dust and metals samples were collected using
an open-faced, 2-piece, 37-mm cassette (SKC, Inc., Eighty
Four, PA) loaded with a PVC filter and analyzed using
NIOSHMethod 0500 and then analyzed for metals using
NIOSHMethod 7303.


All samplers were connected to a precision flow air
sampling pump (Sensidyne, St. Petersburg, FL) set at the
desired flow rate. Each sampling pump was calibrated
prior to and after sampling using a high performance lin-
ear mass flow meter (TSI Inc., Shoreview, MN) to ensure
flow rate accuracy.


Results


The bulk sample results of unprocessed coal slag, fin-
ished product granules, and settled slag dust from the
coal slag processing facilities are presented in Table 1.
Fe was the major element identified in bulk samples.
Some samples containedMn, Ni, Ti, and V at levels above
100 milligrams per kilograms (mg/kg Be was detected in
some unprocessed coal slag (0.22–4.1 mg/kg), but below
the limit of detection (<LOD) in finished product gran-
ules. Unprocessed coal slag from Illinois, Kentucky, and
Wyoming contained 0.43–0.48% (4,300–4,800 mg/kg)
silica. Only one finished product granule bulk sample


(facility A; Sample D) had detectable levels of silica
(0.34%; 3,400 mg/kg). Settled dust collected from the
warehouse and screen house at facility A ranged from
<LOD – 2.6% (<LOD – 26,000 mg/kg) silica.


The area air sampling results are presented in Tables 2
(dust) and 3 (metals). The highest full-shift total dust


Table . Area air sampling results; total and respirable dust
(mg/m) from two coal slag processing facilities, .


Facility A Total Dust Respirable Dust


Bagging Station (Indoor) . .
Control Room (Indoor) . .
Feed Hopper (Indoor) . .
Quality Control Screen (Outdoor) . .
Screen House, nd Floor (Indoor) . .
Screen House, st Floor (Indoor) . .


Facility B Total Dust Respirable Dust


Baghouse (Outdoor) . .
Drying Oven (Outdoor) . .
Control Room (Indoor) . <LOD
Loading Dock (Outdoor) <LOD <LOD
Screen House (Outdoor) . .
Screen House (Indoor) . .
North of Slag Plant, Towards the Power
Plant (Outdoor) - A


. <LOD


North of Slag Plant, Towards the Power
Plant (Outdoor) - B


<LOD —


LOD (mg/sample) . .
OSHA PEL


a
 


Note. mg/m-miligrams per cubic meter; <LOD-below limit of detection; “—“
no sample collected; aNote that this limit applies only to personal samples and
is only listed for guidance on workplace controls. The LOD for each analyte is
below its respective OSHA PEL.
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Table . Area air sampling results; metals (µg/m) from two coal slag processing facilities, .


Location As Be Cd Cr Co Cu Fe Pb Mn Ni Pt Ti V


Facility A
Bagging Station (Indoor) <LOD <LOD <LOD . <LOD <LOD . <LOD <LOD <LOD <LOD . .
Control Room (Indoor) <LOD <LOD <LOD . <LOD . . <LOD <LOD <LOD <LOD . <LOD
Feed Hopper (Indoor) <LOD <LOD <LOD . <LOD . . <LOD <LOD <LOD <LOD . <LOD
Quality Control Screen


(Outdoor)
<LOD <LOD <LOD . <LOD <LOD  <LOD . . <LOD . .


Screen House, n
d


<LOD <LOD <LOD . . .  <LOD . . <LOD . .
Screen House, st Floor


(Indoor)
<LOD <LOD <LOD . <LOD <LOD  <LOD . <LOD <LOD . .


Location As Be Cd Cr Co Cu Fe Pb Mn Ni Pt Ti V


Facility B
Bag House (Outdoor) <LOD . <LOD . . . , <LOD . . <LOD . .
Drying Oven (Outdoor) <LOD . <LOD . . <LOD , <LOD . <LOD <LOD . .
Control Room (Indoor) <LOD <LOD <LOD . <LOD . . <LOD <LOD <LOD <LOD . <LOD
Loading Dock (Outdoor) <LOD <LOD <LOD . <LOD <LOD . <LOD <LOD <LOD <LOD . <LOD
Screen House (Outdoor) <LOD . <LOD . . <LOD , <LOD . . <LOD . .
Screen House (Indoor) <LOD . <LOD . . . , <LOD . . <LOD . .
North of Slag Plant,


Towards the Power
Plant (Outdoor)


<LOD <LOD <LOD . <LOD <LOD . <LOD <LOD <LOD <LOD . <LOD


LOD (µg/sample)  . . . . . . . . . . . .


OSHA PEL
a


   ,   ,
b


 ,
c


, NA , cd


Note. arsenic (As), beryllium (Be), cadmium (Cd), chromium (Cr), cobalt (Co), copper (Cu), iron (Fe), lead (Pb), manganese (Mn), nickel (Ni), platinum (Pt), vanadium
(V); µg/m-micrograms per cubic meter; aNote that this limit applies only to personal samples and is only listed for guidance on workplace controls. The LOD for
each analyte is below its respective OSHA PEL; b iron oxide; c ceiling d respirable fraction; NA-no applicable OSHA PEL.


area air samples were observed outside the screen house
(facility B: 38 mg/m3), inside the screen house (facility
A: 11 and 2 mg/m3; facility B: 25 mg/m3), outside the
bag house (facility B: 21 mg/m3), and outside the qual-
ity control screen area (facility A: 6.6 mg/m3). The high-
est full-shift respirable dust area air samples were located
inside the screen house (facility A: 2.29 mg/m3; facility B:
0.36 mg/m3) and outside the quality control screen area
(facility A: 0.50 mg/m3). Cr, Fe, and Ti were identified in
all area sample locations. At facility A, measurable levels
Co, Cu, Mn, Ni, and Vwere observed in the screen house,
second floor. At facility B, measurable air levels of Be, Co,
Mn, and V were observed outside the bag house, near
the drying oven, and inside and outside the screen house.
Most metals were <LOD in other area sample locations.
Detectable levels of silica weremeasured inside the screen
house at facility A (0.005 mg/m3), however all other area
sample locations were <LOD (silica data not shown in
Table 2).


The personal air sampling results are presented in
Tables 4 (dust) and 5 (metals). The highest total dust lev-
els were measured on two baggers (6.56 and 1.98 mg/m3),
an office coordinator (1.26 mg/m3), and a plant opera-
tor (1.14 mg/m3). Overall, personal respirable dust lev-
els were low, with all samples <0.5 mg/m3. The highest
respirable dust levels were measured on a maintenance
worker (0.37 mg/m3) and a bagger (0.14 mg/m3). Full-
shift TWA results of As, Be, Cd, Co, Pb, Ni, Pt, and sil-
ica were <LOD and below applicable OSHA PELs. The
highest personal metal exposures were to Fe. However, no


Table . Personal air sampling results by job title; total and res-
pirable dust (mg/m) from two coal slag processing facilities, .


Dust


Job Title Total (mg/m) Respirable (mg/m)


Maintenance — .
Maintenance — .
Maintenance — .
Maintenance . <LOD
Plant operator . .
Plant operator . <LOD
Plant manager . —
Plant manager . —
Bagger . .
Bagger . —
Heavy equipment operator . <LOD
Heavy equipment operator . <LOD
EHS manager . .
EHS manager . <LOD
Office coordinator . <LOD
LOD (mg/samples) . .
OSHA PEL  


Note. mg/m-miligrams per cubic meter; <LOD-below limit of detection; “—”
no sample collected. The LOD for each analyte is below its respectiveOSHAPEL.


Fe exposures exceeded the OSHA PEL of 10,000 micro-
grams per cubic meter (µg/m3). Cr, Mn, Ti, and V were
all present in personal air samples, but below their appli-
cable OSHA PELs.


Discussion


The collection of bulk samples was done to investi-
gate if potentially hazardous materials are present in the
coal slag that may contribute to lung disease. The bulk
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Table . Personal air sampling results by job title; metals (µg/m) in total dust from two coal slag processing facilities, .


Job Title As Be Cd Cr Co Cu Fe Pb Mn Ni Pt Ti V


Maintenance Worker <LOD <LOD <LOD . <LOD <LOD . <LOD <LOD <LOD <LOD . <LOD
Plant Operator <LOD <LOD <LOD . <LOD . . <LOD . <LOD <LOD . .
Plant Operator <LOD <LOD <LOD . <LOD . . <LOD <LOD <LOD <LOD . <LOD
Plant Manager <LOD <LOD <LOD . <LOD <LOD . <LOD <LOD <LOD <LOD . <LOD
Plant Manager <LOD <LOD <LOD . <LOD <LOD . <LOD <LOD <LOD <LOD . <LOD
Bagger <LOD <LOD <LOD . <LOD <LOD . <LOD . <LOD <LOD . .
Bagger <LOD <LOD <LOD . <LOD <LOD . <LOD . <LOD <LOD . .
Heavy Equipment Operator <LOD <LOD <LOD . <LOD <LOD . <LOD <LOD <LOD <LOD . <LOD
Heavy Equipment Operator <LOD <LOD <LOD . <LOD <LOD . <LOD <LOD <LOD <LOD . <LOD
EHS Manager <LOD <LOD <LOD . <LOD <LOD . <LOD <LOD <LOD <LOD . <LOD
EHS Manager <LOD <LOD <LOD . <LOD <LOD . <LOD <LOD <LOD <LOD . <LOD
Office Coordinator <LOD <LOD <LOD . <LOD <LOD . <LOD <LOD <LOD <LOD . <LOD


LOD (µg/sample)  . . . . . . . . . . . .


PEL    ,   ,
a


 ,
b


, NA , bc


Note. Arsenic (As), beryllium (Be), cadmium (Cd), chromium (Cr), cobalt (Co), copper (Cu), iron (Fe), lead (Pb), manganese (Mn), nickel (Ni), platinum (Pt), vanadium
(V); <LOD-below limit of detection. The LOD for each analyte is below its respective OSHA PEL; airon oxide; bceiling; crespirable fraction; NA-no applicable OSHA
PEL.


samples collected in this study yielded different amounts
of silica and metals. Interestingly, bulk samples from dif-
ferent regions of the country presented slightly differ-
ent results. For example, unprocessed coal slag from Illi-
nois and Kentucky yielded detectable amounts of silica,
whereas unprocessed coal slag fromWyomingwas<LOD
for silica. Regional differences in geology and coal forma-
tion may explain this variability.[11,25] We observed that
bulk samples of finished product granules contained less
than 1% (10,000 mg/kg) silica. The small amounts of sil-
ica observed in the bulk samples support the claim that
coal slag abrasives reduce silica exposure compared to sil-
ica sand and may reduce the risk of silicosis during blast-
ing operations.


Personal air sampling results for dust and silica were
much lower than previous OSHA air sampling results—
particularly in plant operators and maintenance work-
ers.[23] Although the OSHA investigation in 2010 resulted
in several airborne measurements above the PEL for
total dust, measurements from our surveys were all well
below the OSHA PEL for total dust. We observed all per-
sonal samples with air levels of total dust below 2 mg/m3


with the exception of one sample collected on a bag-
ger (6.56 mg/m3). Elevated levels of dust for the bag-
ger may be due to the use of compressed air to seal
the bag during bagging and its potential to make dust
become airborne. The lower worker exposures to total
dust observed in our survey were likely due to changes
in operational procedures after the OSHA investigation.
These changes included restricting workers from entering
the screen house during operation and performing main-
tenance checks before start-up.


Although personal air samples were generally low, spe-
cific work areas were identified to have elevated levels of
dust and metals. Total dust area air samples exceeded the
OSHA PEL inside the screen house at both facilities and


by the bag house of facility A. OSHA PELs are specified
for personal samples, and area samples cannot be used
for enforcement. However, the area sample results sug-
gest that the screen house and bag house are areas with
potential for high dust personal exposures and may be a
source of exposure at other similar facilities. The screen
house contained a series of screens and crushers that gen-
erated visible dust during operation and resulted in mea-
surable airborne levels of Be, Cr, Co, Cu, Fe, Mn, Ni, Ti,
and V. Fe wasmeasured in all area samples, and highest in
samples collected at the screen house and bag house. Iron
oxide exposure is associatewith “siderosis”, a type of pneu-
moconiosis which is usually not fibrotic.[26] Exposure to
both iron oxide and silica or silicates is associated with
mixed dust pneumoconiosis (MDP) or “siderosilicosis.”
The OSHA investigators suggested the cases of pneumo-
coniosis at Facility A were consistent with siderosilicosis
or MDP.[23]


Our findings may have implications for other similar
coal slag processing facilities. In addition, the case cluster
of pneumoconiosis discovered during the facility’s OSHA
inspection suggests that workers at similar facilities may
be at risk for lung disease associated with coal slag dust.
Workers involved in tasks near high risk areas (e.g., screen
house and bag house) may be exposed to elevated levels
of metal or silica containing dust that may contribute to
potential coal slag dust related lung diseases. Additional
personal and area air monitoring is needed to accurately
characterize airborne exposures at similar coal slag pro-
cessing facilities, with special attention given to high risk
areas. In addition, ongoing health surveillance of workers
who process or use coal slag is needed to better character-
ize the risk of lung disease in this industry. Regional varia-
tions in coal content suggest bulk sample analysis should
be conducted routinely to further assess regional differ-
ences in geology and coal formation.
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It is important to note that coal slag is not the only sub-
stitute in use since NIOSH’s recommended ban on silica
sand abrasives containing>1% silica. Occupational expo-
sure to other slag abrasives, such as copper slag, have not
beenwell characterized, butmay present similar risks dur-
ing processing. Copper slag is a byproduct of smelting
operations and processed in similar fashion to coal slag.
Previous studies have assessed the elemental composition
of bulk copper slag[11,12,27] and identified the presence of
carcinogens or suspect carcinogens and other toxic ele-
ments. Thus, exposures during the processing of copper
slag also warrant investigation.


Limitations


There are several limitations to our investigation. The
scope of our survey was limited to only two coal slag
processing facilities. During the time of the investi-
gation, the company changed operations procedures
that likely reduced worker exposure, which may have
underestimated exposure when compared to similar
facilities. There are also sample analysis limitations to
take into consideration. The sample preparation tech-
nique used (spectroscopy) may not have been capable
of completely digesting all chemical forms and sizes of
analyte-containing particles to their dissolved form to
yield accurate determinations of elemental mass levels. In
addition, complete digestion followed by analysis using
spectroscopy is only capable of determining the total
mass levels in a sample and is unable to identify chemical
form, which is biologically relevant.


Conclusion


Results from this study contribute to the limited under-
standing of potential occupational exposure to dust, met-
als and silica at coal slag processing facilities. Harmful
metals were identified in bulk samples of coal slag, how-
ever, we did not observe high levels of metals in full-shift
area and personal air samples. Low levels of worker expo-
sure to dust and silica were likely due to administrative
controls that were implemented after theOSHA investiga-
tion. The regional variability observed in the bulk samples
of coal slag in our survey suggest that additional bulk anal-
ysis should be conducted from other coal slags to further
assess regional differences in geology and coal formation.


We observed risk for high exposures to total dust in
the screen house and bag house. Because screening and
crushing are critical steps in producing size specific gran-
ules and are used widely in coal slag production, workers
at other processing facilities may be exposed to elevated
dust and metal levels if exposure levels are not mitigated
with engineering and/or administrative controls.


Further investigation is needed to better understand
occupational exposures in this industry. Additional expo-
sure monitoring and health surveillance among workers
that process coal slag abrasives will help expand the lim-
ited understanding of occupational exposures and health
outcomes.
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Abstract
Objectives  The US Occupational Safety and 
Health Administration (OSHA) recently proposed a 
permissible exposure limit of 0.2 µg/m3 for beryllium, 
based partly on extrapolated estimates of lung 
cancer risk from a pooled occupational cohort. The 
purpose of the present analysis was to evaluate 
whether cohort members exposed at lower levels to 
mainly insoluble forms of beryllium exhibit increased 
risk of lung cancer.
Methods  We conducted Cox proportional hazards 
regression analyses among 75 lung cancer cases in 
age-based risk sets within two lower exposure plants 
in the pooled cohort followed from 1940 to 2005. 
We used categorical and power models to evaluate 
exposure–response patterns for mean and cumulative 
beryllium exposures in the two-plant cohort, 
comparing findings with the full pooled cohort. We 
also evaluated the distribution of exposure-years in 
each cohort by solubility class (soluble, insoluble and 
mixed).
Results  98% of workers in the two-plant cohort 
were hired between 1955 and 1969. The mean 
beryllium exposure averaged 1.3 µg/m3 and the 
predominant form was insoluble. Adjusting for 
confounders, we observed a monotonic increase in 
lung cancer mortality across exposure categories 
in the two-plant cohort. The exposure–response 
coefficients (per unit ln exposure) were 0.270 
(p=0.061) for mean exposure and 0.170 (p=0.033) 
for cumulative exposure, compared with 0.155 and 
0.094 (respectively) in the full cohort.
Conclusion  The low-exposure levels at these two 
plants and the predominance of insoluble beryllium 
suggest that the overall pooled cohort findings on 
which OSHA’s lung cancer risk assessment is based are 
relevant for current workers exposed to any form of 
beryllium.


Beryllium metal’s unique properties, including 
low density, high strength and thermal conduc-
tivity, have placed it in demand as a component 
in a variety of industrial and nuclear applica-
tions.1 Beryllium and beryllium compounds have 
been designated as known human carcinogens 
by the International Agency for Research on 
Cancer (IARC).1 The human evidence supporting 
this designation includes studies conducted by 
the National Institute for Occupational Safety 
and Health (NIOSH) of workers employed 
historically in the beryllium processing industry 
in the USA.2–4 Since the IARC evaluation, new 


studies have evaluated cancer risk with extended 
follow-up in seven of these historical cohorts, 
including three with quantitative exposure–
response evaluation.5 6 One of these studies6 was 
used recently by the US Occupational Safety and 
Health Administration (OSHA) in a quantitative 
risk assessment for lung cancer, as part of the 
establishment of a more protective permissible 
exposure limit for workers exposed to beryllium.7


Two criticisms have arisen since the publication 
of these studies. First, it has been suggested that 
OSHA’s risk assessment for lung cancer is irrele-
vant to the current beryllium workforce, because 
‘insoluble’ beryllium forms (eg, beryllium metal, 
beryllium oxide), to which most current beryl-
lium workers are exposed, have not been directly 
observed to be associated with lung cancer. It has 
also been argued that the association between 
lung cancer and beryllium observed in the NIOSH 
cohort studies was driven by workers hired 
before 1955, when exposures were higher.8–10 
The purpose of this study was to address these 
criticisms by examining industrial hygiene and 
employment data to evaluate the contention that 
beryllium exposures in the NIOSH cohort study 
were primarily ‘soluble’, and by examining the 


SHORT REPORT


Is beryllium-induced lung cancer caused only by 
soluble forms and high exposure levels?
Mary K Schubauer-Berigan, James R Couch, James A Deddens


Workplace


To cite: Schubauer-
Berigan MK, Couch JR,  
Deddens JA. Occup Environ  
Med 2017;74:601–603.


►► Additional material is 
published online only. To view 
please visit the journal online 
(http://​dx.​doi.​org/​10.​1136/​
oemed-​2016-​104064).


Division of Surveillance, Hazard 
Evaluations and Field Studies, 
U.S. National Institute for 
Occupational Safety and Health, 
Cincinnati, Ohio, USA


Correspondence to
Dr Mary K Schubauer-Berigan, 
Division of Surveillance, 
Hazard Evaluations, and Field 
Studies, National Institute for 
Occupational Safety and Health, 
1090 Tusculum Ave, Cincinnati, 
OH 45226, USA; ​zcg3@​cdc.​gov


Received 13 September 2016
Revised 21 December 2016
Accepted 9 January 2017 
Published Online First  
3 March 2017


What this paper adds


►► Beryllium has been designated a known 
human carcinogen by the International Agency 
for Research on Cancer, based on human and 
animal studies of lung cancer, but risks at 
low exposure levels are difficult to directly 
quantify. Previous quantitative exposure–
response associations of beryllium-exposed 
workers found steep increases in lung cancer 
risk with exposure levels, but the influence of 
highly exposed individuals exposed to a variety 
of beryllium forms was not evaluated.


►► By restricting exposure–response analyses to 
the facilities that began more recently and 
were involved in mostly insoluble beryllium 
handling, we demonstrate that risk per unit 
exposure was similar to that observed in 
the full cohort exposed to a wider range of 
beryllium forms and higher mean exposures.


►► The findings of this analysis support the 
quantitative risk assessment that the US 
Occupational Safety and Health Administration 
has performed for lung cancer related to 
occupational beryllium exposure.
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Table 1  The results of two-plant (plants 6 and 7) exposure–response modelling, compared with previously published three-plant (full cohort) 
estimates


Mean beryllium exposure (all forms)


  Tertile 1: Tertile 2: Tertile 3:    


Range (µg/m3) 0–<0.88 0.88–<1.85 ≥1.85 Two-plant power model β* Full cohort power model parameter


Mean (µg/m3) 0.42 1.32 2.94


HR (95% CI) 1.00 1.18 (0.63, 2.19)2† 1.72 (0.92, 3.24)† 0.270 (p=0.061)† 0.155 (p<0.001)3‡


Cumulative beryllium exposure (all forms)


Tertile # Tertile 1: Tertile 2: Tertile 3:    


Range (µg/m3-days) 0–<723 723–<4211 ≥4211 Two-plant power model β Full cohort power model parameter


Mean (µg/m3-days) 214 2149 8943    


HR (95% CI) 1.00 1.34 (0.67, 2.68)4§ 1.68 (0.78, 3.63)§ 0.170 (p=0.033)§ 0.094 (p=0.0017)‡


*Power model β interpretation: HR (at exposure x relative to no exposure) = exp(β*ln(x+0.05))/exp(β*ln(0+0.05)). Two-sided p Value indicates test of β=0.
†Adjusted for date of birth, plant, professional status and potential silica exposure.
‡From Schubauer-Berigan et al (2011).6


§Adjusted for date of birth, plant, professional status, potential silica exposure and short-term work status.


Workplace


association of lung cancer with quantitative metrics of beryl-
lium exposure in two low-exposure plants (6 and 7)* in the 
NIOSH cohort study.


Methods
The three plants for which quantitative exposure estimates are 
available are described in detail elsewhere2 5 6 and are summarised 
in online supplementary table 1 . At plant 2, ore refining and 
beryllium oxide production were done from 1935 to 1966, with 
copper alloy production and machining conducted from the 
1930s until plant closure in 2001.2 Plant 6 produced beryllium 
copper alloy since 1953 and began other operations (ore refining, 
beryllium oxide production, metal production and machining) in 
1958.2 At plant 7, these operations were performed from 1958 
until plant closure in 1978. To estimate the solubility class of 
cohort exposures to beryllium at each plant, we used previously 
created job-exposure matrices, which used available information 
about the chemical form of beryllium exposure associated with 
each job, department and year combination at plants 2,11† 612 
and 7.13 We defined ‘soluble’ beryllium as beryllium salts (Be 
fluoride, Be hydroxide, Be sulfate) and ‘insoluble’ beryllium as 
beryllium metal, alloys or beryllium oxide.14 ‘Mixed’ solubility 
was assigned to job/department/year combinations that involved 
both soluble and insoluble beryllium forms. Jobs with no avail-
able information on chemical form (eg, office work) were labelled 
‘indeterminate’. We multiplied the number of work days by the 
daily exposure level, summed across the cohort and summarised 
the cohort exposure-years on an annual basis.


We conducted exposure–response analyses for beryllium 
exposure (all forms) at plants 6 and 7, which began operations 
in the 1950s, to estimate whether the risk per unit exposure was 
similar to that observed for the three-plant cohort, which was 
dominated by the larger and higher-exposed plant 2. We used 
the same cohort definitions, cohort entry, mortality follow-up 
(1940–2005), exposure estimates and statistical methods as in 
the previous analysis,6 conducting Cox proportional hazards 
regression of underlying-cause lung cancer deaths (International 
Classification of Diseases (ICD)-6 and ICD-7 codes 162.0, 162.1, 
162.8, 163; ICD-8 and ICD-9 code 162 and ICD-10 codes 
C33–C34) in age-based full risk sets within the pooled plants 6 
and 7. We classified exposure into tertiles of the case distribution 


*Plant numbers correspond to those given in table 1 of Ward et al.2
†We assumed no beryllium fluoride (BeF) was used past 1966 at Plant 2.


(with cutpoints at 0.88 and 1.55 µg/m3 for mean exposure and 
723 and 4211 µg/m3-days for cumulative exposure) for categor-
ical analyses. We used categorical and power (log–log) models 
to evaluate exposure–response patterns for mean and cumula-
tive beryllium exposures in the two-plant cohort, comparing 
findings with published estimates from the full pooled cohort.6 
The power model form was selected as it well  describes the 
exposure–response shape within the full cohort.6 It represents 
the change in the log of the HR (relative to a defined dose) per 
unit change in the log of the dose. We adjusted for age, birth 
year, professional work status,6 potential silica exposure and (for 
cumulative exposure) an indicator of short-term work (<1 year) 
status. We evaluated but did not adjust for race and potential 
exposure to other lung carcinogens (acid mist, asbestos, chro-
mium, nickel),6 which changed risk coefficients by <10%. We 
evaluated potential confounding by smoking through an indirect 
adjustment,15 based on the distribution of smoking (determined 
in a 1968 survey) across exposure categories (online supplemen-
tary material).


Results
The vast majority of exposure-years across each plant were insol-
uble or mixed-solubility beryllium (online supplementary figure 
1). For plant 2, overall only 9% of exposure-years were asso-
ciated with soluble-only beryllium, all occurring between 1938 
and 1966; insoluble beryllium exposure composed of  50% of 
the distribution and mixed-solubility  beryllium exposure 37% 
of the distribution (online supplementary figure 1a). For plant 
6, total beryllium exposure-years comprised 7% soluble-only, 
64% insoluble-only and 29% of  mixed solubility. The insolu-
ble-only percentage increased over the years of plant operation 
(online  supplementary figure 1b). For plant 7, overall expo-
sure-years were 13% soluble-only, 67% insoluble-only and 17% 
of mixed solubility. The soluble-only contribution generally 
declined over time (online supplementary figure 1c).


We observed 75 lung cancer deaths in the two-plant cohort 
between the start of follow-up through 2005 (online supplemen-
tary table 1). The median levels of mean and cumulative exposures 
among cases were 1.3 µg/m3 and 1953 µg/m3-days (respectively) 
for the two-plant cohort and 15 µg/m3 and 2583 µg/m3-days for 
the three-plant cohort. We observed a monotonic increase in risk 
across exposure tertiles (table 1). The exposure–response coeffi-
cients for mean and cumulative exposures were 0.270 (p=0.061) 
and 0.170 (p=0.033), respectively, which were somewhat higher 
than in the three-plant cohort6 (table  1). Indirectly adjusting 
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Workplace


for smoking changed HRs by <10%, compared with the HRs 
shown in table 1 (online supplementary table 2).


Discussion
Since the publication of NIOSH’s quantitative exposure–response 
analyses of beryllium processing workers,5 6 two main criticisms 
have been directed at the studies’ relevance to the current work-
force8 9: first, it has been suggested that the three plants in the 
NIOSH studies were primarily handling ‘soluble’ forms of beryl-
lium. In fact, as noted in table 1 of Ward et al,2 all three beryl-
lium plants were engaged in operations associated with both 
soluble and insoluble forms. This observation was confirmed in 
our detailed analysis of exposure-years associated with specific 
departments and operations. The predominant form of beryl-
lium handled throughout the years of operation was insoluble, 
followed by mixed-solubility forms. Plant 2 (which dominated 
the three-plant cohort) had lower percentages of insoluble expo-
sure than plants 6 and 7, especially during early years. The risk 
per unit exposure in the two-plant cohort was similar to that in 
the three-plant cohort, suggesting that both soluble and insol-
uble beryllium exposures contribute to lung cancer risk. Second, 
it has been suggested8 9 that beryllium–lung cancer associations 
observed in the published NIOSH study were attributable to risks 
among highly exposed, early plant workers and are therefore not 
relevant to ‘modern’ (lower) beryllium exposures. In previous 
analyses,5 6 beryllium exposure was found to be positively asso-
ciated with lung cancer at each of the plants, and no evidence of 
effect modification was observed. The present analysis supports 
those findings, as the exposure–response coefficients for the two 
plants with more recent, lower exposure exhibited similar (or 
somewhat higher) risks per unit exposure compared with all 
three plants combined (table 1).


Limitations of the present analysis reflect those of the three-
plant cohort, including lack of smoking data for the complete 
cohort (although our analyses suggest little confounding by 
smoking) and exposure uncertainty derived from the use of an 
annually averaged job-exposure matrix.5 6 The relatively small 
number of lung cancer cases in analyses of only two plants 
reduced the precision of risk estimates somewhat. Further 
follow-up of this cohort should reduce this limitation. A number 
of job exposures were indeterminate with respect to solubility 
class; these jobs were associated with low exposure levels across 
the plants, suggesting this limitation had minimal impact on our 
findings.


In summary, we found monotonic increases in lung cancer 
risk with increasing mean and cumulative exposures in a 
pooled cohort of two plants with much lower exposure levels 
than previously studied.6 The mean working lifetime exposure 
at these plants (1.3 µg/m3) was lower than the current OSHA 
permissible exposure limit (PEL) of 2 µg/m3. Furthermore, risk 
per unit exposure for both mean and cumulative beryllium in 
this two-plant cohort with a higher percentage of insoluble expo-
sure was similar to that in the three-plant cohort. These findings 


suggest that the pooled cohort estimates on which OSHA’s lung 
cancer risk assessment is based are relevant for workers in the 
modern beryllium industry.
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