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Summary 
PSP 2017:  A voluntary product stewardship program (PSP) 

for High Temperature Insulating Wools 
 

 

Introduction 

 The manufacturers of refractory ceramic 
fiber (RCF)1 and other High Temperature 
Insulating Wools (HTIW) are committed to 
protecting the health and safety of their employees 
and those of their customers.  In the United States, 
these companies are represented by the HTIW 
Coalition.2 The primary objective of this 
organization is to develop and disseminate 
guidance on appropriate work practices and other 
occupational safety and health measures in the 
production and use of HTIWs. 
 
 The HTIW Coalition and its member companies have a successful track record of full 
cooperation with several US government agencies.  Among many initiatives, the HTIW Coalition 
developed a voluntary3 product stewardship program (PSP) with oversight by the US 
Occupational Safety and Health Administration (OSHA).   
 

This is the fifth annual report to be submitted to OSHA pursuant to the HTIW’s latest PSP, 
named “PSP 2017.”  Reports prepared subsequent 
to years one through four were shorter (abridged) 
reports, suitable for a wider distribution to OSHA 
Regional and Area offices and others seeking a 
high-level overview of the program. 

 
PSP 2017 is the fourth iteration of the 

industry’s voluntary PSP with OSHA oversight and 
extends previous programs initiated in 2002, 2007 
and 2012.  PSP 2017 builds upon the success of 
earlier iterations of the program (PSP 2012 (in 
place from 2012 to 2016), PSP-HTW (2007-2012) and PSP 2002 (2002-2006)).  Prior to 2002 the 

 
1 RCF belongs to a class of materials called synthetic vitreous fibers (SVFs), which also includes fiberglass and 

mineral wool.  RCF is also a type of high temperature wool (HTW).  RCF is more properly termed aluminosilicate 
wool (ASW), but the term RCF is more commonly used in the United States. 

2 In prior years, HTIW Coalition was known as Refractory Ceramic Fibers Coalition (RCFC).  For more 
information, see the coalition website at http://www.htiwcoalition.org/. 

3 This program differs from other voluntary OSHA programs, such as the Voluntary Protection Program (VPP).  
Among other differences, participation in PSP 2017 does not confer any immunity from OSHA inspections.  In fact, 
each of the HTIW Coalition full members has had one or more inspections during the course of the PSP.   
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industry conducted a similar program with oversight by 
the US Environmental Protection Agency (USEPA). 
 

Over the years, these stewardship programs have 
been deemed valuable by OSHA, NIOSH and industry.4 

 
PSP 2017, which runs from 2017 through and 

including 2021, includes most of the features of PSP 2012, 
modified as appropriate to reflect lessons learned in this 
and earlier programs. 

 
Based on the success of the previous PSP 

programs and the continued desire to manage possible 
occupational risks in the manufacture and use of RCF, 
HTIW Coalition and its member companies will meet 
with OSHA on May 4, 2022 to confirm the extension of 
the previous program to a fourth five-year program called 
PSP 2022. 

 
 This fifth annual report under the present 
agreement covers the complete five-year period with 
special emphasis on developments in 2021.5  This report 
was written on behalf of the HTIW Coalition by Data-Pro 
Consultants LLC (Data-Pro), for submission to OSHA and 
distribution to other interested agencies and organizations. 
 

HTIW Coalition Members 

 Members of the HTIW Coalition when PSP 2017 
was signed included Morgan Thermal Ceramics 
(http://www.morganthermalceramics.com) and Alkegen 
(formerly Unifrax 1 LLC) (http://www.alkegen.com/). 
 
 

 
4 See e.g., Waugh, R. A., (2002), PSP 2002, A Partnership to Succeed.  Insulation Outlook, July 2002.  More 

recently, see the letter from OSHA Deputy Assistant Secretary, Loren Sweatt, to HTIW Coalition, dated October 24, 
2017, available online at:  http://www.htiwcoalition.org/documents/Letter%20from%20OSHA%20to%20HTIW%
20Coalition%20for%20PSP%202017.pdf.  NIOSH comments are available online at: https://www.cdc.gov/niosh/
programs/manuf/partners.html 

5 When the US General Accounting Office examined OSHA’s voluntary compliance strategies (see http://
www.gao.gov/new.items/d04378.pdf), it concluded that results were promising, but noted that some partnerships did 
not submit evaluation reports.  This report is comprehensive and addresses all elements of PSP 2017.  

“OSHA expects the PSP will 
provide continuous 

improvements…and the 
periodic reports will 

demonstrate that companies 
are fulfilling the provisions 

of the PSP.  It is with this 
optimism and gratitude for 

your efforts that OSHA 
reaffirms its support…”   

Loren Sweatt, 
Deputy Asst. Secretary for 
Occupational Safety and 
Health, 24 October 2017 

“The [NIOSH] partnership 
with RCFC has led to the 
development of…more 
effective engineering 

controls and improved work 
practices” 

NIOSH website 
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Alkegen and Morgan Thermal Ceramics 
are major producers of RCF and other high 
temperature refractory materials in the United 
States and in many other countries of the world. 

 
Two other North American RCF 

manufacturers were associate members of the 
HTIW Coalition when PSP 2107 was developed; 
both became full members of the Coalition in 
October 2021:   
 

• Nutec, headquartered in Coahuila, México 
joined the HTIW Coalition as an associate 
member in 2008.  Nutec produces RCF and 
low biopersistence insulating products at a 
plant in México and has sales offices and 
distributors in 49 countries of the world 
(see http://www.nutec.com/). In 2016 
Nutec opened a plant in Huntersville, 
North Carolina to manufacture RCF 
products and low biopersistence insulating 
products for the US and Canadian markets. 

• HarbisonWalker International (formerly 
ANH Refractories Company) also joined 
the HTIW Coalition as an associate 
member in 2008 (see http://
www.thinkhwi.com).  HarbisonWalker 
International is headquartered in 
Pittsburgh, PA, and manufactures RCF at 
its Pryor, OK, plant.  HarbisonWalker 
International and its affiliates distribute 
RCF and other refractory products 
throughout North America, and have 
significant sales worldwide.  
 
With the inclusion of Nutec and HarbisonWalker International in the HTIW Coalition, 

100% of the North American producers of RCF are represented.  The global reach of RCF 
stewardship efforts now includes Europe, North America, Australia and several countries in Latin 
America and Asia. 

 
The members of the HTIW Coalition work closely with the European association of HTIW 

named ECFIA (http://www.ecfia.eu/).  ECFIA members6 operate a similar product stewardship 
program named CARE, an acronym for its objective to Control And Reduce Exposure.  The 

 
6 See https://www.ecfia.eu/about-members-partners/ for a list of members.   
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CARE7 Program includes the same features as PSP 2017, including exposure 
monitoring at plants owned by ECFIA members and at customer facilities 
throughout Europe. 

 
Representatives from OSHA have been invited to an annual briefing 

where a summary of program developments in 2021 will be presented.  
 

COVID-19 Pandemic:  Impacts On PSP 2017 Monitoring In 2021 

 One of the major components of PSP-2017 is collection of workplace monitoring samples 
at internal HTIW Coalition member plants and customer plants.  The outbreak of the novel 
Coronavirus disease (COVID-19) resulted in a worldwide pandemic in 2020 and 2021 that 
severely affected business activity.  US Government actions to mitigate spread of the disease 
included lockdowns (stay in place orders), travel restrictions, quarantine requirements8 for persons 
entering many states, social distancing and face mask requirements.  These actions, while 
necessary to control the spread of COVID-19, made workplace monitoring difficult or impossible 
throughout much of 2020 and 2021.  The impact on monitoring at customer facilities has been 
more severe than at internal facilities, as discussed below. 
 

Internal Monitoring:  After the first quarter of 2020, HTIW Coalition members and 
associate members experienced reduced demand for products as a result of the economic 
slowdown, and many workers were laid off or furloughed as production declined.  The reduced 
numbers of active employees meant that there were fewer workers to monitor, and fewer Industrial 
Hygienists (IHs) were available to collect samples.  Also, social distancing requirements that were 
imposed to reduce the spread of COVID-19 (i.e., maintaining a distance of six feet between 
workers) made attaching monitoring equipment to workers difficult.  Some IHs experienced 
increased resistance from workers selected to be monitored after March 2020 (workers expressed 
concern about maintaining social distancing throughout the monitoring event, and were reluctant 
to participate).  COVID-related restrictions were gradually relaxed in 2021, but the impact on 
sample collection persisted at many facilities. 

 
A consequence of these problems was reduced sample collection in some functional job 

categories (FJCs) at internal plants early in 2021.  In order to make sampling goals realistic, 
monitoring targets were reduced by a ratio equal to the current headcount divided by the pre-
COVID headcount at each plant (the target reduction ratio was updated each quarter).  Late in the 
year these adjustments were no longer required, and, by year-end, HTIW Coalition member 
companies were able to exceed the total internal sample target (339 samples collected against a 
target of 300 samples, including samples contributed by associate members (as noted above, Nutec 
and HarbisonWalker International are full members going forward).  Some internal FJC subgoals 
were not achieved (in the Finishing and Other (NEC) FJCs), but percent achievement in these FJCs 
was high at 90% to 95%. 

 

 
7 See https://www.ecfia.eu/support-exposure-control/ for details. 
8 Persons entering many states were required to quarantine for two weeks before traveling freely within the state.  

Many states maintained lists of other states with high numbers of COVID-19 cases; visitors from states on these lists 
were asked to self-quarantine for a period of time (typically 10 days to two weeks). 
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Figure 1 illustrates sample collection at internal plants throughout 2021.  Note that sample 
collection was ahead of schedule throughout the year, but due to worker shortages at some plants 
the targeted mix of FJCs was not achieved in some cases (details are given later in this report).  By 
year-end, HTIW Coalition members had collected 339 internal samples (39 samples over the 
internal sampling target of 300). 

 
Customer Monitoring:  Customer monitoring in 2021 presented greater challenges 

compared to monitoring at internal plants.  Internal plants generally have on-site personnel who 
collect the workplace samples; no travel is required to conduct monitoring.  In contrast, customer 
monitoring usually requires air travel and remote lodging in order to conduct a monitoring visit.  
Early in 2021, lockdowns, travel restrictions and quarantine requirements made customer visits 
very difficult or impossible in some regions of the country.  As the year progressed, restrictions 
were gradually relaxed, and customer visits were possible.  Yet some resistance to monitoring 
visits persisted, and the pace of customer visits was substantially reduced compared to pre-COVID 
years. 
 
 

 
 
 
 
 
 

     FIG. S-1.  Cumulative internal sample collection in 2021. 
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Figure S-2 illustrates sample collection at customer facilities in 2021.  No samples were 

collected in the first quarter as a result of the restrictions discussed above.  The 86 customer 
samples collected in 2021 was substantially below the target of 250 samples, representing about 
34% achievement.  This achievement is marginally better than observed in 2020 (29%).  As the 
remaining COVID-related restrictions are relaxed, HTIW Coalition anticipates the pace of 
customer sample collection will improve. 

 
HTIW Coalition and its members remain committed to achieving workplace sampling 

targets.  
 

Stewardship Program Scope 

 Before summarizing program results for 2021, it is appropriate to describe briefly the 
overall PSP 2017 program scope, which has remained essentially the same9 over the years. 
 

Table S-1 provides a high-level overview of the eight major components (exposure 
monitoring, medical monitoring, development of improved workplace controls/practices, 
specification of respirator required jobs and other elements of a respiratory protection program, 

 
9 There have been some changes in the program at a detailed level (based on lessons learned), but the overall 

scope has not changed. 

FIG. S-2.  Cumulative customer sample collection in 2021. 
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worker training, product research, environmental responsibility, and the development of an 
efficient communication strategy) included in this multi-faceted stewardship program. 

Component Elements/features 
Exposure monitoring at 
HTIW Coalition member 
and customer facilities 

Verify attainment of the recommended exposure guideline 
(REG) 
Assess determinants of exposure 
Track exposure trends 
Benchmarking 
 

Medical monitoring/ health 
effects research 

Continuing medical surveillance of current workers 
Continuing mortality study of present and former workers 
 

Workplace 
controls/practices 

Search for improved engineering controls and workplace 
practices to reduce occupational exposure 
 

Respirator use Ensure appropriate respirators are used for those jobs/tasks 
where feasible engineering controls and workplace practices do 
not ensure compliance with the REG 
 

Training Provide training sessions for employees of HTIW producers, 
customers, and others 
 

Product research Encourage research to develop improved understanding of 
determinants of fiber toxicity 
 

Environmental 
responsibility 

Minimize consumption of natural resources, reduce waste 
generation, and conserve energy. 
 

Communications Disseminate PSP results to key stakeholders 
Provide Annual Reports to OSHA 
 

 
  

 
TABLE S-1.  Major components and elements/features of PSP 2017. 
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Detail on PSP components 

Exposure monitoring is conducted at both HTIW Coalition member plants and customer 
facilities using a statistically designed stratified random sampling plan (SRSP).  Time weighted 
average (TWA) fiber concentrations are measured on workers doing various jobs on various forms 
of RCF.  The SRSP is designed to provide accurate estimates of 
weighted average fiber concentrations for a fixed total sample size.  The 
purposes of this monitoring are to: 

• Verify attainment of the program’s recommended exposure 
guideline (REG) of 0.5 fibers per cubic centimeter (0.5 f/cc) for 
RCF,10 and applicable occupational exposure limits (OELs),   

• Present objective data on occupational exposure (with and 
without correction for the protective effect of respirators) to 
RCFs, 

• Measure time trends in worker exposure,  
• Provide relevant data for benchmarking, and to  
• Learn more about the determinants of exposure. 

   
To date the exposure database includes more than 31,600 

personal monitoring observations (time weighted average fiber 
concentration measurements11) collected in the United States, Europe, 
and a number of other countries globally.  Customers to be monitored 
include both those selected at random (“selectees”) and those who 
specifically request monitoring (“volunteers”).12  A typical monitoring 
visit entails a “walk around” observation, worker training, exposure 
monitoring, and finally an exit interview.  Monitoring results and any 
recommendations are included in a visit report provided to the customer 
by the HTIW Coalition member collecting the monitoring data.  

 
Insulating fibers are made in various forms, including bulk fiber, 

blanket, modules (folded blanket with attachment hardware to facilitate 
installation in industrial furnaces), vacuum formed shapes, putties, 
paper, felt, and textiles.  Exposure sampling includes all of the unit 
operations and processes associated with these product forms. 

 
Beginning in 2017, the HTIW Coalition voluntarily increased 

the annual sampling target for internal plants from 250 to 300 TWA 
samples.  This change was made in order to maintain the targeted 
precision of the weighted average fiber concentration estimate. 

 
 

10 The REG was developed on the basis of prudence and technical feasibility, not demonstrated risk.  NIOSH 
prepared a comprehensive criteria document in 2006 that established a recommended exposure limit (REL) that is 
numerically equal to the REG (see https://www.cdc.gov/niosh/updates/upd-06-12-06.html).   

11 Each observation, which may involve the analysis of samples from several cassettes, also records data on 
many other ancillary variables, including the sector, job, type of fiber, use of respirators (and make and model), and 
types of controls in place. 

12 Statistical analyses indicate that exposures are similar within each of these two groups. 
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Medical monitoring/health effects research is another key component of the PSP.  
Medical surveillance is conducted at HTIW Coalition member plants to inform workers of possible 
health effects of occupational exposure to RCF.  The University of Cincinnati (UC) and other 
researchers have completed and reported in peer-reviewed literature morbidity studies of 
occupationally exposed workers.  A mortality study of occupationally exposed workers continues 
at UC. 
 

Workplace controls/practices include use of exposure monitoring and other data 
collected to identify efficient engineering controls and workplace practices.  Data used to help 
identify and develop improved controls includes monitoring data collected as part of the statistical 
sampling plan according to a specified protocol (historical baseline samples) plus another group, 
termed special emphasis samples13 (SES), used for the assessment and optimization of engineering 
controls and work practices.  

 
PSP 2017 embraces the traditional hierarchy of controls to achieve compliance with the 

REG with first priority given to feasible and effective 
engineering controls and work practices.  However, it is 
recognized that some tasks/jobs require respiratory protection to 
ensure that exposures are reliably beneath the REG.  HTIW 
Coalition members comply with OSHA requirements and 
NIOSH recommendations and share useful information with 
customers.  

 
Training is an important component of PSP 2017.  

Training is provided to employees of HTIW Coalition member 
companies and also to customers and other interested parties.  
Methods for delivery of this training vary from “toolbox” or 
“tailgate” training sessions to more formal workshops and 
seminars.  In many cases, formal and informal training sessions 
are presented at customer visits for collection of workplace 
monitoring data.  A workshop was held in June 2015 for 
industrial hygiene (IH) personnel from both the United States 
and Europe to help ensure uniformity of reporting and 
reemphasize the commitment of RCF producers to the PSP.  
Similar follow-on training sessions were held as needed over the 
course of PSP 2017 as an introduction to the program for newly 
hired IH personnel, and as refresher training for experienced 
workers. 

 
PSP 2017 includes a product research component.  In 

the context of HTIW development the aim of research is to 
support the “3Ds” paradigm (dose, dimension, and durability).  
The objectives of this effort are to avoid or decrease any 

 
 13 Special emphasis samples are in addition to the 31,600 baseline monitoring samples reported above.  We 

estimate that approximately 2,500 SES have been collected in addition to the baseline samples. 
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potential hazards and avoid developing products that increase the potential compliance burden for 
customers or end-users. 

 
Environmental responsibility is a catch-all category used to denote efforts to minimize 

consumption of raw materials, conserve energy, and minimize waste generation rates by increasing 
process yields, recycling, and other means. 

 
Communications are a key component of PSP 2017.  This component includes the 

development of a variety of media presentations for various audiences ranging from “cartoon 
books” (available in several languages from both the HTIW Coalition and ECFIA) describing 
recommended handling practices to articles in peer-reviewed technical journals.  It also includes 
brochures, reports, and video clips on improved handling practices, safety data sheets (SDS) and 
reports to OSHA. 
 

Though not formally part of 
PSP 2017, the monitoring program 
also includes alkaline earth silicate 
(AES) wools and polycrystalline 
wools (PCW) in addition to RCF. 
 

Key Results 

Some of the PSP 2017 
components have numerical targets.  
As discussed above, COVID-19 
restrictions prevented achievement 
of the numerical sample target for 
customers; sample collection for 
internal plants exceeded the target.  
Table S-2 (placed at the end of this 
section) summarizes achievements 
in 2021 for the various PSP 2017 
components.  The main body of the 
report provides additional detail. 

 
Results of the exposure 

monitoring program in 2021 
indicated that: 
 

• Aggregate sample collection targets were exceeded at HTIW Coalition member plants; 
COVID-19 restrictions prevented collection of customers samples for much of the year, 

• RCF manufacturers and customers continue to demonstrate high rates (98-100% 
including the effects of respirators) of compliance with the industry’s REG,  

• Weighted average TWA concentrations at both fiber producers and customers have 
decreased substantially since the integrated industry-wide program began.  Figure S-3 
shows a time trend of weighted average exposures at manufacturers and customers 

 
FIG. S-3.  Time trends in weighted average TWA concentrations at 

manufacturer and customer facilities. 
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from 1990 to 2021.  (The weighted average concentrations plotted in Fig. S-3 
[measured in units of fibers per milliliter, f/ml] do not take into account the protection 
provided by respirators, if worn.  Weights used in computing the weighted average 
fiber concentration are equal to the proportion of workers in each of eight FJCs.)  
Although the overall trend shown in Fig. S-3 is one of decreasing exposures, there is 
scatter about this trend with occasional ‘upticks’ and recoveries.  Exposures at 
manufacturers experienced an uptick in 2014 and the weighted average exposure was 
greater than the predicted value based on the long term trend.  Although similar 
excursions have occurred in the past, RCF producers examined the exposure data 
closely to identify which plant-process combinations have experienced increases and 
to determine whether there were assignable causes for any exposure increases.  At some 
facilities, increases were attributable to unique (and probably non-recurring) 
circumstances.  At others, it appears that the capacity of engineering controls did not 
keep pace with fiber production or throughput and plans were developed and 
implemented to increase the capacity of controls.   

• Coalition members were mindful of the 2014 uptick and implemented several physical 
plant upgrades and/or administrative programs to get things back on track.  For 
example, in 2015:  

o Morgan Thermal Ceramics implemented major local 
engineering control improvements at two manufacturing 
facilities in the form of new or additional dust collectors 
at fiber handling stations, several new booth-style dust 
filtration systems, improved ductwork and new exhaust 
hoods at fiber cutting stations, and a new water jet cutter.  
These improvements were made in response to the need 
for increased engineering controls associated with 
increased fiber production and to reduce airborne dust 
concentrations. 

o Alkegen added controls and also developed a new 
green-amber-red (GAR) action plan to provide 
feedback.  Under this plan fiber concentrations above 
the REG (red observations) are reported directly to senior management as well 
as IH and plant personnel; those beneath the REG but at or above the 95th 
percentile (amber observations) are reported to IH and plant personnel for 
investigation; and those not fulfilling either of these conditions (green 
observations) are viewed as being “in control.”  The intent of the GAR model 
is to ensure that exceptional results have increased visibility and to provide 
more rapid feedback of monitoring results so that the search for corrective 
actions can proceed expeditiously. 

• As shown in Figure S-3, the actions taken by HTIW Coalition member companies have 
reduced the overall weighted arithmetic mean fiber concentration to values consistent 
with the long-term trend for the entire duration of PSP-2017 (2017-2021).  Continuous 
improvement under the PSP remains an objective. 

• Historically, weighted average TWA concentrations at customer facilities were 
somewhat higher than those at manufacturers in part because they engage in certain 
higher-exposure jobs (such as installation and removal of after-service furnace 
insulation) that are not performed by fiber producers.  But the differences in weighted 



PSP 2017 – A Voluntary Product Stewardship Program (PSP) 
Fifth Annual Report – April 2022 

S-12 
 
 

 

exposures between manufacturers and their customers have grown smaller over the 
years—a key indicator of the success of the PSP as lessons learned by RCF producers 
are shared with their customers. 

• The weighted average fiber concentration trend data suggest a diminishing returns 
situation as progress in reducing weighted average exposures has slowed over the years.  
Fiber producers believe after more than 30 years of research that they have a good 
understanding of the determinants of exposure for all jobs and have developed effective 
engineering controls for most jobs.  The high rate of compliance with the industry REG 
noted above attests to this.  Jobs can be partitioned as follows: 
o Many jobs already have exposures well beneath the industry’s REG and are well 

controlled.  
o Some jobs, such as mixing/forming (particularly mixing) have exposures closer to 

the REG and effective controls (such as local exhaust ventilation and closed tank 
tops) are known.  The industry continues to share this knowledge with customers. 

o A few jobs, such as certain finishing operations, have higher exposures that can be 
reduced with additional controls, such as greater use of local exhaust ventilation 
(LEV).  Respirators are used selectively for these applications and work continues 
to find better control options.  

o And finally, certain jobs (typically removal of after-service insulation) have high 
exposures that cannot readily be reduced with engineering controls (even though 
this has been a subject of continued study over the years).  Use of respirators is 
required for these jobs. 

o Notwithstanding the flattening of the exposure trends, there has been significant 
progress in reducing exposures over the years, which has materially reduced the 
cumulative exposure of workers employed in this industry compared to what would 
have occurred without the PSP.  Figure S-4 shows (for both manufacturer (internal 
plants) and customer (external plant) measurements, see the shaded areas) that the 

 
FIG. S-4.  Graphs demonstrate cumulative exposure avoided by implementing the PSP program versus 

continued uncontrolled exposure at 1990 levels for manufacturer (internal) plants (left) and 
customers (external plants) (right). 
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cumulative exposure of either the manufacturer or customer cohorts (beginning in 
1990 when the first integrated industry-wide stewardship program was developed) 
would have been substantially larger but for the exposure reductions brought about 
by the product stewardship program.  The general shapes of these curves will 
remain the same even if there are no further exposure reductions. 

 

Health Effects Studies 

Over the years the HTIW industry has sponsored 
numerous studies on RCF toxicology (e.g., animal studies and 
studies of relevant physical properties) and epidemiology 
(morbidity and mortality).  As well industry scientists and 
consultants continue to monitor the peer-reviewed scientific 
literature to learn more about possible health effects associated 
with exposure to RCF.  Of particular relevance, the industry 
has sponsored a series of studies of morbidity and mortality of 
RCF-exposed cohorts conducted by University of Cincinnati 
researchers.  Earlier epidemiological studies of cohorts 
occupationally exposed to RCF concluded that the prevalence 
of respiratory symptoms (LeMasters et al., 199814) and interstitial changes (Lockey et al., 200215) 
was similar to that found in other dust exposed populations.  Studies also reported that there was 
a statistically significant association between RCF exposure and pleural plaques (Lockey et al., 
2002). 

 
A key component of the epidemiological studies is an ongoing mortality study.  When 

updated in 201716 the authors indicated that results were consistent with earlier findings; there 

were pleural plaques, no interstitial fibrosis, and no increased lung cancer cases.  The excess of 

cancers of the urinary organs persisted (for those with the highest exposure), but there was 

significant co-exposure to tobacco and carcinogenic chemicals.  One death attributed to 

mesothelioma (unconfirmed tissue pathology diagnosis) was identified in a worker reporting 

asbestos exposure.  

 

The most recent mortality report update from University of Cincinnati investigators is now 

in press and available online.17  The results remain consistent with prior studies with no significant 

association with all causes, all cancers, or lung cancer. The increased elevation of malignancies of 

the urinary organs in the highly exposed workers was again seen, although at least six of the nine 

workers with urinary cancers were smokers and several had exposures to chemical carcinogens in 

the workplace.  A second employee currently living with a pathologically confirmed mesothelioma 

 
14 LeMasters, G. K., et al., (1998).  An industry-wide pulmonary study of men and women manufacturing 

refractory ceramic fibers.  Am. J. Epidemiol., 148: 910-919. 
15 Lockey, J. E., et al., (2002).  A longitudinal study of chest radiographic changes of workers in the refractory 

ceramic fiber industry.  CHEST, 121: 2044-2051. 
16 LeMasters, G. K., et al., (2017).  A thirty-year mortality and respiratory morbidity study of Refractory 

Ceramic Fiber workers.  Inhal. Toxicol., 29(10): 462-470. 
17 LeMasters, G. K., et al., (2022, in press).  Mortality of workers employed in refractory ceramic fiber 

manufacturing: An update.  J. Appl. Toxicol.  (https://analyticalsciencejournals.onlinelibrary.wiley.com/doi/full/
10.1002/jat.4295) 
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was identified, but the SMR was non-significant when both were included in the analyses.  The 

association of these two mesothelioma cases with RCF exposure alone is unclear because of past 

significant asbestos exposure.  This latest update is particularly relevant as the cohort has aged and 

the time since first exposure for cohort members has increased, making it possible to learn more 

about the likelihood of diseases with longer latencies.  
 
The main body of this report provides more detail about the 2022 University of Cincinnati 

results. 

  

Concluding Comments 

As noted above, this is the fifth (and final) report under the present PSP agreement with 
OSHA.  Manufacturers of RCF have learned a great deal from the results of the ongoing PSP and 
believe that there is value in continuing this program. 
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TABLE S-2.  PSP 2017 Fifth Year achievements. 
Goal(s) Tasks Fifth Year Achievements 

Work Practices: 
To encourage all manufacturers, 
customers and end-users to follow 
proper work practices when handling 
RCF products. 

• Update and communicate HTIW Coalition recommendations 
for the proper handling of RCFs and cost-effective 
engineering controls (ongoing). 

• Ongoing. 

• Promote HTIW Coalition training aids for the proper 
handling of RCFs (ongoing). 

• Ongoing. 

• Communicate “Best Practices” for work tasks with elevated 
airborne fiber concentrations (ongoing). 

• Ongoing. 

Worker Training: 
To develop focused training materials. 
 
To provide information to customers 
and end-users regarding potential 
occupational hazards, appropriate work 
practices and exposure controls. 

• HTIW Coalition and its members will continue to develop 
and refine standardized employee training aids, including 
new aids such as on-line training techniques (ongoing). 

• Ongoing. 

• HTIW Coalition members commit to conduct PSP training 
sessions when requested. 

• 11 training sessions were held to train 83 people at 
customer facilities including contractors and distributors 
working with RCF. 

• 319 training sessions were held to train 3,058 people at 
domestic manufacturing facilities. 

• Total training: 330 reported sessions; 3,141 people 
trained.  See text in Worker Training and Customer 
Service Activities sections, and summarized above. 

• The PSP 2017 Five-Year Report will contain information 
about the training sessions conducted, including the number 
of people trained, videos, brochures and other material 
distributed during training. 

• A summary of training over the 5-year PSP program is 
included in this report.  

Note:  Tasks taken from the PSP 2017 program documents. 
  

TABLE ES- 2.  PSP 2012 Fifth Year Achievements Compared to PSP 2012 Deliverables. 
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TABLE S-2 (cont’d.).  PSP 2017 Fifth Year achievements. 
Goal(s) Tasks Fifth Year Achievements 

Medical Monitoring: 
To ensure exposed RCF manufacturing 
workers are evaluated for the potential 
manifestation of fiber exposure-related 
health effects. 
 
To improve customer awareness of the 
medical surveillance requirements of 
OSHA’s respiratory protection 
standard. 

• HTIW Coalition member companies will maintain a medical 
monitoring program for their workers producing RCF 
(ongoing). 

• HTIW Coalition members have continued the medical 
monitoring program.  See section titled on Medical 
Monitoring in text.  Additionally, the epidemiology study 
(mortality) is ongoing. 

• HTIW Coalition member companies will inform end-users 
about the key elements of HTIW Coalition medical 
surveillance program (ongoing). 

• Ongoing. 

Exposure Monitoring: 
To evaluate and improve the relative 
understanding of workplace exposures. 
 
To facilitate informed decisions 
regarding improvements in exposure 
management, including the use of 
respiratory protection. 
 
To focus resources upon prioritized 
initiatives to reduce occupational 
exposures to airborne fiber. 

• Continue to evaluate existing exposure monitoring data to 
identify targets of opportunity to improve exposure 
management (ongoing). 

• Ongoing.  See discussion in section titled Exposure 
Monitoring. 

• Continue monitoring at manufacturing facilities [TARGET: 
about 300 (8-hr. TWA) samples annually] to address 
employee RCF exposure and to support the epidemiology 
study (ongoing). 

• 339 samples were collected in 2021 from manufacturing 
facilities.  Seven area samples were collected from 
manufacturers in 2021.  12 Special Emphasis Samples 
(SES) were conducted in 2021 at manufacturing plants. 

• Continue exposure monitoring at customer facilities 
[TARGET: about 250 (8-hr. TWA) samples annually] to: 
(1) provide feedback; (2) track exposure trends (ongoing). 

• 86 samples were collected in 2021 from customer 
facilities.  No area or Special Emphasis Samples (SES) 
were collected at customer facilities in 2021. 

• Identify specific job tasks/situations for exposure monitoring 
using various sampling techniques to (1) evaluate the 
relative effectiveness of RCF control options, (2) facilitate 
RCF exposure reductions (ongoing). 

• Ongoing.  See Exposure monitoring section. 

• Data, analysis, and findings shall be compiled in the PSP 
2017 interim annual reports and the five-year reports and 
shared with OSHA and other interested parties. 

• Included as part of this annual report in the Exposure 
Monitoring section. 

Note:  Tasks taken from the PSP 2017 program documents. 
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TABLE S-2 (cont’d.).  PSP 2017 Fifth Year achievements. 
Goal(s) Tasks Fifth Year Achievements 

Quality Assurance / Quality Control: 
To provide independent validations of 
exposure monitoring program results. 

• HTIW Coalition has prepared and adopted a quality assurance 
plan which it will continue to use (ongoing). 

• Ongoing, see QA/QC section of the report. 

• HTIW Coalition members will continue to utilize qualified 
independent auditors as a mechanism to evaluate fiber sample 
collection techniques (at manufacturer and customer plant 
sites). 

• One audit at a manufacturer facility was conducted for 2021.  
The report is included in Appendix B and discussed in the 
QA/QC section of the report.   

• HTIW Coalition will require laboratories conducting fiber 
analysis (currently Clayton Laboratories) to annually provide 
evidence of its certification or other qualification (ongoing).  

• No discrepancies were reported by the auditors, therefore no 
corrective actions taken. 

• HTIW Coalition member companies will address any corrective 
measures required as a result of audit findings (ongoing). 

• No corrective measures required with sampling procedures. 

Customer Service Activities: 
To determine “best” work practices, 
engineering controls and process 
controls. 
 
Follow-up on the best practices 
commitments made earlier and 
communicate to customers. 
 
Develop labels and safety data sheets 
pursuant to the Global Harmonization 
System and OSHA’s Hazard 
Communication Standard. 
 
To promote continuous improvement in 
the appropriate handling and use of RCF 
products through employee and customer 
involvement. 

HTIW Coalition member companies will communicate the following 
types of information to its customers and end-users and will include a 
summary in the five- year report (and as appropriate in the interim 
annual reports): 

 

• Narrative reports on the most effective control measures and 
work-practices identified. 

• See Customer Service Activities section.  No published 
reports for 2021. 

• Document customer work practice changes using 
questionnaires, personal visits, or other methods. 

• No news for 2021.  See Customer Service Activities section. 

• Document number of individuals or companies requesting on-
site training, monitoring, or other assistance. 

• HTIW Coalition member companies received 30 telephone 
inquiries in 2021.  As reported in earlier reports, HTIW 
Coalition member companies discontinued mailing printed 
literature in 2013.  The information that had previously been 
mailed (including handling guidelines, reports, multimedia 
presentations, and related material) is now more readily 
available from the member company and HTIW Coalition 
websites.  See section titled Customer Service Activities in 
the text for more information. 

• Track number of hits on PSP 2017 on HTIW Coalition’s web 
site (ongoing). 

• A technical problem with the coding on the HTIW Coalition 
website prevents reporting on the number of visitors and page 
views.  See the section titled Website Utilization for more 
information. 

Note:  Tasks taken from the PSP 2017 program documents. 
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TABLE S-2 (cont’d.).  PSP 2017 Fifth Year achievements. 
Goal(s) Tasks Fifth Year Achievements 

Customer Service Activities (continued): 
 • Track number of incoming inquiries to HTIW Coalition and 

company health and safety information numbers (ongoing). 
• As with the printed materials listed above, member 

companies are moving away from older methods of 
delivering information and relying instead on the internet to 
provide information.  Hotline calls have decreased 
substantially with the availability of online information.  In 
2021, only 30 hotline calls were received by HTIW Coalition 
members.  

 • Other customer service activities include:  
 - HTIW Coalition has identified respirator manufacturers 

and distributors that provide free respirator fit testing and 
training. 

• See literature published on www.HTIWCoalition.org and 
discussion in section titled Customer Service Activities. 

 - A list of these distributors and manufacturers, grouped 
geographically, will be made available to customers 
(ongoing). 

• Due to the complexity and widespread availability of 
respirator distributors and manufacturers, a geographically 
grouped list of distributors and manufacturers is not 
practical.  Instead, HTIW Coalition published toll free 
numbers for major distributors and manufacturers and 
suggestions on how to find help locally. 

Note:  Tasks taken from the PSP 2017 program documents. 
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PSP 2017:  A voluntary product stewardship program (PSP) 
For Refractory Ceramic Fibers 

Fifth Annual Report 
 

 

Key Features of PSP 2017 

 PSP 2017 is posted on the HTIW Coalition website (http://www.htiwcoalition.org/

documents/PSP%202017.pdf).  This section provides relevant information on each of the key 

sections.  The PSP documentation has been updated each time the industry and OSHA agreed to 

continue the PSP program.  For example, revisions to the PSP 2017 document were made to clarify 

compliance principles with respect to exceedances of the REG measured by OSHA during site 

inspections.  Important points include: 

o Compliance with all applicable OSHA regulations is required (e.g., respirators), 

o Confidence intervals based on monitoring data should be considered when 

evaluating exceedances of the REG, and 

o The REG is not the same as an OSHA PEL, and cannot be enforced as such 

Details are discussed in the “compliance principles” section. 

Scope 

 PSP 2017 applies to the manufacture, fabrication, furnace-lining installation and removal, 

and other occupational settings where exposure to RCF may occur.  HTIW Coalition and member 

companies are directly responsible for compliance with the voluntary initiatives of PSP 2017 in 

their own operations.  Additionally, the HTIW Coalition and its member companies provide 

relevant product stewardship and related information to their customers.  To help track the success 

of stewardship efforts, HTIW Coalition member companies conduct exposure monitoring on a 

statistical sample of customers each year.  Customers monitored are given copies of all monitoring 

results and suggestions to reduce exposure levels.  Sample budgets and monitoring results are 

provided in the Summary of this document.  

 The HTIW Coalition and member companies also provide information to regulatory and 

advisory agencies and to the wider scientific community using several media, including this annual 
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report, material posted on the HTIW Coalition website (and through its companion organization 

in Europe, ECFIA), and articles published in the peer-reviewed literature. 

Recommended Exposure Guideline (REG) 

 The HTIW Coalition adopted a recommended 

exposure guideline (REG) of 0.5 fibers per cubic centimeter 

(0.5 f/cc = 0.5 f/ml) for RCF in October of 1997.  (The REG 

was lowered several times in earlier years as RCF 

manufacturers developed improved engineering controls and 

workplace practices.)  The REG is based on prudence and the 

data developed over the years, which indicates that it is 

technically and economically feasible to attain an 8-hour time 

weighted average (TWA) concentration of 0.5 f/ml for the majority of jobs in various functional 

job categories (FJCs).18   

The intent of PSP 2017 is to reduce exposures to the lowest feasible level on the principle 

that “less is better” when it comes to exposure to any potentially toxic material.  In a 2006 Criteria 

Document,19 NIOSH adopted a Recommended Exposure Limit (REL) of 0.5 f/ml, identical to the 

REG.  The Criteria Document also recommended an action level of 0.25 f/ml because reducing 

exposures to this level substantially reduces the likelihood of any exceedance of the REG/REL.  

As noted in the discussion of monitoring results, the data continue to indicate that the majority 

of TWA fiber concentrations are well beneath the REG.  Indeed, weighted average fiber 

concentrations are close to the action level recommended by NIOSH. 

In 2015, a statement of compliance principles, including guidance on statistical procedures 

for compliance determination, was added to the HTIW Coalition PSP documentation.20  Details 

are discussed in the Compliance Principles section below. 

 
18 As part of the design effort a statistical sampling plan (specifically a stratified random sampling plan, SRSP) 

was employed.  The universe of jobs was subdivided into eight strata termed functional job categories. 
19 Refer to National Institute for Occupational Safety and Health (NIOSH), 2006.  Criteria for a Recommended 

Standard, Occupational Exposure to Refractory Ceramic Fibers.  Available online at:  
http://www.cdc.gov/niosh/docs/2006-123/. 

20 See http://www.htiwcoalition.org/documents/PSP%20Compliance%20Principles.pdf. 
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Control Measures and Work Practices 

 The HTIW Coalition member companies are committed to 

using product design, engineering controls, work practices, and 

respiratory protection or a combination thereof to ensure 

compliance with the REG.  As noted in the discussion on 

monitoring results, compliance with the REG is feasible for jobs 

in most FJCs without the use of respiratory protection.  For certain 

FJCs, however, including finishing, installation, and removal of 

after-service insulation, respiratory protection has proven 

necessary. 

 The HTIW Coalition and its members attempt to ensure that 

any changes to product properties do not lead to an increased 

compliance burden on the part of end-users.  There have been no 

changes in product properties during the past year that would have 

increased compliance burdens. 

Communications/Outreach 

 Effective communications are a key element of PSP 2017.  

This element includes providing relevant information on exposure 

control techniques, work practices, and respirator use guidelines.  

The HTIW Coalition website (http://www.htiwcoalition.org), its 

counterpart in Europe (http://www.ecfia.eu/), and the websites of 

the member companies contain many useful publications and 

articles relevant to exposure controls, handling practices, and 

respiratory protection.  The HTIW Coalition website also provides 

links to other relevant documents, such as the 2006 NIOSH Criteria 

document for RCF.21  The ECFIA website provides access to other 

relevant publications in the peer-reviewed literature 

(https://www.ecfia.eu/media/). 

 
21 Online at: http://www.cdc.gov/niosh/docs/2006-123/.  
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 RCF producers provide outreach information using a variety of media and directed to a 

variety of different audiences (using audience-appropriate language).  For example: 
 

• Both the HTIW Coalition22 and its European counterpart, ECFIA23 provide handling 

guidelines for RCF. 

• The HTIW Coalition provides a guidance document on obtaining respirators, fit testing, 

and employee training,24 and a self-monitoring program for those customers/users who 

wish to maintain an independent monitoring program.25   

• Both the HTIW Coalition and ECFIA publish a cartoon booklet, available in several 

languages26 for the Spanish language version) that summarizes good work practices for 

handling RCF.   

• HTIW Coalition and ECFIA member companies sponsor articles in peer-reviewed journals 

on exposure monitoring, employee health monitoring, and results of epidemiological 

studies (see below).  Typically, one or two articles appear annually.   

Relevant articles published in peer-reviewed journals 

 Pursuant to two elements of the PSP for RCF, health effects research and communication, 

the HTIW Coalition/ECFIA and their consultants continue to examine and contribute to the peer-

reviewed literature on topics related to possible health effects of occupational exposure to RCF.  

Since the 2016 five-year report, Maxim and Utell published two manuscripts in 201827,28 that 

reviewed RCF toxicity, epidemiology and occupational exposure (see full references in Appendix 

A).  A manuscript updating the ongoing mortality study (summarized below) prepared by the 

University of Cincinnati (UC) researchers has been accepted for publication.29  Although several 

articles related to RCF have been published since 2016 and are of interest, none of these contained 

 
22 See e.g., http://www.htiwcoalition.org/documents/Gen%20Handling%20Prac%20RCF%20Hearth%

20Products.pdf 
23 See e.g., http://www.guidance.ecfia.eu/files/ECFIA-CARE_Guidance-Level_1-Working_with_HTIW-v1_1-

2015-09.pdf. 
24 See e.g., http://www.htiwcoalition.org/documents/Guidance%20on%20Obtaining%20Respirators.pdf. 
25 See e.g., http://www.htiwcoalition.org/documents/Self%20Monitoring%20Document%20Combined.pdf. 
26 See e.g., http://www.htiwcoalition.org/documents/Comic%20Book_Spanish_FinalSM.pdf.  
27 Maxim, L. D. and Utell, M. J., (2018).  Review of refractory ceramic fiber (RCF) toxicity, epidemiology and 

occupational exposure.  Inhal. Toxicol., 30(2): 1-22. 
28 Utell, M. J. and Maxim, L. D., (2018).  Refractory ceramic fibers: Fiber characteristics, potential health effects 

and clinical observations.  Toxicol. Appl. Pharmacol., 361: 113-117. 
29 LeMasters, G. K., et al., (in press).  Mortality of workers employed in refractory ceramic fiber manufacturing: 

An update.  J. Appl. Toxicol.  (https://analyticalsciencejournals.onlinelibrary.wiley.com/doi/abs/10.1002/jat.4295) 
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data or conclusions that would materially change our understanding of the toxicological properties 

of RCF.  Selected articles are included in Appendix A. 

- Research Manuscript Recently Accepted for Publication: 

As anticipated in last year’s report to OSHA, UC researchers have updated their ongoing mortality 

study (as noted above their paper has been accepted for publication and is available online).  Earlier 

epidemiological studies of cohorts occupationally exposed to RCF concluded that the prevalence 

of respiratory symptoms (LeMasters et al., 199830) and interstitial changes (Lockey et al., 200231) 

was similar to that found in other dust exposed populations.  Studies also noted a statistically 

significant association between RCF exposure and pleural plaques (Lockey et al., 2002).  In 2017, 

(LeMasters et al., 201732) reported mortality, cancer incidence, and radiographic findings from a 

30-year investigation of current and former RCF workers.  The mortality study showed no increase 

in standardized mortality rates (SMR) for lung cancer, but urinary cancers were significantly 

elevated in the higher exposed group (SMR1⁄43.62, 95% CI: 1.33–7.88) and leukemia in the total 

cohort (SMR1⁄42.51, 95% CI: 1.08–4.94).  One death attributed to an alleged mesothelioma 

(unconfirmed tissue pathology diagnosis) was identified (SMR1⁄42.86, 95% CI: 0.07–15.93) in a 

worker reporting asbestos exposure.  The overall rate of pleural changes was 6.1% while interstitial 

changes were not elevated. 

 

 

 

 

 

 

 

 

 

 
30 LeMasters, G. K., et al., (1998).  An industry-wide pulmonary study of men and women manufacturing 

refractory ceramic fibers.  Am. J. Epidemiol., 148: 910-919. 
31 Lockey, J. E., et al., (2002).  A longitudinal study of chest radiographic changes of workers in the refractory 

ceramic fiber industry.  CHEST, 121: 2044-2051. 
32 LeMasters, G. K., et al., (2017).  A thirty-year mortality and respiratory morbidity study of Refractory Ceramic 

Fiber workers.  Inhal. Toxicol., 29(10): 462-470. 
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Results from the latest update:  In their in-press update33 (now available as an Advance 

Online Publication), UC researchers indicate: 

• This study evaluated the possible association between refractory ceramic fibers (RCF) 

exposure and all causes of death.  Current and former employees (n=1,119) hired from 

1952-1999 at manufacturing facilities in New York State and Indiana were included. 

• There was no significant association with all causes, all cancers, or lung cancer in any of 

the three evaluated groups (that is, low exposed <45 fiber-months/cc, high exposed > 45 

fiber-months/cc, and total exposed workers). 

• In the higher exposed but not the total or lower exposed groups, there was a significant 

elevation in both malignancies of the “urinary organs” (SMR=3.59, 95% CI 1.44, 7.40) 

and “bladder or other urinary site” (SMR=4.04, 95% CI 1.10, 10.36).  However, at least 

six of the nine workers with urinary cancers were known smokers and several had 

occupational exposures to chemical carcinogens such as in dye and metal industries. 

• In the lower but not the higher exposed group, there was a significant elevation in 

malignancies of the lymphatic and hematopoietic system and leukemia.  However, there 

was no consistent leukemia cell type as well as no dose-response relationship. 

• There was one pathologically unconfirmed mesothelioma death previously reported in 

2017.  A second employee currently living with a pathologically confirmed mesothelioma 

was identified, but the SMR was non-significant when both were included in the analyses.  

The association of these two mesothelioma cases with RCF exposure alone is unclear 

because of past significant asbestos exposure.  

 

Conclusions: The UC investigators concluded that the study did not demonstrate any 

increased lung cancer mortality in comparison to local, state, or national populations.  They 

considered the cause for the elevated mortality in urinary cancers as likely multi-factorial 

including past smoking and potential past industrial exposures during the early years of 

RCF production.  Because of the inability to discern the independent effect of RCF 

exposure in the presence of past asbestos exposure in both mesothelioma cases and a 

 
33 See reference in footnote 29 above. 
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possible association between the RCF production process and urinary cancers, the 

mortality study is ongoing and deaths from all causes will be monitored. 

 

 

 

Medical monitoring/health effects research 

 HTIW Coalition member companies continue medical surveillance programs for RCF-

exposed employees.  The primary purpose of these programs (consisting of X-ray and pulmonary 

function tests) is to inform employees of any possible health issues that need to be addressed by 

their physicians.  The results of company medical monitoring are provided as needed for the 

ongoing UC mortality study. 

Web Utilization Statistics 

In earlier reports (e.g., the fifth-year report prepared in 2017 after the end of PSP 2012), 

the HTIW Coalition provided information on the number of visits to the Coalition web page 

(www.HTIWCoalition.org) and the number of web page views.  Similar information is unavailable 

this year because it was discovered in February 2022 that the Google Analytics code was no longer 

embedded in the web page code of the Coalition web site.34  Without this code it is impossible to 

generate the numbers of visitors to the web page, the number of page views and other statistics 

previously reported.  The appropriate Google Analytics code will be added to the Coalition’s web 

pages so that these statistics will be available for future reports.   

Earlier statistics on website visits are instructive.  The number of total site users (both new 

and returning) visiting the HTIWCoalition.org site during 201635 was 911, and there were 1,349 

pages viewed during these visits.  In 2015, the HTIW website received 3,141 visitors who viewed 

a total of 7,208 pages.  These figures show substantial year-to-year variability, which probably 

continued throughout PSP  2017.  When available, web utilization statistics will be included in 

future reports. 

 

 

 
34 The Google Analytics code was likely removed inadvertently during website maintenance or updates.  
35 Annual data calculated from 11/15/2015 to 11/15/2016. 
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PSP Outreach Activities and Training Materials 
 
 The HTIW Coalition member companies continue to disseminate PSP-related information 

and materials in a number of forums.  Notable recent activities in the US and Europe included:  

 
• In August 2019, Dr. Dean 

Venturin (Vice President 

of HTIW Coalition) 

participated in an OSHA 

Webinar36 led by Larry 

McGowan (Supervisory 

Industrial Hygienist for 

OSHA).  The Webinar, 

broadcast live over the 

internet to OSHA enforcement officers, was designed as an introduction to the HTIW 

Coalition and to the voluntary PSP 2017 program.  A range of topics was covered, 

including: 

 

o Introduction to HTIW Coalition 

o HTIW product forms and applications 

o History of cooperative efforts between HTIW Coalition and EPA / OSHA 

o Principles and components of PSP 2017 

o Summary of monitoring results 

o Epidemiology update 

o Enforcement guidance for exposure to RCF. 

 

 
36 OSHA Training Institute Webinar #150, Live Event, August 26, 2019 
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• HTIW Coalition members 

periodically present PSP-related 

materials to employees at team 

events.  The example poster 

pictured here describes the 

components of PSP and the 

Alkegen37 approach to harmonizing 

product labeling globally.  While 

not always used as part of formal 

training sessions, poster boards such 

as this highlight the importance of 

Product Stewardship, and help to 

elevate awareness of PSP 

principles.  

 

• In Europe, ECFIA members have 

presented PSP-related materials at 

professional conferences.  The 

poster illustrated here was presented 

by personnel from ECFIA members 

Morgan Thermal Ceramics, Rath 

and Unifrax in 2018 at a conference 

of the British Occupational Hygiene 

Society (BOHS).  This poster 

summarizes components of the 

CARE Product Stewardship 

Programme, global monitoring activities, and recent results of monitoring in Europe. 

  

 
37 The training materials pictured were prepared prior to the time Unifrax became Alkegen, and therefore include 

the former company name. 

Posters used at internal training sessions and 
professional conferences 
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• ECFIA members have posted PIMEX videos on the ECFIA webpage (PIMEX is an 

acronym for Picture Mix Exposure).  The PIMEX process involves capturing video of a 

worker being monitored that, when played back, displays exposure levels concurrently with 

video of the worker performing various tasks.  PIMEX videos help to pinpoint specific 

processes in need of engineering controls improvements, and work practices that are 

associated with elevated fiber counts.  Precise identification of the causes of elevated 

exposures allows plants to focus corrective actions, and maximizes the effectiveness of 

resources dedicated to fiber reductions.  The examples posted on the ECFIA webpage38 

illustrate elevated exposures associated with poor handling practice, compared to lower 

exposures associated with good handling practices.  In North America, HTIW Coalition 

members have begun using PIMEX videos in recent years. 

 

• HTIW Coalition, ECFIA and individual members sponsor training sessions for Industrial 

Hygienists (in particular for new hires, but also as refreshers for experienced workers) 

covering a range of topics including the history and importance of the Product Stewardship 

Program, detailed procedures for collecting workplace samples and completing the data 

form, and other issues that emerge related to data collection.  These training sessions help 

to maintain the quality of the data as new Industrial Hygienists are brought into the 

program.  These training sessions continued in 2020 and 2021 via videoconference. 

 

• Both HTIW Coalition and ECFIA maintain websites where the public can view and 

download PSP-related materials and scientific papers.   
 

 

 

 

 

 

 

-HTIW Coalition Training Statistics 

 
38 See https://www.ecfia.eu/support-care-guidance-videos/ 
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HTIW Coalition member companies provided training sessions upon request and also 

conducted these during customer monitoring and consulting visits.  Manufacturing employees 

were also provided with training sessions.  During 2021, there was a reported total of: 

 

• 11 formal training sessions to train 83 people at customer facilities,39 and; 

• 319 training sessions to train 3,058 people at domestic manufacturing facilities.  

 

Overall, there were 330 training sessions in 2021 and 3,141 people were trained—the 

largest annual total to date.  The number of training sessions conducted at customer facilities in 

2021 is low compared to years prior to 2020, primarily because of COVID-related restrictions that 

limited the number of customer visits in both 2020 and 2021.  Data for the annual total number of 

sessions and people trained over the last 5 years of PSP 2017 are shown in Table 1 below.  While 

annual numbers vary, the annual number of sessions and numbers of people trained have increased 

significantly over the past few years.  For the years from 2017 through 2021, there have been 841 

training sessions and 9,402 people have been trained to increase worker safety when producing or 

handling RCF and RCF-containing materials.   

HTIW Coalition members continue to support their workers and end users with the training 

needed to use RCF products safely.  An update on the status of PSP literature and video distribution 

statistics are presented in the Customer Service Activities section of this report. 

 

 
39 “Training” also takes place in less structured ways not counted in the above tabulation.  For example, a facility 

visit typically includes a “walk around” by IHs, actual monitoring, debriefing, and submittal of a written report to 
company management.  IHs from HTIW Coalition member companies estimate that informal training takes place 
during 80% to 90% of the visits, often including more workers than actually monitored.  The above estimates count 
only those workers that attended more formal training sessions.  Estimates for attendance at less formal training 
would include many more workers. 
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Respirator Use 

The PSP 2017 document includes guidance to clarify which respirator should be worn by 

workers using RCF performing various specific tasks.  The PSP 2017 document makes the 

following general statement on respirator use: 

“The HTIW Coalition and its member companies support OSHA’s respiratory 
protection standards [29 CFR 1910.134 and 29 CFR 1926.103] that form the basis 
for the HTIW Coalition’s respiratory protection program.  Training programs and 
materials will incorporate all relevant requirements of OSHA’s respiratory 
protection standard.  The HTIW Coalition member companies will utilize 
appropriate respiratory protection when employee exposures are not “reliably” 
below the industry guidelines contained herein (based upon task-specific 
information; preferably employer-specific data, but relevant data from other 
sources may also be used).  The HTIW Coalition member companies will 
recommend the use of appropriate respiratory protection to end-users, in the 
circumstances where occupational exposures may exceed industry guidelines and 
effective engineering controls are not readily available.” 

 

In addition, to ensure that PSP 2017 was specific enough regarding the assigned protection factor 

(APF) of respirators recommended for wear while working with RCF, Everest Consulting 

  TABLE 1.  Review of training statistics under PSP 2017. 

 
Year 

Number of 
Training Sessions 

 
People Trained 

2017 140 1,409 

2018 122 1,393 

2019 90 1,351 

2020 159 2,108 

2021 330 3,141 

Total 841 9,402 
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Associates prepared a memorandum to explain why N95 filtering facepiece respirators are 

appropriate for workers exposed to RCF.40  The latest guidance reads as follows:41  

“When engineering and/or administrative controls are insufficient to maintain 
workplace concentrations below the 0.5 f/cc REG or a regulatory OEL, the use of 
appropriate respiratory protection, pursuant to the requirements of OSHA 
Standards 29 CFR 1910.134 and 29 CFR 1926.103, is recommended.  A NIOSH 
certified respirator with a filter efficiency of at least 95% should be used.  The 95% 
filter efficiency recommendation is based on NIOSH respirator selection logic 
sequence for exposure to manmade mineral fibers.  Pursuant to NIOSH 
recommendations, N-95 respirators are appropriate for exposures up to 10 times the 
NIOSH Recommended Exposure Limit (REL).  With respect to RCF, both the 
NIOSH REL and the industry REG have been set at 0.5 fibers per cubic centimeter 
of air (f/cm3).  Accordingly, N-95 would provide the necessary protection for 
exposures up to 5 f/cm3.  Further, the Respirator Selection Guide published by 3M 
Corporation, the primary respirator manufacturer, specifically recommends use of 
N-95 respirators for RCF exposures.  In cases where exposures are known to be 
above 5.0 f/cm3, 8 hour TWA, a filter efficiency of 100% should be used.  Other 
factors to consider are the NIOSH filter series N, R or P -- (N) Not resistant to oil, 
(R) Resistant to oil and (P) oil Proof.  These recommendations are not designed to 
limit informed choices, provided that respiratory protection decisions comply with 
29 CFR 1910.134.”  

Exposure Monitoring 

 Another key element of PSP 2017 is an ongoing exposure monitoring effort.  This effort—

originally implemented on an industry-wide basis in 1990—collects TWA personal monitoring 

samples from workers in plants operated by HTIW Coalition producers (referred to as “internal” 

samples) and at customer (and end-user) facilities (referred to as “external” samples).  These 

internal and external samples (see Fig. 1) are collected using a stratified random sampling plan 

(SRSP) with stated data quality objectives (DQOs).   

Data collected as part of this program are used among other purposes to: 

• Measure the extent of compliance with the recommended exposure guideline (REG). 

• Identify differences in workplace exposures among workers in different functional job 

categories (FJCs),  

• Track time trends in average workplace concentrations,  

 
40 Available at http://www.htiwcoalition.org/documents/Everest%20Memo.pdf.   
41 Guidance found in Coalition members’ Safety Data Sheets  under “Respiratory Protection.” 
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• Learn if there are systematic differences between exposures of workers employed in 

identical FJCs by RCF producers compared to those employed by customers,  

• Develop “before and after” snapshots to examine the effectiveness of intervention and 

monitoring visits, and to 

• Investigate whether or not there are systematic differences among customers in 

different industrial sectors.   

Because one major purpose of these samples is to track exposure changes over time, these 

(both internal and external) are referred to as historical baseline samples (HBS).  In addition to 

historical baseline samples, HTIW Coalition members collect another type of sample in both their 

own plants and at customer facilities.  These samples, called special emphasis samples (SES) are 

typically used to evaluate the effects of changes in engineering controls or workplace practices 

(see Fig. 2). 

 

  

 
 
FIG. 1.  Data for historical baseline samples. 
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Because SES are not collected using the same protocol as that used for historical baseline 

samples—for example, workers might not be selected at random but purposively selected as part 

of a study to evaluate changes in engineering controls or work practices—the results of SES are 

not comingled with the historical baseline samples.  Nonetheless, analyses of SES data can be 

quite useful in evaluating and improving controls and altered workplace practices.  SES are not 

discussed further in this report—but the lessons learned from the study of SES are incorporated 

into altered practices which should ultimately be evident in the HBS time series. 

-Historical Baseline Samples 

For 2021, the exposure monitoring targets for the SRSP were 300 internal samples and 250 

external samples.  The results of the exposure monitoring effort are discussed in a later section.  In 

terms of accomplishment of the specific collection goals: 

 
 

FIG. 2.  Historical baseline and special emphasis samples collected as part of the PSP. 
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• For historical baseline monitoring, 339 internal samples and 86 external samples were 

collected in 2021.  The number of samples collected exceeds the specific numerical 

target for internal facilities; the target for customer samples was not achieved as a result 

of COVID-related restriction described above.  The distribution of these samples 

among FJCs is reviewed below. 

The percentages of the collection targets reached in 2021 were 113%, 34%, and 77% for 

the internal, external and total collection budgets respectively. 

For the historical baseline samples (both external and internal), separate targets were 

established for workers in each FJC.  These disaggregated sampling targets, termed subgoals, were 

designed to increase the efficiency of the sampling plan42 and were not specified in the PSP 2017 

 
42 The measures of efficiency selected for optimization were the standard errors of the weighted average fiber 

concentrations in manufacturing and customer locations.  The design was based on a Neyman allocation, modified 
in the light of practical considerations. 

TABLE  2.  Planned versus actual collection activity in 2021. 

Type:  External Historical Baseline 
FJC SRSP Goal Actual Percent Goal 

Assembly 38 25 66% 
Auxiliary 50 14 28% 
Finishing 46 30 65% 
Installation 36 8 22% 
Mixing / forming 21 9 43% 
Modules 14 0 0% 
Other (NEC) 10 0 0% 
Removal 35 0 0% 
Subtotal 250 86 34.0% 
 
Type:  Internal Historical Baseline 

FJC SRSP Goal Actual Percent Goal 
Assembly 11 11 100% 
Auxiliary 50 67 134% 
Fiber production 82 102 124% 
Finishing 41 37 90% 
Mixing / forming 65 67 103% 
Modules 11 17 155% 
Other (NEC) 40 38 95% 
Subtotal 300 339 113% 
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document.  Table 2 shows the breakdown of the sampling effort among FJCs.  As can be seen for 

internal samples (i.e., samples from the RCF manufacturing cohort) subgoal targets were 

achieved in all FJCs except the finishing and other (NEC) categories.  The FJC targets are 

established for each company on a pro-rata basis and each company can control the extent of 

sampling in their respective facilities, under normal conditions.  As noted earlier, COVID-19 

restrictions resulted in reduced demand for RCF and consequently lower manning at internal 

plants.  Fewer workers were available for monitoring in some FJCs, resulting in the shortfalls noted 

above.  

Collection of customer samples was challenging in 2021 because of COVID-19 restrictions 

(e.g., travel restrictions, quarantine requirements and social distancing), resulting in only 34% 

achievement of the customer sample collection target.  Note that no samples could be collected in 

the modules, other (NEC) and removal categories.  HTIW Coalition anticipates improved sample 

collection going forward as COVID-related restrictions are lifted.   

It is important to note that any overage or shortfall in achieving subgoal targets does not 

bias any of the estimates, because the average fiber concentration in each FJC is weighted by the 

estimated fraction of workers in that FJC rather than the number of samples collected in each 

category.  Shortfalls decrease the efficiency of the sampling plan and inflate standard errors of 

various estimates.  Overages offset the effects of shortfalls and increase the precision of the FJC 

and weighted averages.  However, in cases where no samples could be collected in a category (i.e., 

in the modules, other (NEC) and removal categories for customers) it is necessary to assume an 

average value in order to calculate the weighted average.  In the weighted averages presented 

below, the 2021 average value is assumed equal to the average concentration over the past two 

years for the Modules, Other (NEC) and Removal FJCs at customer facilities.  

Analysis of HBS Exposure Data 

This section of the report presents an analysis of the HBS exposure data collected as part 

of PSP 2017, with emphasis on the data collected in 2021.  The RCF workplace concentration 

database upon which these analyses are based now contains more than 31,660 TWA concentration 

measurements (including samples collected as part of a companion program in Europe).  (The 

actual number of sample cassettes collected is significantly greater than this number because one 

to four or more cassettes may be required to complete a measurement for a given worker on a 
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given shift,43 and because SES are not included in this total.)  These data, collected (primarily) 

since 1990, represent the largest and most comprehensive data source on workplace exposure to 

RCF. 

Statistical techniques are used extensively for analysis of data because (as noted above) 

workplace fiber concentrations are highly variable.  The coefficient of variation (CV, ratio of the 

standard deviation to the mean) of workplace concentration measurements (even within a given 

FJC-plant combination) is often 1.0 (100%) or more—particularly at customer facilities.  In 

consequence, changes in average workplace concentrations cannot be detected immediately, but 

rather, large data sets collected over relatively long periods of time are required in order to reveal 

changes that have occurred, particularly if the changes are small. 

-Data Summaries for 2021—CDFs 

This subsection provides a summary of the baseline samples collected during 2021.  The 

first data summary is a cumulative distribution function (CDF) of the workplace concentration 

data.  The data are arrayed in ascending order of TWA fiber concentration, and the CDF plots the 

cumulative percentage of observations that are less than or equal to each particular TWA 

concentration. 

-Internal samples 

 Figure 3 shows the empirical CDF for samples collected at RCF manufacturer plants 

(internal samples).  Two curves are shown, the first (labeled “NO” in Fig. 3) for the TWA as 

measured without any correction for the protective effect of respirators, and the second (labeled 

“YES” in Fig. 3) for effective concentrations corrected for respirator use.44  Among these 339 

observations: 

 
43 Cassettes are changed whenever an employee changes jobs (i.e., moves to a different FJC) or if the hygienist 

believes that the filter might become overloaded.  Thus, for example, an employee who works throughout the shift in 
the same FJC with historically low exposure, would be monitored using a single cassette.   

44 The effective concentration is calculated as follows.  Let up = 1 if the ith worker was properly wearing a 
respirator and 0 otherwise, APFi be the assigned protection factor (APF) for this worker (APF = 1 if no respirator 
worn), ri = 1/APFi, and fi be the measured TWA for the ith worker.  Then the effective concentration = fi*(1-ui) + 
fi*ri*ui. 
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• The overall arithmetic mean and median TWAs (as measured) were approximately 0.15 

fibers per milliliter45 (f/ml,  0.15 fibers per cubic centimeter [f/cc]), and 0.10 f/ml, 

respectively.  The standard deviation was approximately 0.15.  The aggregate CV was 

equal to 1.01. 

• When adjusted for observed respirator use, the overall arithmetic mean and median 

TWAs were approximately 0.11 f/ml and 0.05 f/ml, respectively.  Thus, respirator use 

in this population lowered the average workplace concentration by a factor of about 

27% (see footnote for an explanation).46  The standard deviation of the corrected 

 
45 Note that the weighted-average fiber concentration for workers at plants operated by RCF producers in 2016 

was approximately 0.12 f/ml.  The figure cited above, 0.13 f/ml, is the unweighted value, calculated as the average 
of all observations collected.  The weighted value (calculated by multiplying the average value for each FJC by the 
fraction of workers in each FJC) is a more appropriate benchmark for comparison (in this particular case, the 
arithmetic mean and weighted average are similar, but this is not true in most years). 

46 While the assigned protection factor (APF) for a respirator is 10 or more, the use of respirators reduced the 
average fiber concentration by only 31% because not everyone wears a respirator.  The 31% reduction reflects the 
proportion of workers wearing respirators as well as the APF of each respirator worn. 

   
 
FIG. 3.  Empirical CDF of internal monitoring data for 2021 with ("YES") 

and without ("NO") correction for respirator usage. 
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workplace concentrations was approximately 0.12, and the aggregate CV = 1.18 for the 

respirator-corrected data.  (Respirators are required to be worn for those jobs where the 

probable fiber concentration is likely to exceed the REG.  Respirators are also provided 

to any worker who voluntarily elects to use a respirator, regardless of the expected fiber 

concentration.)  Many workers wore face coverings or masks to comply with COVID-

19 requirements in 2021; for these samples, we note that the worker wore a face mask, 

but no reduction in exposure was assumed (APF = 1). 

• Among plants operated by RCF producers 97% of the TWAs collected were beneath 

the 0.5 f/ml REG as measured; 99% of the workers were exposed to 0.5 f/ml or less 

when the protective effects of respirators are included.47 In 2020, these percentages 

were 98% and 100% respectively. 

 

Based upon the CDF curves, exposures at manufacturing plants in 2021 were similar to 

those measured in 2020.   

Coalition members implemented several physical plant upgrades and/or administrative 

programs to reverse an apparent uptick in exposures that was observed in 2014.  For example, 

Morgan Thermal Ceramics implemented major local engineering control improvements at two 

manufacturing facilities in the form of new or additional dust collectors at fiber handling stations, 

several new booth-style dust filtration systems, improved ductwork and new exhaust hoods at fiber 

cutting stations, and a new water jet cutter.  Alkegen (then Unifrax) developed a “green-amber-

red (GAR)” action plan to provide rapid feedback of elevated fiber concentrations to senior 

management to spur the search for assignable causes and possible corrective actions.  These 

programs were in effect throughout PSP 2017. 

The percentage of manufacturer workers with as-measured exposures beneath the REG 

varies slightly from year to year, and typically falls in within the range of 90% to 98%. 

Long time periods and large data sets are required to reliably detect small changes such as 

those observed between 2020 and 2021.  As stated earlier, these monitoring data are highly variable 

 
47 These percentages, with or without correction for respirator usage, refer to measurements on the day that the 

worker was monitored.  These numbers should not be confused with the percentage of workers that experience 
average concentrations in excess of the REG (i.e., chronic overexposure).  On a day-to-day basis the actual 
workplace concentration experienced by each worker varies in accord with some probability distribution.  Each 
concentration measured is a sample from this distribution. 
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(the CV is approximately equal to 1.01 in 2021 for manufacturing plants).  Year-to-year changes 

are shown as points of interest, but it should be noted that changes must be expected as a result 

of sample-to-sample variability.  An aggregated statistic is used (the weighted average) to track 

time trends over the life of the product stewardship program (1990 to 2021) in a subsequent 

section. 

-External samples 

Figure 4 shows the empirical CDF for samples collected at customer facilities (external 

samples).  Two curves are shown, the first for the TWA as measured without (labeled “NO” in 

Fig. 4) any correction for the protective effect of respirators, and the second (labeled “YES” in 

Fig. 4) for effective concentrations.  Among these 86 observations: 

 
 

• The overall arithmetic mean and median TWAs (as measured) were approximately 0.09 

f/ml and 0.04 f/ml, respectively.  The standard deviation was approximately 0.1.  The 

aggregate CV was equal to 1.18. 

• When adjusted for observed respirator use, the overall arithmetic mean and median 

TWAs were approximately 0.08 f/ml and 0.03 f/ml, respectively.  Thus, respirator 

usage in this population lowered the average effective workplace concentration by a 

factor of 11%.  The standard deviation of the corrected workplace concentrations was 

approximately 0.11 and the CV was equal to 1.42. 

• All (100%) of the TWAs collected at customer facilities were beneath the 0.5 f/ml REG 

as measured, and as adjusted for respirator use on the day monitored. 

 

Comparing these data to customer CDF data for 2019 and 2020 indicates that current exposures 

are lower than those recorded in 2019 and 2020.  In both 2019 and 2020, approximately 92% of 

the TWAs collected at customer facilities were less than or equal to 0.5 f/ml as measured; when 

adjusted for respirator use, approximately 99% and 92% were less than or equal to 0.5 f/ml in 2019 
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and 2020 respectively.  As with samples collected at manufacturing plants, year-to-year changes 

can be misleading—the customer data are particularly subject to variability, depending upon the 

type of removal operations that are available for monitoring in any particular year.  As noted above, 

analyses using larger baseline data sets and longer-term time trends provide a better indication of 

the trends among customer data. 

The sampling budgets used for PSP 2017 segregate the worker populations into eight FJCs.  

There are significant differences in terms of average fiber concentrations (and standard errors) 

among the FJCs for customers and manufacturers.  Using the statistical sampling plan the numbers 

of samples to be collected in each FJC are chosen so as to minimize the coefficient of variation of 

the weighted average concentration.  These sampling plans are thus optimized in terms of 

efficiency for a given total sample size, but the number of samples collected in each FJC is not 

solely proportional to the number of workers in that FJC.  Therefore, it is necessary to correct for 

this deliberate over-sampling so that overall CDF curves accurately represent the number of 

 
 

FIG. 4.  Empirical CDF of customer monitoring data for 2021 with 
("YES") and without ("NO") correction for respirator usage. 
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workers (rather than the 

percentages of samples as shown 

above) with exposures less than a 

given TWA value. 

Figure 5 shows weighted 

CDF curves for manufacturers and 

customers in 2021.  These curves 

have been constructed by weighting 

the empirical CDF curves for each 

FJC by the fraction of workers in 

that FJC, and summing across all 

FJCs.  These curves more accurately 

represent the number of customer 

and manufacturer workers with 

exposures (as measured, without 

adjustment for respirators) beneath 

a given TWA value.  Similarly, 

Figure 6 shows weighted CDFs for 

manufacturers and customers with 

adjustment for respirator use.  These 

curves show: 

 
• Approximately 96% of 

the workers at RCF 

manufacturing plants 

had weighted exposures 

beneath the 0.5 f/ml 

REG compared to 99% 

of the workers at 

customer plants in 2021.   

   
 

FIG. 5.  Weighted CDFs of customer and manufacturer data for 
2021 with no adjustment for respirator use. 

 
 
 

   
 
FIG. 6.  Weighted CDFs of customer and manufacturer data for 

2021, adjusted for respirator use. 
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• In terms of the weighted percentage of observations beneath 0.5 f/cc, exposures 

adjusted for respirator use for customers and manufacturers were similar in 2021.  

Although these curves indicate that exposures were lower at customer facilities in 2021, 

it is important to bear in mind that the 2021 customer data set was small, and that 

several FJCs were not represented.48  Firm conclusions on differences between 

customers and manufacturers based on CDF analysis should await a larger customer 

sample set. 

 

In broad terms, these data indicate that manufacturers and customers alike are able to 

comply with the 0.5 f/ml REG for a substantial majority—but not all—of the jobs.  The next 

section analyzes workplace concentrations by FJC.   

-Variation by FJC 

 The CDFs plotted in Figures 3 through 6 are based on the workplace concentrations as 

measured, without regard to exposure category (FJC).  As such, these distributions reflect the 

variability within exposure category and the distribution of sampling effort among FJCs.  Prior 

analyses of these data have shown that workplace concentrations vary with FJC, plant, specific 

unit operation/process, and (in the case of customer observations) the industrial end-use sector.  

This subsection provides data summaries by FJC for both manufacturer (internal) and customer 

samples.  The purpose of these comparisons is to identify exposure differences among FJCs and 

identify FJCs with relatively high exposure.  The average workplace concentration for an FJC is 

one criterion (the number of exposed workers is another) used for targeting exposure reduction 

efforts. 

Figure 7 presents a bar chart showing the average (arithmetic mean) TWA by FJC (without 

[dark fill] and with [light fill] adjustments for respirator use denoted RTWA) for internal samples 

(workers employed by RCF producers).  The FJCs are arranged in descending order of measured 

average concentrations (without correction for respirator use) for the year 2021.  Shown also (lines 

 
48 When preparing the weighted CDF curves, it is necessary to have data from all FJCs; for these curves, the most 

recent available data sets are used to approximate 2021 exposures in the customer FJCs for which data are not available 
(Modules, Other (NEC) and Removal).  Results shown are therefore approximate. 
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drawn from each bar) are 95% one-sided upper confidence limits of each mean, which indicate the 

precision of these averages. 

Over the years analysis of variance (ANOVA) techniques have consistently shown that the 

differences among mean workplace concentrations for these FJCs are statistically significant, and 

this continues to be true for the data collected in 2021.  The particular pattern of exposures by FJC 

varies somewhat from year-to-year as a result of random fluctuation and progress (or occasional 

setbacks) in exposure reduction efforts.  (Comparisons with historical sampling results are shown 

below.)  Data collected in 2021 confirm the broad pattern of results seen in earlier years for most 

FJCs.  For example, exposures in the finishing and mixing/forming FJCs are typically relatively 

high.  In the case of finishing, this is true because mechanical energy is transferred to RCF 

materials by (for example) saws, sanders or grinders.  Exposures can be high in the mixing/forming 

FJC because of the mixing process—when bulk RCF is added to mixing tanks some RCF may 

become airborne if proper engineering controls and work practices are not implemented. 

Exposures in other FJCs tend to be relatively low.  For example, tasks in the auxiliary (e.g., 

supervision, shipping, maintenance) have historically been associated with relatively low 

 
FIG. 7.  Arithmetic mean TWA of manufacturer workplace data by 

FJC as measured, and as corrected for respirator use, 2021 
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concentrations.  Figure 7 shows that these relationships held true in 2021.  Similarly, exposures in 

other (NEC) have been low (comparable to the auxiliary category).  This remains true in 2021.  

Figure 8 shows the same information as Figure 7, but for customer (external) samples for 

the year 2021.  As noted earlier, no customer samples could be collected in several categories in 

2021 (modules, other (NEC) and removal)—bars for these FJCs are missing from Figure 8.  FJCs 

with relatively high measured concentrations include finishing and mixing/forming.  The finishing 

and mixing/forming FJCs have historically had relatively high concentrations.  In 2021, the pattern 

of arithmetic mean concentrations in customer FJCs shown in Figure 8 is similar to that observed 

in most previous years, for those FJCs that could be monitored in 2021. 

It is useful to note that average effective concentrations (adjusted for effects of respirators) 

in all FJCs at customer facilities in 2016 were well beneath the REG of 0.5 f/ml.  The highest 

respirator-adjusted average concentration was approximately 0.14 f/ml in the mixing/forming FJC. 

   

 
 

FIG. 8.  Arithmetic mean TWA of customer workplace data 
by FJC as measured, and as corrected for 
respirator use, 2021. 
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Note also from the averages plotted in Figures 7 and 8 that the ratio of the effective 

concentrations (corrected for respirator use, the light bars) to measured concentrations (the darker 

bars) varies with the FJC.  This occurs because the extent of respirator use varies with workplace 

concentration and, therefore, with FJC.  Maxim et al.49 developed models, called respirator 

response functions (RRF) that describe the probability that a respirator will be worn as a function 

of workplace concentration.  Because respirator use varies with TWA, workers in FJCs with the 

highest measured concentrations are not necessarily those with the highest effective exposure.  

This is true because: 

 

• For FJCs where the typical concentration is relatively low (such as the other (NEC) 

and auxiliary categories in Fig. 7), respirators are not required and not generally used.  

(All workers have the option of voluntarily using respirators, and some elect to do so 

even though concentrations are expected to be relatively low.)  For these FJCs the 

average workplace concentrations corrected for respirator use are nearly the same as 

those as measured (because few workers elect to wear respirators), but are relatively 

low in any event.  

• For FJCs where the typical concentration is relatively high (such as the installation 

category in Fig. 7), respirators are required for many jobs.  For these FJCs the average 

workplace concentrations corrected for respirator use are substantially beneath those 

as measured and, therefore, are also relatively low.  Respirators, if worn properly, 

reduce the effective concentration substantially (by a factor of 10 or more, depending 

upon the type of respirator). 

• Thus, effective exposures are usually highest for those FJCs with measured workplace 

concentrations in “the middle;” higher than those in the low-exposure FJCs, but not 

high enough to require respirator use. 

 

Because of this phenomenon, the rank ordering of FJCs in terms of effective exposure 

differs from that as measured.  For example, the average as-measured concentration for workers 

in the finishing FJC was highest among all FJCs at manufacturer facilities in 2021.  But, a large 

 
49 Maxim, L. D., et al., (1998).  The development and use of respirator response functions as part of a workplace 

exposure monitoring program for control of potential respiratory hazards.  Reg. Toxicol. Pharm., 27: 131-149. 
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percentage of the installation workers monitored wore respirators, so the respirator-adjusted 

concentration is reduced beneath that of mixing/forming workers. 

-Variation by FJC:  Historical Baseline Comparisons (Internal Samples) 

The information presented in Figures 7 and 8 above shows how 2021 average workplace 

concentrations (internal and external samples) vary with FJC with and without adjustments for 

respirator use.  Analyses presented in this subsection show how the measured 2021 data collected 

at plants operated by HTIW Coalition members compare with historical norms by FJC.  Following 

the pattern of recent reports, we have defined the baseline period as the five years immediately 

prior to the current year.  The current data are for year 2021, and the baseline period is, therefore, 

defined as years 2016 through 2020.  

Figure 9 presents a bar chart showing the arithmetic average TWA concentration (as 

measured) for the five-year baseline period (darker bars) and for the year 2021 (lighter bars) for 

each FJC for internal samples.  FJCs are shown in descending order of the (2016 - 2020) five-year 

average TWA concentration.  The one-sided 95% upper confidence limit on the mean is shown as 

a line extending from each bar.  Comparing data for 2021 with the baseline, average concentrations 

 
FIG. 9.  Arithmetic mean TWA of internal workplace data 

collected from 2016 to 2020 compared to 
measurements taken in 2021, by FJC. 
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were lower in 2021 for all FJCs except assembly, modules and auxiliary, and the differences were 

statistically significant for the assembly and auxiliary FJCs categories.  (RCF manufacturers do 

not normally engage in either installation or removal jobs, and these FJCs are not shown in Fig. 

9.)  Average exposures (and upper 95% confidence limits) are beneath the REG of 0.5 f/ml for 

each FJC.  The HTIW Coalition member companies will continue to monitor these exposures 

closely and continue to work towards reducing concentrations in all FJCs. 

-Variation by FJC:  Historical Baseline Comparisons (Customer Samples): 

Figure 10 shows average TWA concentrations at customer facilities by FJC for the (2016-

2020) five-year baseline period compared to year 2021 data.  Compared to the baseline exposure 

period, average workplace concentrations have declined in all FJCs in 2021 and the difference was 

statistically significant for the finishing category. Changes in other FJCs vary in magnitude—some 

are large, others are relatively small, but they fail to reach statistical significance.  The baseline 

data for removal are high this year because of some large values recorded over the baseline period.  

 

FIG. 10.  Arithmetic mean TWA of customer workplace data 
collected from 2016 to 2020 compared to 
measurements taken in 2021, by FJC. 
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Until these larger numbers have time to ‘age’ out of the baseline set, the baseline levels for the 

removal FJC will continue to be high.  

 Although the HTIW Coalition member companies were unable to collect removal samples 

in 2021 because of COVID-19 restrictions, it is important to recall several facts about exposures 

in this category.  In earlier reports, removal concentrations were found to be low, but the Coalition 

cautioned that it was premature to claim any breakthrough in this area.  We suggested several 

reasons to withhold judgment: 

 

• Removal samples are difficult to obtain;50 consequently IHs tend to maximize the 

number of samples that can be collected at any given customer facility.  And, the 

number of removal observations collected annually is usually relatively small (during 

the 5-year baseline period, the number of removal samples collected ranged from 5 to 

12 samples, with an average yearly total of 8 samples) and beneath the SRSP target of 

35 samples. Thus, the yearly average can be greatly influenced by a single removal 

operation. 

• The removal FJC includes a wide variety of activities, from single module “spot” or 

“maintenance” removals, to removal of kiln car insulation or mold knock-out 

procedures at foundries, to full-scale removal of insulation from a large industrial 

furnace.  Fiber concentrations vary widely with the type of removal being monitored. 

• Experience suggests that it is very difficult to reduce exposures in the removal category 

by application of typical engineering control methods, except for relatively small-scale 

removal operation such as mold knock-out and kiln car removals (in these operations 

RCF is removed from relatively small parts compared to an entire furnace, and it may 

be possible to apply some form of engineering controls). 

• Removals vary with environmental conditions, from small confined spaces to large 

open (sometimes outdoor) areas.  Removals in confined spaces are usually associated 

with higher fiber concentrations. 

• Variations in work practices result in variations in exposures. 

 

 
50 The weighting factor for removal is 0.045.  That is, approximately 4.5% of the workers are engaged in 

removal activities, and they occur infrequently. 
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These factors result in significant variation in exposure from job-to-job and from year-to-

year in this FJC.  We have observed large swings in yearly averages in the removal category in the 

past—a brief review of some past levels illustrates this point: 

 

• In 2003 the average removal concentration was 2.5 f/ml; 

• In 2004 the average concentration fell to 1.4 f/ml; 

• In 2005 the average concentration fell to 0.76 f/ml; 

• In 2006, the average increased to 1.7 f/ml; 

• In 2007 the average increased again to 2.4 f/ml; 

• In 2008 the average concentration fell to 0.67 f/ml; 

• In 2009 the average concentration fell beneath the REG to 0.42 f/ml; 

• In 2010 the average increased to 0.67 f/ml; 

• In 2011 the average fell to 0.44 f/ml; 

• In 2012 the average fell to 0.25 f/ml;  

• In 2013 the average increased to just over 1.0 f/ml; 

• In 2014, the average fell to 0.44 f/ml   

 

Based upon experience and the nature of the removal process, we expect to see continued high 

variability and elevated concentrations in this category.  Experience has shown that year-to-year 

increases or decreases in average TWA concentrations are not uncommon, given the high 

variability in these data.  Some of the changes shown in Figures 9 and 10 are relatively modest and 

not statistically significant.  Data collected over many years are required to reliably reveal trends 

among slowly-changing data with such high variability.  Other changes are larger, and resulting 

trends are more quickly revealed.  We examine time trends covering data collected from 1990 to 

2021 in the next section. 

Longitudinal Time Trends 

This section examines trends in weighted-average fiber concentrations among RCF 

manufacturers and their customers (and end users).  Time trends for selected FJCs are also 

presented. 
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-Manufacturer Exposure Trends 

This section examines time trends in several FJCs at RCF manufacturing facilities from 

1990 to 2021.  Regression models are fitted to the data.  

Logically, it is plausible that the reduction in average fiber concentration might be greater 

for those FJCs that had relatively high fiber concentrations to begin with, as these have generally 

been the focus of efforts to reduce fiber concentrations.51 

 Figure 11 shows a time trend of average TWA fiber concentrations in the assembly FJC, 

from 1990 to 2021, at facilities owned/operated by RCF producers.  There has been substantial 

improvement in this category since 1990—as shown by the fitted trend.  Actual measurements in 

the assembly category are consistent with the trend line, with some variability, from 2017 through 

2021.  Past measurements in the category show that such variations are not without precedent. 

 

 
51 This conjecture is supported by data in most FJCs.  Removal is an exception, but manufacturers do not 

engage in this FJC. 

    
 
FIG. 11.  Average TWA fiber concentration trend in assembly FJC at  
                manufacturing facilities. 
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Shown also in Figure 11 is a fitted model (solid line).  The model is of the form fT = 0 (T – 

1989) 
1.  In this model, fT is the average fiber concentration in year T, and 0 and 1 are parameters 

to be estimated from the data.  For these data, the best fit values for the two parameters 0 and 1 

determined by non-linear least squares are 0.558 and –0.416, respectively (R2 = 0.438). 

This particular model was suggested by analogy with learning curves (Asher, 1956,52 U.S. 

Army Missile Command, 196553) used to describe how the unit cost of procurement of aircraft, 

missiles, and other weapon systems varies with the cumulative production quantity.  Analysis of 

unit cost data for various types of aircraft (Asher, 1956) indicated that, when the cumulative 

production doubled, the unit cost decreased to a value 70–90% of the base cost.  The “slope” as it 

was called is numerically equal to 21.  For the workplace concentration data in this FJC, the slope 

is 2(-0.416) = 0.75, indicating that for each doubling of the time since the baseline time (1989) the 

average concentration decreases to approximately 75% of its original value. 

The learning curve model projects a continuous decrease in fiber concentration, albeit at 

lower rates.  Thus, this model captures diminishing returns. 

Concentrations were slightly above the trend line in 2021; in 2019 and 2020 the average 

values fell beneath the trend line.  Such variability is consistent with past results, and is to be 

expected for these monitoring data. 

As a second example, Figure 12 shows a similar time trend for the fiber production FJC at 

RCF manufacturing plants from 1990 to 2021.  Again, we observed substantial improvement over 

this period.  As with the assembly FJC, there is substantial variability, but the model appears to fit 

the data fairly well.  Note that the average TWA in the fiber production FJC decreased slightly in 

2021 compared to 2020.  For the workplace concentration data in this FJC, the slope is 2(-0.325) = 

0.80, indicating that for each doubling of the time since the baseline time (1989) the average 

concentration decreases to approximately 80% of its original value. 

Other FJCs exhibit greater variability and less dramatic decreases over time.  Figure 13 

shows the time trend for the finishing FJC at RCF manufacturing facilities from 1990 to 2021.  

Clearly, the variability in this category is quite high, and while there has been overall progress 

since 1990 as measured by the regression model, year-to-year results are sometimes deceiving.   

 
52 Asher, H., (1956).  Cost-Quantity Relationships in the Airframe Industry.  Rand Corp., Santa Monica, CA.  

Report R-291. 
53 Army Missile Command, (1965).  Alpha and Omega and the Experience Curve.  April 12.  pp. 168. 
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FIG. 12.  Average TWA fiber concentration trend in fiber production FJC at 
                manufacturing facilities. 

   
 

 
FIG. 13.  Average TWA fiber concentration trend in finishing FJC at  
                manufacturing facilities. 
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It has been noted in previous reports that, while the HTIW Coalition member companies 

have expended considerable effort to reduce concentrations in the finishing FJC, it should not be 

surprising if occasional apparent “setbacks” occur because of the high variability.  For example, 

in 2018, the average concentration (0.285 f/ml) increased compared to 2017.  In 2019, the average 

concentration decreased slightly to 0.27 f/ml, and remained beneath the 2018 value for the 

remainder of PSP 2017.  In 2021 the average concentration increased slightly, but is below the 

predicted trend line and well below the REG at 0.236 f/ml. 

Relatively long time periods will be required to clearly define small changes in the 

finishing category because of the high variability evident in Figure 13.  Since 2001, finishing 

concentrations have decreased substantially.  Overall, the trend (particularly since 2001) is 

encouraging.  In 2021, levels are 73% lower than the high value measured in 2001, and the data 

exhibit less variability over the past 8 years.  The HTIW Coalition member companies remain 

committed to reduce exposures in this category, but it will take a fairly large number of years to 

confidently demonstrate small year to year improvements. 

    
 
FIG. 14.  Average TWA fiber concentration trend in auxiliary FJC at  
                manufacturing facilities. 
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Figure 14 shows the much more gradual decline in average TWA concentrations in the 

auxiliary FJC at RCF manufacturing plants from 1990 to 2021.  Because workers in this FJC are 

generally not directly exposed to RCF but, rather, work near places where RCF is being handled 

or processed, average TWA concentrations are quite low on average (examples of typical tasks are 

maintenance, shipping, and packaging) and relatively little effort has been devoted specifically to 

reductions in this category.  The best-fit exponent indicates that fiber concentrations have 

decreased, but this decrease is non-significant and the trend is accurately described as “flat.” 

Figure 15 shows the time trend for the other (NEC) FJC.  As can be seen, the average fiber 

concentrations in this category have been low and relatively flat in past years.  However, there was 

a significant ‘uptick’ in 2014 to 0.263 f/ml that has been discussed in previous reports.    In 2016 

the average value was again below the trend line at 0.08 f/ml.  Based on actions taken as a result 

of the 2014 uptick, it is expected that this FJC will continue to exhibit low average concentrations. 

 

 
 
FIG. 15.  Average TWA fiber concentration trend in other NEC 

FJC at manufacturing facilities. 
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Figure 16 shows the time trend in the mixing/forming FJC at RCF manufacturing plants 

from 1990 to 2021.  As with the finishing FJC, we observe fairly high variability, and a relatively 

flat trend (there is a small downward trend).  There was a large increase in this category in 2010.  

However, the average concentration apparently returned to the trend line in 2011 through 2013 

and increased again in 2014.  In 2015 and 2016, the average concentration fell to 0.19 f/ml and 

0.17 f/ml, respectively, below the expected value based on the trend line. 

One of the reasons for high variability in the mixing/forming category is that exposures in 

the two tasks, mixing and forming, are significantly different—mixing entails higher exposures, 

even when controls are in place, such as covers on mix tanks and use of local exhaust ventilation.  

Forming is a wet process, with typically low exposures.  Thus, the value measured for a worker 

on a given day depends upon what tasks the worker is doing on the day monitored.  If subsequent 

years show significantly higher average exposures in this FJC, it may be appropriate to 

disaggregate this category into two separate categories, mixing and forming, and to establish 

separate collection subgoals for each. 
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FIG. 16.  Average TWA fiber concentration trend in mixing/forming 

FJC at manufacturing facilities. 
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-Weighted Average 

 Figure 17 shows a time trend of weighted-average fiber concentrations from 1990 to 2016 

at facilities owned/operated by RCF producers, i.e., the weighted average concentration is given 

by the formula wiTWAi, where wi is the weight assigned to the ith FJC and TWAi is the measured 

concentration for that FJC.  The weights are set equal to the fraction of workers employed by RCF 

producers (or customers) engaged in each FJC.  Thus, the weighted exposure measures the average 

TWA fiber concentration experienced by the average worker employed at a facility operated by a 

RCF producer.  For manufacturers, the weights are determined annually from an employee census 

provided to Data-Pro Consultants by each of the plants operated by HTIW Coalition member 

companies. 

 

 

  

  
 
 
FIG. 17.  Time trend in weighted average TWAs at manufacturing 

facilities. 
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The learning curve percentage for the weighted-average exposure in manufacturing 

facilities is approximately 80%.  Numerous time-trend models (e.g., power-law, semi-log, and 

linear) have been evaluated, and all point to statistically significant decreases over the period 

1990–2021. 

Note that the weighted-average TWA concentration in 2021 (0.135 f/ml) has increased 

slightly compared to 2020, but lies very close to the predicted trend line.  Figure 18 illustrates the 

individual FJC contributions to this change, which are largest for the auxiliary, assembly and 

mixing/forming FJCs.  Overall, the increases in are relatively minor; the net effect is a 0.02 f/ml 

increase shown in Figure 18.  The weighted average concentration for 2021 is well beneath the 

REG of 0.5 f/ml. 

In 1990, the weighted-average TWA concentration was approximately 0.45 f/ml; by 2021, 

exposures decreased to 0.135 f/ml—a 70% reduction.  As is true of most FJC trends for RCF 

manufacturing facilities, the weighted-average regression demonstrates relatively rapid 

improvement in early years, with gradually decreasing rates of improvement over time. 

 

 

 
 
 
FIG. 18.  Components of change in weighted average TWA fiber concentration 

at manufacturing facilities, 2020-2021. 
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-Customer Exposure Trends 

What are the exposure trends among the customer population?  Figure 19 shows the time 

trend for the finishing FJC at customer plants.  Over the period from 1990 to 2021, the highest 

average TWA concentration measured in this category was slightly more than 3.0 f/ml in 1991.  

Since then, the average TWA concentration fell to approximately 0.14 f/ml in 2021, a decrease of 

95%.  The average TWA concentration (unadjusted for respirator use) in 2021 is beneath the REG 

for finishing workers.  When adjusted for respirator use the average exposure was 0.13 f/ml (see 

Fig. 8), well beneath the REG.   

The regression model shows a downward trend, but at a slower rate in recent years.  The 

learning curve coefficient for this category is 67%.  As with other FJC trends we have examined, 

year-to-year increases have occurred in the finishing FJC, but the overall trend is towards lower 

average concentrations.  Examining average concentrations in recent years we see that there has 

been significantly less variability over the last 8 years (2014 to 2021) compared to the period 1990 

to 2014, and the average levels have shown a steady gradual decline.  This result is encouraging, 

but we caution that it is likely premature to declare victory in this category.  Recall that in 2020 

   

 
 
FIG. 19.  Average TWA fiber concentration trend in finishing FJC at 
customer facilities. 
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and 2021 relatively few customers were monitored; when increased customer monitoring resumes 

it would not be surprising if occasional upticks in finishing levels occur.  While it is true that 

substantial progress has been made since 1991, there are still customer facilities with elevated RCF 

concentrations (as recently as 2010-2011).  When such facilities are discovered through monitoring 

visits, HTIW Coalition member companies work with customer management to reduce elevated 

exposures.  In fact, the HTIW Coalition member companies will continue to encourage all 

customers to achieve the maximum feasible reductions. 

Figure 20 shows the time trend for the installation FJC at customer plants.  Here again, we 

see improvement since 1990—the average TWA fell from 1.61 f/ml in 1990 to 0.07 f/ml in 2021, 

a decrease of approximately 96%.  Note that concentrations in this category have decreased 

substantially from high (and probably unrepresentative) levels measured in 2006.  We noted in 

past reports that concentrations in the installation FJC are subject to relatively large variability, 

approaching that seen in the removal FJC.  There have been sudden increases in this FJC over the 

years (e.g., in 1999 and 2006), but typical concentrations fall in the range 0.2 to 0.4 f/ml.  The 

average fiber concentrations in 2020 and 2021 are somewhat less than that given by the regression 

  
  

FIG. 20.  Average TWA fiber concentration trend in installation 
                FJC at customer facilities. 
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line shown in Figure 20.  Sample sizes in both years were small (only 10 samples in 2020 and 8 

samples in 2021), and only a small number of installation operations were monitored. 

Aside from years such as 1999 and 2006, the regression model fits the data fairly well, and 

predicts average concentrations between 0.2 and 0.4 f/ml in the near future.  Current levels are 

beneath this range, probably because of limited monitoring during the COVID-19 pandemic.  As 

in most other FJCs, the largest decrease occurred early in the program, with more modest decreases 

in recent years. 

Not all FJCs among customers fit the regression model as well as those presented above.  

Figure 21, for example, shows the time trend for the removal FJC from 1990 to 2021.  

Here the variability is extremely high, with very large year-to-year swings in average TWA 

concentrations.  Given this amount of variability, very long periods of monitoring will be required 

to reliably establish a time trend in this FJC.  We expect to see large swings in the average TWA 

for removal operations in future years.  The R2 value (0.1) is quite low, indicating that the learning 

curve model explains very little of the observed variability.  Indeed, there appears to be no obvious 

pattern in data points plotted in Figure 21.  The learning curve model was fit to these data only 

because it was found useful for exposures in other FJCs and for the weighted-average exposures. 

  
  
FIG. 21.  Average TWA fiber concentration trend in removal FJC at 
                customer facilities. 
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 The average TWA concentration for removal in 2020 (approximately 0.27 f/ml) was below 

the trend line and significantly less than the value recorded in 2017 (0.89 f/ml).  No removal 

samples could be collected in 2021, as discussed above.  Exposures in this category are usually 

controlled by use of respirators because in most cases it is not possible to apply engineering 

controls.54 

One FJC at customer facilities suggests a slight downward trend with highly variable 

exposures since 1990.  Figure 22 plots these data for the mixing/forming FJC at customer facilities.  

The overall trend since 1990 based upon this regression has historically been upward, but the R2 

value was very low (0.0004) in 2015.  In 2016, the trend reversed and the overall trend was slightly 

downward (the slope of the model is very slightly negative) although the R2 value was still low 

(0.002) indicating that the regression model explained very little of the observed variability.  In 

2021 the trend remains slightly downward, and the R2 value remains low at 0.04.    

 
54 In recent years, we have seen some limited application of engineering controls to mold knockout and kiln car 

removals.  These are small-scale operations that allow use of dust booths or local exhaust ventilation.  Such control 
measures are not applicable to large furnace or kiln removals. 

  
 

FIG. 22.  Average TWA fiber concentration trend in mixing/forming FJC 
                at customer facilities. 
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During PSP 2017, concentrations rose from 0.16 

f/ml in 2017 to 0.29 f/ml in 2019, then fell to 0.14 f/ml in 

2021.  Since about 2000, the overall trend appears to be 

downward (though highly variable).  Even though data 

collected since 2016 have caused the model to also trend 

downward, long time periods will be required to reliably 

demonstrate any trend in this highly variable category. 

Both the regression estimate of the average TWA in 

this FJC (0.25 f/ml) and the average measured concentration 

(0.14 f/ml) were beneath the REG in 2021.  This FJC 

represents a relatively small fraction of the customer 

workforce (approximately 4%).  Still, the HTIW Coalition 

member companies continue to watch exposures in the 

mixing/forming FJC closely to see if exposures remain beneath the REG.  The fact that 

concentration levels in this FJC have shown little improvement on average (despite the relatively 

low levels) has prompted RCF producers to develop a guidance document in May 2014 intended 

to help customers reduce levels further.  It is available on the ECFIA website at https://ecfia.eu/

wp-content/uploads/2018/12/ECFIA-CARE_Guidance-Level_2-Mixing_Forming.pdf.  

-Weighted Averages 

Trends in the weighted average are likely to be of greatest interest to readers because all of 

the data are included (appropriately weighted), and thus the aggregate sample size is largest, which 

smooths year-to-year fluctuations in each of the FJCs.  Figure 23 shows that the weighted average 

TWA concentrations among customers have decreased from approximately 1.14 f/ml in 1990 to 

0.06 f/ml in 2021—a decrease of approximately 95%.  The decrease in average exposure provides 

additional evidence of overall success in the HTIW Coalition stewardship program.  We have 

shown in earlier sections of this report that occasional setbacks in some FJCs are common, and 

downward trends are not constant.  In 2021, the weighted average for customers decreased sharply 

from the level measured in 2020, and was substantially beneath the REG/REL.   
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FIG. 23.  Time trend in weighted average TWA concentrations at 

customer facilities. 

  
FIG. 24.  Components of change in weighted average TWA fiber concentration at 
                 customer facilities, 2020-2021.  
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Figure 24 illustrates the individual FJC contributions to the observed decrease from 2020 

to 2021.  This illustration shows that most of the decrease in 2021 compared to 2020 can be 

attributed to decreases in the assembly and auxiliary categories. 

-Manufacturers and Customers Compared 

Figure 25 shows the weighted average time trends for manufacturers and customers on a 

single graph.  Although the weighted average fiber concentration regression estimate for customers 

was historically greater than that among manufacturers (in part because customers engage in 

certain activities, such as removal of after service insulation that result in relatively high 

exposures), the decrease from 1990 to the present has been greater than the corresponding decrease 

among manufacturers.  The gap between manufacturers and customers has decreased over time,55 

and in recent years the predicted concentrations for customers has fallen below that of 

 
55 In fact, the weighted average for customers has been lower than that of manufacturers for several years, but 

the differences were small prior to 2021.  The difference is larger in 2021, but sample sizes in 2021 are small so this 
may be a temporary occurrence; this comparison will be revisited in future reports. 

  
  
FIG. 25.  Time trends in weighted average TWA concentrations at 

manufacturer and customer facilities, 1990-2021. 
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manufacturers.  The curves indicate that more rapid learning has taken place among customers 

than manufacturers over this period.  The extra learning probably reflects the fact that customers 

are implementing approaches already proven by the manufacturers. 

 

Benchmarking 

Benchmarking is a key technique included in PSP 2017.  Benchmarking involves a 

systematic comparison of performance (in this case, fiber concentrations) across plants in the 

industry.  PSP 2017 benchmarks in two ways: 

 

• For fiber concentration measurements at plants operated by HTIW Coalition members, 

exhibits similar to that shown in Figure 26 (referred to as “skyline charts” because of 

their similarity to a cityscape) are prepared.56  This particular graph shows the average 

 
56 In prior reports (e.g., PSP 2012 reports), the benchmarking analysis included three fiber-producing plants.  As 

noted in earlier PSP 2017 reports, Nutec and HarbisonWalker International joined the HTIW Coalition as associate 
members, and have become full members in 2022.  Benchmarking exhibits now show five fiber producing plants. 

 

 
 
 

FIG. 26.  Benchmarking comparisons, baseline period. 
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fiber concentrations in several FJCs at plants where RCF is manufactured over the five-

year baseline period (plants are ranked by the average concentration in the fiber 

production FJC).  As can be seen, there are clear (and statistically significant) exposure 

differences among plants for several FJCs.  These data are shared by HTIW Coalition 

members who try to understand reasons for observed differences and to identify best 

practices. 

 

• Figure 27 shows the same plot for 2021.  Note the rank order of plants is different 

relative to the baseline period; this is not uncommon—small changes in the rank order 

of plants occur as a result of variability in the data.  Average TWA concentrations are 

well beneath the REG in 2021. 

• It should be noted that the data presented in Figure 27 are not corrected for respirator 

use.  In fact, some workers in nearly all FJCs at Plant A wore respirators on the day of 

monitoring in 2021.  Workers in plants B and E rarely wear respirators because 

measured TWA concentrations have been reliably beneath the REG in the past. 

  
 
FIG. 27.  Benchmarking comparisons, 2021. 
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• Figure 28 shows the arithmetic mean TWA for the same set of data shown in Figure 27 

but is corrected for respirator use.  On average, workers were not overexposed to RCF 

at these plants in 2021 based upon measured airborne concentrations; when the effects 

of respirators are considered, exposures are well beneath the REG.  Note that the rank 

order of plants has changed—plant A (where respirators are worn regularly) now ranks 

lower than plant B (where respirators are rarely used because of reliably low measured 

exposures). 

• For fiber concentration measurements at customer facilities, statistical summaries are 

prepared by FJC and included in reports sent to facilities monitored, posted on the web, 

and included in the standard package of literature sent to customers which enables each 

customer to understand how its facility compares to others in the same FJC.  In other 

words, monitoring results are compared not only to the established REG, but also to 

average concentrations among customers in each FJC.  Figure 29 is an example of a 

“ladder diagram,” which shows the percentiles of monitoring data in each FJC for the 

latest 5-year period (2017-2021 in this example).  Using this data summary, customers 

  
 

FIG. 28.  Benchmarking comparisons, 2021, adjusted for respirator 
use. 
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can evaluate their performance relative to other customers performing similar tasks.  

The ladder diagram is included in any monitoring report prepared for the customer. 

 

Quality Assurance/Quality Control 

As part of the PSP 2017, the HTIW Coalition member companies adopted and continue to 

use the quality assurance plan developed and submitted to OSHA as part of PSP 2002.  This quality 

assurance plan has not been revised. 

  
 

FIG. 29.  "Ladder diagram" showing RCF exposures, customers, 2017 through 2021. 
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A sampling audit for 2021 was conducted at a manufacturing plant operated by Morgan 

Thermal Ceramics.  For reference, a blank sample data collection sheet is included in Appendix 

C. 

W.M. Ewing & Company LLC57 of Marietta, GA, completed an audit of a fiber sampling 

protocol at the Morgan Thermal Ceramics manufacturing plant in Augusta, GA on February 1, 

2022.  No material or even minor discrepancies were noted and no corrective actions were 

recommended. The auditor stated, “Based observations made during this audit, the sampling 

procedures used will provide reliable, representative data for the activities monitored and there are 

no recommendations for changes to the procedures.”  The audit also noted that the Industrial 

Hygienist conducting the sampling was knowledgeable regarding sampling protocols and QAPP 

requirements.  The result of the audit is attached in Appendix B.  

The HTIW Coalition was not required to conduct a laboratory audit in 2021.  An audit of 

the currently used phase contrast microscopy (PCM) laboratory at Bureau Veritas (formerly 

Clayton Environmental Laboratory) in Kennesaw, GA was conducted in September 2006 as part 

of the PSP 2002 Agreement which eventually became PSP 2012, and subsequently PSP 2017.  At 

that time, no material discrepancies were noted and this laboratory continues to operate with full 

accreditation (see https://www.bvna.com/environmental-ih-laboratories/resources/certifications-

accreditations). 

Customer Service Activities 

Customer service activities under PSP 2017 encompass a number of different forms of 

outreach to customers.  Several examples of these activities are described in this section. 

The HTIW Coalition member companies continue to develop and communicate best work 

practices, develop Safety Data Sheets and labels pursuant to the Globally Harmonized System of 

Classification and Labeling of Chemicals (GHS) (as implemented by OSHA in its amendments to 

the Hazard Communication Standard), and promote continuous improvement in the appropriate 

handling and use of RCF through employee and customer involvement.  The following types of 

information are communicated:   

 

 

 
57 Online at https://ewingcih.com/.  
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• Narrative reports on the most effective control measures and work-practices identified 

• Document customer work practice changes using questionnaires, personal visits, or other 

measures,  

• Document number of individuals or companies requesting on-site training, monitoring, or 

other assistance,  

• Track number of hits on the HTIW Coalition’s website, and  

• Track number of incoming inquiries to the HTIW Coalition and company health and safety 

information numbers. 

 

In reference to the above, HTIW Coalition’s responses are as follows: 

 

• Reports:  In 2015 RCF manufacturing companies began using the North American Hazard 

Classification System and Warning Labels for RCF and other fiber-based products on or 

before the effective date of June 1, 2015.  This change in labelling was driven by the new 

OSHA HazCom 2012 regulation which specifically defines how products sold in North 

America must be labeled.  RCF manufacturers worked with manufacturing employees, 

salespeople, and customers to implement the change in labels, ensure compliance with the 

new regulations, and offered training on the requirements of the new regulations.  

Manufacturers continued to use the new labeling system and offered guidance to customers 

through 2021. 

• There were no new magazine or journal style reports issued on the use and safety of RCF 

materials.  In the past, information has been disseminated to users via Workplace Quality 

News (a newsletter published by Unifrax prior to becoming Alkegen) and conferences 

sponsored by HTIW Coalition members and from the HTIW Coalition website.  The most 

recent reports were on the changes associated with the California OSHA PEL in 2010.  Of 

course, the HTIW Coalition and its member companies sponsor the research published by 

the team at the University of Cincinnati.  Narratives and information developed for earlier 

PSP programs are also on the HTIW Coalition website. 

• Customer work practice changes:  There is no new information to report in 2021, but the 

issue will be addressed in the future as circumstances warrant. 
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• Document number of customer inquiries:  As discussed above, the coding necessary for 

generating statistics on web traffic was inadvertently removed from the Coalition’s 

webpage during website updates or maintenance; the Coalition is therefore unable to 

provide these statistics in this report.  The coding issue will be addressed so that website 

statistics can be included in future reports.  As noted above, websites maintained by ECFIA 

and individual companies also contain PSP information.  In prior years, HTIW Coalition 

member companies provided printed literature to interested parties, including handling 

guidelines, reports, multimedia presentations, MSDS sheets, issues of Workplace Quality 

News, and related material.  Member companies have moved away from providing printed 

materials about RCF and have been directing interested parties towards member company 

websites and http://www.htiwcoalition.org/.  Member companies are now delivering safety 

information with product invoices.  As a result, no written materials were sent out via mail 

in 2021. 

• Hotline calls:  The same is true for hotline or other telephone calls.  Member companies 

are moving away from older methods of delivering information and relying instead on the 

internet to provide information.  In 2021, only 30 calls were taken via telephone.  This 

number is expected to continue to decrease in subsequent years as more information is 

provided via company websites. 

 

Other ongoing customer service activities include disseminating information on respirator 

manufacturers and respirator fit testing.  The HTIW Coalition has posted a document online58 that 

helps customers to identify respirator manufacturers and distributors that provide respirator fit 

testing and training.  Contact information (telephone numbers and website addresses) for major 

respirator manufacturers and distributors is provided so that customers can contact the companies 

directly and request information about obtaining respirator fit testing and training locally. 

HTIW Coalition members also consult with customers who are concerned about overall 

fiber exposure and make recommendations to improve engineering controls for airborne fiber 

generation and local ventilation.  Although there is nothing to report on this topic for 2021, specific 

consultations have been discussed in previous annual reports to OSHA. 

 
58 See http://www.htiwcoalition.org/documents/GuidanceOnObtainingRespirators_2018.pdf 
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Product Research 

 As part of PSP 2017, the HTIW Coalition and its member companies continue to encourage 

research to develop new and improved HTIW product forms.  PSP 2017 notes that HTIW product 

research generally focuses on two key elements, dose and dimension: 

 
 

• Dose:  Dose can be reduced through other stewardship efforts aimed at exposure 

control.  From a product perspective, dose can also be reduced through encapsulation 

of RCF-containing materials.  Several RCF products, such as the Firemaster FastWrap® 

duct insulation, are sold in encapsulated forms. 

• Dimension:  HTIW Coalition members have investigated the potential to change the 

dimensions (principally the diameter) of RCF fiber to reduce the fraction in the 

respirable range (< 3 microns [μm]) while maintaining key performance properties.  To 

date these efforts have not proven successful.  While it is possible to increase the 

nominal diameter of the fibers, the thermal properties of the resulting product are 

degraded; specifically, the thermal conductivity increases, reducing the efficiency of 

the product.  As well, larger diameter fibers appear to be more irritating to the skin. 

 

A third element, durability, is largely a function of composition.  The industry has 

developed alternative fibers, termed alkaline earth silicate (AES) wools, which are less durable 

(in in vitro systems) and less biopersistent (in in vivo animal experiments) and functionally capable 

of being substituted for RCF in certain applications. 

There have been no noteworthy RCF product research developments in the past year. 

Consumer Products 

As part of PSP 2017, the HTIW Coalition member companies continue to use their best 

efforts to ensure that exposures in consumer product applications are well controlled.  HTIW 

Coalition members go through a systematic procedure to screen potential consumer applications.59 

Use of RCF in a consumer product in a manner that may cause significant exposure, under 

proper use and maintenance conditions, is deemed to be inconsistent with the intent of PSP 2017.  

 
59 See e.g., Venturin, D., et al., (1997).  Qualitative industrial hygiene life cycle analysis applied to refractory 

ceramic fiber (RCF) consumer product applications.  Reg. Toxicol. Pharmacol., 25: 3, 232-239.   
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RCF is chiefly an industrial product and no consumer applications for RCF have been developed 

in the past year. 

Waste Minimization and Disposal/Environmental Responsibility 

 As part of PSP 2017, the HTIW Coalition member companies continue to: 

 

• Study, recommend, and implement waste minimization programs designed to reduce 

quantities of waste produced per unit of product and to increase recycling rates where 

practicable and effective. 

• Design and/or modify their processes so as to minimize consumption of natural 

resources and energy and to eliminate, to the extent feasible, the generation of waste 

materials and releases to the environment.  In so doing, the companies will continue to 

focus on source reduction as the preferred approach to waste management, followed by 

internal recycle/recovery.  Treatment and/or disposal are employed as a last resort. 

 

The hierarchy of methods for waste reduction; (i) source reduction, (ii) increased internal 

recycle/recovery, (iii) treatment or disposal―makes good economic as well as environmental 

sense.  Thus, other things being equal, it is more efficient economically to increase process yields 

than recycle rates, because (compared to increased recycling) increased yields not only reduce raw 

material requirements and waste handling costs, but also process and energy requirements and 

internal recycling costs per unit of finished product.  And, of course, wastes by definition are non-

productive.  It should be noted that increased yield and recycling rates have beneficial impacts 

throughout the entire life cycle, not just at RCF manufacturing plants.  Thus, for example, 

increased process yields mean that less alumina and silica are used per unit of finished product, 

avoiding environmental impacts in these stages of production. 

 Process waste streams are generated (to varying degrees) at several stages of RCF 

production and conversion, from fiber manufacture through finishing operations.  In the main, 

these waste streams are solid wastes (e.g., shot, edge trim, etc.); air emissions and wastewater 

volumes are minimal.  For economic and other reasons the industry has worked hard to increase 

yields and recycling rates in each stage.  RCF producers have been quite successful in this regard.  
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Both process yields and solid waste recycling rates have increased over the years.60  Details of 

these process improvements are regarded as proprietary.  However, the amount internally recycled 

(among all producers) amounts to several million pounds per year. 

Energy is used in the production of RCF at several stages and energy price increases create 

a strong economic incentive for potential insulation customers to become more energy efficient.  

Morgan Thermal Ceramics continued to implement a global Energy and CO2e61 Reduction 

Program in 2021.62  The objectives of this initiative include: 

 

• 50% reduction in CO2e emissions by 2030, 

• Reduce energy consumption and energy wastes, 

• Reduce energy intensity of manufacturing processes, 

• Optimize processes for energy efficient operation, 

• Increase clean/green energy and/or renewables, and 

• Increase use of renewable energy credits, if available 

 

Alkegen also has an active program to reduce waste and energy use.  In 2015, initiatives were 

developed to conduct audits on waste material, encourage local and corporate level recycling 

programs, and identify ways to reduce overall power consumption.  Key aspects of Alkegen’s 

current energy and waste reduction efforts include: 

 

• Products that reduce fossil fuel consumption, 

• Reduce waste and energy consumption by 2-3% annually, 

• Develop internal metrics, benchmarking, and opportunity analysis around energy usage 

and emissions reduction, and 

• Goals will be set and shared publicly 

 
60 The most recent report on this subject is Everest Consulting Associates (1995).  Waste Generation and 

Management in the Manufacturing, Processing, and Use of Refractory Ceramic Fiber.  Submitted to the US 
Environmental Protection Agency.  Everest Consulting Associates, Princeton Junction, NJ. 

61 CO2 equivalent, defined as the number of metric tons of CO2 emissions with the same global warming potential 
as one metric ton of another greenhouse gas. 

62 The program was initiated in 2007. 
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Over the final two years of PSP 2017, the United States (and most other countries 

worldwide) experienced significant workplace restrictions and business interruptions resulting 

from the COVID-19 pandemic.   The RCF industry has not been immune from the effects of the 

pandemic; many workers were furloughed, and some were laid off.  Yet, it is important to note 

that through the economic turmoil of the past few years, the RCF industry has remained committed 

to the principles of PSP 2017.  Industry executives believe and have demonstrated that health and 

safety is a core value for the industry.  Former ALCOA CEO and U.S. Secretary of the Treasury, 

Paul O’Neill, perhaps said it best when he said: 

“Safety is not a ‘top priority.’  Safety is a precondition.”63 

Compliance Principles 

 In an attempt to clarify PSP compliance issues for future reference, the HTIW Coalition 

has prepared a compliance principles statement (the document, reviewed by OSHA, was added to 

the online PSP documentation in 201564).  The general principles are all based on current or 

longstanding OSHA regulations or policies.  Readers are referred to the online document for 

details; in summary, the principles state:  

 

• The Compliance Principles document was developed by the HTIW Coalition, and 

reviewed by OSHA staff, 

• The principles expressed are based on current OSHA regulations and policies, 

• Compliance is required with all applicable OSHA standards (e.g., respirators),Requires 

calculation of confidence limits for sampling results (per OSHA Technical Manual), 

• Allows determinations based on objective data (as defined in the final crystalline silica 

standard65), and 

• Applies OSHA policy for respiratory hazards not covered by PELs:  the REG and the 

NIOSH REL (both currently 0.5 f/ml) are recommendations, not PELs, and should not 

be enforced as PELs. 

 
63 See http://www.ishn.com/articles/treasury-chief-gets-blunt-about-safety.  
64Revised in 2019; available online at http://www.htiwcoalition.org/documents/PSP%20Compliance%

20Principles%20Feb%202019.pdf. 
65 81 Fed. Reg. 16710 (March 25, 2016) 
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The HTIW Coalition member companies, through the Product Stewardship Program, have 

conducted workplace monitoring for nearly 30 years.  The exposure data collected over this period 

now forms an extensive database with samples that represent nearly all current RCF workplace 

activities.  These samples can be used as objective data to generate the upper and lower confidence 

limits required for determination of compliance with the REG.  Figure 30 illustrates compliance 

determination based on the OSHA Technical Manual.  Noncompliance exposure requires both the 

upper confidence limit (UCL) and the lower confidence limit (LCL) to exceed the REG.  

Reporting 

 The HTIW Coalition and its member companies have committed to delivering annual 

reports to OSHA to document progress on PSP 2017 and to generate a detailed report at the end 

of the five-year program.  This report fulfills the requirement for a fifth annual report under PSP 

2017. 

 

  
 

FIG. 30.  Compliance with the REG including confidence limits, per 
the OSHA Technical Manual. 
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Abstract

This study evaluates the possible association between refractory ceramic fiber (RCF)

exposure and all causes of death. Current and former employees (n = 1,119) hired

from 1952 to 1999 at manufacturing facilities in New York (NY) state and Indiana

were included. Work histories and quarterly plant-wide sampling from 1987 to 2015

provided cumulative fiber exposure (CFE) estimates. The full cohort was evaluated as

well as individuals with lower and higher exposure, <45 and ≥45 fiber-months/cc.

The Life-Table-Analysis-System was used for all standardized mortality rates (SMRs).

Person-years at risk were accumulated from start of employment until 12/31/2019

or date of death. There was no significant association with all causes, all cancers, or

lung cancer in any group. In the higher exposed, there was a significant elevation in

both malignancies of the “urinary organs” (SMR = 3.59, 95% confidence interval

[CI] 1.44, 7.40) and “bladder or other urinary site” (SMR = 4.04, 95% CI 1.10, 10.36),

which persisted in comparison to regional mortality rates from NY state and Niagara

County. However, six of the nine workers with urinary cancers were known smokers.

In the lower exposed, there was a significant elevation in malignancies of the lym-

phatic and hematopoietic system (SMR = 2.54, 95% CI 1.27, 4.55) and leukemia

(SMR = 4.21, 95% CI 1.69, 8.67). There was one pathologically unconfirmed meso-

thelioma death. A second employee currently living with a pathologically confirmed

mesothelioma was identified, but the SMR was non-significant when both were

included in the analyses. The association of these two mesothelioma cases with RCF

exposure alone is unclear because of potential past exposure to asbestos.

K E YWORD S

bladder, cancer, lung, man-made vitreous fibers, mesothelioma, refractory ceramic fibers,
synthetic vitreous fibers, urinary

1 | INTRODUCTION

Refractory ceramic fibers (RCFs) are produced from alumina and sili-

con dioxide or kaolin and are one type of man-made vitreous fibers

(MMVFs). With high heat resistance, durability, and tensile strength,

RCFs have commercial and domestic uses including high-temperature

insulation for furnace linings in the chemical, petrochemical, foundry,

steel, and forging industries. Air concentrations, especially from 1990

to 2010, were highest for those engaged in removal/replacement

activities of RCF furnace linings, and in 2002, respiratory protection

was required for these activities (Maxim & Utell, 2018; National Toxi-

cology Program [NTP], 2016). A recent study of Chinese RCF workers

(n = 430) compared with controls (n = 121) indicated that cumulative

RCF and dust exposure levels in a non-dose-dependent manner were
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associated with altered levels of lung biomarkers (CC16 and TGF-β1)

and oxidative stress markers (8-OHdG) (Gu et al., 2020). The Interna-

tional Agency for Research on Cancer (IARC) classified RCF as 2B,

possibly carcinogenic to humans (IARC, 2002). Animal inhalation stud-

ies prior to the 1987 initiation of the current study (Davis et al., 1984;

Smith et al., 1987) and subsequent animal studies documented both

pleural and interstitial changes as well as lung cancer and mesothelio-

mas raising concerns about the potential impact of RCF exposure on

humans (Mast, McConnell, Anderson, et al., 1995; Mast, McConnell,

Hesterberg, et al., 1995; McConnell et al., 1995). To our knowledge,

the present research is the only mortality study of RCF-exposed

workers. Our prior analyses have not identified an association

between respiratory cancers and RCF (LeMasters et al., 2017). The

purpose of the present study is to update our previous findings, pro-

vide details regarding a second mesothelioma case in the cohort, and

for the first time, evaluate differences in cancers between higher and

lower RCF exposure groups.

2 | MATERIALS AND METHODS

2.1 | Study population

Current and former male and female employees (n = 1,119) were

included who were hired from 1952 through 1999 with at least

1-year employment at two RCF manufacturing facilities located in

New York (NY) state (n = 818) and Indiana (IN) (n = 301). Complete

work histories were available by interview (91.6%) or company

records (8.4%). Thirty-five were deceased at study initiation. Cause of

death was determined by death certificate coded by a nosologist until

2010 and then by the National Death Index (NDI) Plus through 2019.

International Classification of Diseases (ICD) did not have a code for

mesothelioma until ICD 10 beginning in 1999. Before this date, pleu-

ral cancers could be used to approximate the observed number of

mesothelioma deaths, although there were none. From 1987 until

1993, occupational, health, and smoking histories were updated yearly

and then every 3 years through 2014. Participants signed an informed

consent approved by the University of Cincinnati Institutional Review

Board. Since our previous publication with 234 accumulated deaths

through 2014, there are an additional 76 deaths and one additional

living mesothelioma case (LeMasters et al., 2017).

2.2 | Exposure assessment and RCF exposure
categories

Historical exposures were reconstructed from available industrial

hygiene information and measurements and plant-wide sampling con-

ducted quarterly from 1987 through 2015. Both were used for cumu-

lative fiber exposure (CFE) estimates (Rice et al., 2005). On the basis

of these data, participants were previously divided into four exposure

categories (0–15, >15–45, >45–135, and >135 fiber-months/cc), each

having a mean value statistically significant from one another as

described elsewhere (Lockey et al., 2002). For the current analyses,

exposure categories were combined into higher (≥45 fiber-months/cc)

and lower (<45 fiber-months/cc) groups. Exposures were not mea-

sured for sales jobs, as their activities varied widely from office work

to on-site industrial teardown and installation operations in multiple

communities. Asbestos was not used in product manufacturing at

study locations. Activities with other potential occupational or home

asbestos exposure were reviewed with participants during a detailed

interview that included such activities as wearing asbestos gloves or

changing brake linings. A few hours of reported exposure were

rounded to the lowest cumulative asbestos exposure category of

1 month.

2.3 | Statistical analysis

The Life-Table-Analysis-System Version 4.5 (LTAS) (Schubauer-

Berigan et al., 2011) was used, incorporating reference mortality rates

from the entire United States, NY (excluding NY City), Niagara County

(NY), IN, and St. Joseph County (IN). The LTAS uses a general popula-

tion comparison group and standardized mortality rates (SMRs) are

generated. Person-years at risk were accumulated from start of

employment until 12/31/19 or date of death, whichever occurred

first. Person-years at risk were stratified by age, race (white, other),

gender, and calendar year. SMRs were computed for the full cohort

(n = 1,119), the higher (n = 290), and lower (n = 567) exposure

groups. Excluded from the higher and lower exposure group analyses

were those with any sales history (n = 124), only office work

(n = 121), incomplete work histories (n = 10), or employment at non-

study sites (n = 7) with possible, but undocumented RCF exposure.

These exclusions eliminated 43 of 310 deaths (13.9%) from the higher

and lower exposure group analyses. To evaluate differences in charac-

teristics of the study subjects, t tests were used.

3 | RESULTS

3.1 | Demographics

As shown in Table 1, the vast majority of the 1,119 participants were

White and male and had a mean age of 65.2 years at end of follow-up

(living) and 68.2 at time of death (deceased). Depending on their liv-

ing/deceased status and exposure category, those having ≥30 years

since hire (latency) ranged from 59.7% (deceased/lower exposure) to

94.2% (living/higher exposure) (Table 1). There were 310 deceased

(27.7%) in the full cohort. After exclusion of the aforementioned

43 deaths, there were 118 (40.7%) and 149 (26.3%) deaths in the

higher and lower exposure groups, respectively (Table 1). The

deceased compared with the living in both exposure groups were sig-

nificantly more likely to have higher mean pack years of smoking, an

earlier date of hire and higher CFE but reduced cumulative person-

years of observation and mean work duration (Table 1). The mean

year of hire for the higher versus lower exposed deceased was 1967
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compared with 1974 (p < 0.01) leading to longer latency. The median

asbestos exposure was 0.25 years in all groups excluding the lower

exposed deceased at 0.4 years.

3.2 | SMR analysis

As shown in Table 2, the SMR for all three groups for deaths from all

causes and all cancers was nearly at or below 1. For the full cohort,

there was one significant elevation, leukemia (SMR = 2.64, 95% confi-

dence interval [CI] 1.26, 4.85), that remained significant when using

NY (SMR = 2.50, 95% CI 1.08, 4.92) and Niagara County

(SMR = 2.47, 95% CI 1.07, 4.87) rates but was non-significant for IN

and St. Joseph County. This finding was related to those in the lower

exposure group having a higher SMR for leukemia (SMR = 4.21, 95%

CI 1.69, 8.67), which remained significant when using NY

(SMR = 3.54, 95% CI 1.15, 8.27) and Niagara County rates

(SMR = 3.55, 95% CI 1.15, 8.27). Malignancies of the lymphatic and

hematopoietic systems were also significant in the lower exposure

group for the United States (SMR = 2.54, 95% CI 1.27, 4.55) but not

for either state or county.

Analyses of the higher exposure group indicated a significant

elevation in malignancies of the urinary system (SMR = 3.59, 95%

CI 1.44, 7.40) and bladder and other urinary site (SMR = 4.04, 95%

CI 1.10, 10.36). These findings were similar for NY and Niagara

County.

The SMR for the one deceased mesothelioma case in the higher

exposure group was not significant (SMR = 6.61, 95% CI 0.17, 36.81)

and remained non-significant at the state and county levels.

Although U.S. rates were not significant, for the full cohort, there

were two deaths in Niagara County in the subcategory “malignancies

of other and unspecified site uterus”, (SMR = 27.23, 95% CI 3.30,

98.37) and the overall category “malignancies of female genital

organs” (SMR = 8.14, 95% CI 1.68, 23.79). In the full cohort, only the

significant “malignancies of other and unspecified site uterus” per-

sisted for NY rates (SMR = 9.41, 95% CI 1.14, 33.98). One of these

two cases was an office worker, and the other was included in the

lower exposure analyses.

4 | DISCUSSION

To our knowledge, this is the only mortality study of workers exposed

to RCF. In contrast to animal studies, our findings do not support an

association with lung cancer. An extensive review of cohort studies of

other MMVF also did not identify an increased mortality risk from

respiratory cancers (Suder Egnot et al., 2020). The present study also

found the SMR for deaths from all causes, and all cancers were at or

below expected for the full cohort and both exposure groups.

In 2003, we first reported a significant excess of urinary cancers

(SMR = 3.45) with 1.45 expected and five observed (LeMasters

et al., 2003). Over a 20-year period, urinary cancer mortality has

TABLE 1 Characteristics of study subjects

Characteristic

Full

cohort
living

Full cohort
deceased

≥45 fiber-

months/cc
livinga

≥45 fiber-months/
cc deceaseda

<45 fiber-

months/cc
livinga

<45 fiber-months/
cc deceaseda

Number 809 310 172 118 418 149

Cumulative person-years of

observation

29,809 10,306 7,387 4,384 14,467 4,610

Crude proportion of deaths

(%)

27.7 40.7 26.3

Male gender (%) 80.0 93.2 91.3 98.3 81.8 92.6

White race (%) 90.9 92.3 86.8 94.7 89.5 88.8

Mean age (years) 65.2 68.2 68.2 70.4 63.3 67.2

Ever smoker (%)b 54.2 74.6 71.3 75.5 54.4 72.2

Mean pack yearsb 23.8 40.0 27.9 43.3 21.8 39.5

Mean cumulative fiber

exposure (fiber-mo/cc)a
38.0 76.8 114.1 162.1 15.3 18.2

Mean duration (years) 14.6 11.7 24.7 18.7 11.5 6.6

Mean latency (years) 36.9 33.3 43.0 37.2 34.6 30.9

Latency >20 years (%) 100 81.0 100 86.4 100 79.2

Latency >30 years (%) 71.7 63.6 94.2 73.7 60.5 59.7

Mean hire year 1983 1972 1977 1967 1985 1974

Note: Values were calculated to end of follow-up (12/31/2019) for the living or date of death for the deceased.
aExcludes participants with any RCF sales history (n = 124), only office work (n = 121), incomplete company records (n = 10), or employment at non-study

sites (n = 7). Therefore, 262 participants and 43 deaths are excluded from <45 and ≥45 exposure groups.
bSmoking status unknown for n = 93 of 1,119; mean pack years for ever smokers only.
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TABLE 2 Observed deaths and standardized mortality ratios for all RCF workers and those with ≥45 and <45 fiber-months/cc

Full cohort (n = 1,119) ≥45 fiber-mo/cc (n = 290)b <45 fiber-mo/cc (n = 567)b

Cause Observed SMR 95% CI Observed SMR 95% CI Observed SMR 95% CI

All causes 310 0.81* 0.72–0.91 118 0.88 0.73–1.05 149 0.88 0.75–1.04

All cancers 96 0.95 0.77–1.15 36 1.03 0.72–1.43 42 0.94 0.68–1.27

MN buccal and pharynx 2 0.87 0.11–3.16 0 0.00 0.00–4.62 2 1.98 0.24–7.15

MN digestive and peritoneum 18 0.68 0.40–1.07 6 0.66 0.24–1.44 6 0.51 0.19–1.11

MN respiratory 26 0.79 0.51–1.15 9 0.77 0.35–1.46 14 0.97 0.53–1.63

MN trachea, bronchus, lung 25 0.79 0.51–1.16 9 0.80 0.37–1.52 13 0.94 0.50–1.61

MN breast 2 1.12 0.14–4.03 0 0.00 0.00–
15.27

1 1.30 0.03–7.26

MN female genital organs 3 2.81 0.58–8.22 0 0.00 0.00–
30.05

1 2.22 0.06–
12.39

MN male genital organs 6 0.85 0.31–1.85 4 1.46 0.40–3.75 1 0.33 0.01–1.84

MN urinary organs 9 1.64 0.75–3.12 7 3.59* 1.44–7.40 1 0.42 0.01–2.32

MN kidney 4 1.43 0.39–3.65 3 3.12 0.64–9.13 0 0.00 0.00–2.95

MN bladder and other urinary 5 1.87 0.61–4.37 4 4.04* 1.10–
10.36

1 0.87 0.02–4.82

MN other and unspecified site 14 0.97 0.53–1.63 5 1.03 0.33–2.40 5 0.78 0.25–1.81

MN mesotheliomaa 1 2.29 0.06–
12.76

1 6.61 0.17–
36.81

0 0.00 0.00–
19.39

MN lymphatic and hematopoietic 16 1.62 0.93–2.64 5 1.45 0.47–3.38 11 2.54* 1.27–4.55

Leukemia 10 2.64* 1.26–4.85 3 2.25 0.46–6.58 7 4.21* 1.69–8.67

Benign and unspec. MN 1 0.79 0.02–4.38 0 0.00 0.00–8.38 1 1.78 0.05–9.95

Dis. blood and blood-forming

organs

1 0.56 0.01–3.13 0 0.00 0.00–5.84 0 0.00 0.00–4.77

Diabetes mellitus 10 0.90 0.43–1.65 5 1.35 0.44–3.15 4 0.81 0.22–2.06

Mental and psych. Disorders 7 0.79 0.32–1.62 3 0.96 0.20–2.81 3 0.76 0.16–2.22

Nervous system disorders 7 0.56 0.22–1.15 1 0.22 0.01–1.25 4 0.73 0.20–1.87

Heart diseases 81 0.81 0.64–1.01 28 0.75 0.50–1.08 45 1.04 0.76–1.39

Other dis. circulatory system 21 0.80 0.49–1.22 6 0.62 0.23–1.35 13 1.15 0.61–1.96

Diseases respiratory system 32 1.03 0.71–1.46 15 1.33 0.75–2.20 14 1.05 0.57–1.76

COPD 16 0.91 0.52–1.48 9 1.44 0.66–2.73 6 0.80 0.29–1.73

Diseases digestive system 14 0.79 0.43–1.33 7 1.18 0.47–2.43 4 0.50 0.14–1.29

Dis. Musculoskeletal and connective 1 0.80 0.02–4.44 1 2.47 0.06–
13.75

0 0.00 0.00–6.65

Dis. Genito-urinary system 3 0.41 0.08–1.20 2 0.77 0.09–2.78 1 0.32 0.01–1.77

Sympt & ill-defined conditions 2 0.42 0.05–1.52 0 0.00 0.00–2.26 1 0.48 0.01–2.67

Tuberculosis and HIV 0 0.00* 0.00–0.72 0 0.00 0.00–2.41 0 0.00 0.00–1.52

Transportation injuries 5 0.48 0.16–1.11 2 0.57 0.07–2.06 3 0.61 0.13–1.80

Falls 3 0.90 0.19–2.64 2 1.70 0.21–6.13 1 0.69 0.02–3.83

Other injuries 4 0.37* 0.10–0.94 1 0.30 0.01–1.67 2 0.38 0.05–1.38

Violence 9 0.66 0.30–1.25 4 0.91 0.25–2.34 3 0.47 0.10–1.37

Other and unspecified causes 13 0.98 0.52–1.68 5 1.17 0.38–2.73 8 1.34 0.58–2.64

Abbreviations: CI, confidence interval; COPD, chronic obstructive pulmonary disease; MN, malignant neoplasm; SMR, standardized mortality ratio.
aICD 10 C45.9 mesothelioma, unspecified (pathologically unconfirmed by research team).
bExcludes participants with any RCF sales history (n = 124), only office work (n = 121), incomplete company records (n = 10), or employment at non-

study sites (n = 7). Therefore, 262 participants and 43 deaths are excluded from <45 and >45 exposure groups.

*Two-sided p < 0.05.
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increased to nine. These nine workers with urinary cancer were hired

between 1952 and 1977 and had a mean age of 63.2 years at time of

death and a mean and median CFE of 83.8 and 95.3 fiber-months/cc,

respectively. The job titles for the nine included millwright (n = 3),

machine operator (n = 2), and one research technician, furnace opera-

tor, cleaner, and financial manager. Potential historical chemical expo-

sures associated with millwright and machine operator job tasks could

be an explanation for the excess urinary cancers. A significant finding

by chance is yet another possible explanation. As shown in Table 2,

there are a large number of mutually exclusive causes of death cate-

gories and subcategories, increasing chance significance. Studies of

other MMVF do not support an association with urinary cancers

(Maxim & Utell, 2018) and animal inhalation studies have not explored

this potential relationship.

Another concern could be that a mortality study may not capture

urinary organ cancer risk because the 5-year relative survival rate for

bladder and kidney cancers is over 75%; consequently a mortality

study might underestimate “true” risk (National Cancer Institute

[NCI], 2021). Therefore, every 3 years between 2003 and 2014, we

conducted a cancer incidence study by interviewing participants to

determine if we were missing a significant number of urinary organ

cancers due to survival of the cancer (LeMasters et al., 2017). Only

two workers reported a urinary cancer with 6.4 expected (standard-

ized incidence ratio = 0.31). Because the mean age at time of diagno-

sis for bladder cancer is 73 years, which is older than the mean age of

our cohort (Table 1), we concluded that our mortality study was likely

capturing most of urinary organ cancers (American Cancer

Society, 2021).

Established risk factors for bladder cancer are tobacco smoking

and occupational exposure to carcinogens such as in the dye and

metal industries (Cumberbatch et al., 2018). Epidemiologic determi-

nants for kidney cancers include geographic location, smoking, obe-

sity, high blood pressure, and alcohol consumption (Scelo &

Larose, 2018). Because smoking is a risk factor for urinary cancers and

the deceased had considerably higher mean pack years of smoking, it

may be a confounding factor. Six of the nine workers with urinary

cancer had a history of smoking, and the smoking status of one is

unknown. Pack years data were available for four participants and

were 12.5, 29, 40, and 48. The mean year of hire for our cohort was

1972 (deceased) and 1983 (living), and their report of ever smoking

was 74.6% and 54.2%, respectively. These rates are similar or lower

than a large Minnesota study that showed the prevalence of ever

smoking for men was 71.6% for the period 1980–1982 (Filion

et al., 2012). Thus, smoking in the general population comparison

group likely does not differ substantially from our cohort. Further,

other malignancies associated with smoking such as buccal, pharynx,

respiratory, and digestive cancers all had low and non-significant

SMRs. Regarding other risk factors for kidney cancer, blood pressure

and body mass index data were only available for one of the four kid-

ney cancer deaths.

Although confounding is a candidate explanation for the excess

urinary organ cancers, another possible explanation could be the long-

term impact of excretion of fibers and/or the dissolution of fiber

elements through the urinary track. Glass and ceramic fibers of

exposed workers have been detected in the urine of workers

(Savolainen et al., 1996). In a review by Gunter et al., asbestos fibers

were found in the bladder wall, intestinal mucosa, kidneys, placenta,

and other organs as well as biological fluids including sputum and

urine in occupational or non-occupational exposed populations

(Gunter et al., 2007).

Elevated SMRs also were observed for leukemia and lymphatic

cancers in the lower but not the higher exposure group, perhaps indi-

cating chance findings or possibly related to different etiologic agents

since exposure to asbestos, and MMVFs have not been confirmed to

be associated with these cancers and animal inhalation studies have

not explored this potential relationship. Of the 10 leukemia deaths,

five were acute myelocytic leukemia, two were chronic lymphocytic

leukemia, one was acute leukemia not otherwise classified (NOC), one

was myeloid leukemia NOC, and one was leukemia NOC. Two were

millwrights, two were welders, and the remaining six had jobs with

diverse occupational exposures. Because seven of 10 were in the

lower exposure group, it seems unlikely that RCF is the causal agent.

Although the power to detect mesothelioma in this cohort is low,

two cases have been identified. One was deceased and hired in 1977

with a CFE of 52.3 fiber-months/cc and RCF latency at time of death

of 38 years. The other is living and hired in 1969 with primary job

titles of application engineer and sales representative (with

unmeasured exposures), who reported industrial furnace insulation

tear out and installation activities. Though this is a mortality study, for

thoroughness, we re-analyzed the whole cohort as if the living meso-

thelioma case was deceased; the SMR was 4.58 with a wide confi-

dence interval (0.55, 16.55). The large confidence interval is due to

the low power associated with a rare outcome, relatively small sample,

and person-years at risk. The deceased pathologically unconfirmed

mesothelioma case reported exposure to asbestos during 6 days of

sheet metal work, a 6.5-year history as an auto mechanic changing

clutch plates and brakes and use of asbestos home insulation with an

estimated overall cumulative asbestos exposure of 5.75 months.

Other reported jobs included machinist apprentice, overhauling rail-

road steam engines in the 1950s, aviation electrician from 1952 to

1956 in the Navy, and a technician in fuel systems for South Bend

Bendix Aviation from the mid-1950 to 1970s, which manufactured

asbestos containing friction brake products (NY Times, 2002).

The living, pathologically confirmed, mesothelioma case worked

in the RCF production industry over 40 years with RCF latency of

50 years at time of diagnosis. A chest computed tomography

(CT) scan documented changes consistent with bilateral calcified pleu-

ral plaques. Job positions included application engineer and sales rep-

resentative. These jobs included some supervision and installation of

RCF in kilns and furnaces at numerous industrial sites. During these

job activities, the individual reported exposure to RCF as well as

asbestos from residual asbestos contained in kiln and furnace prod-

ucts. A French case–control study (Lacourt et al., 2014) that utilized

job exposure matrices to assess retrospective exposure estimates

suggested that co-exposure to asbestos and RCF in comparison with

asbestos alone may increase the risk for mesothelioma.
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The primary study limitation is related to low power to detect an

effect for some cancers including mesothelioma. In addition, there

could be error in estimation of exposures because both historical and

recent exposure data were used, causing potential exposure mis-

classification. However, because most of the exposure data were col-

lected during the study and individuals have been followed over an

extended time, we believe this limitation is less salient. A strength of

the study is the length of latency, which is necessary for identifying

cancers such as mesothelioma. The higher exposed living group now

has a mean latency of 43.0 years (Table 1).

5 | CONCLUSIONS

This study did not demonstrate any increased lung cancer mortality in

comparison with local, state, or national populations. The cause for

the elevated mortality in urinary cancers is likely multifactorial includ-

ing past smoking and potential past industrial exposures during the

early years of RCF production. Because of the inability to discern the

independent effect of RCF exposure in the presence of past asbestos

exposure in both mesothelioma cases and a possible association

between the RCF production process and urinary cancers, the mortal-

ity study is ongoing and deaths from all causes will be monitored.

ACKNOWLEDGMENTS

We thank the men and women who participated in this study. The

authors are grateful for the assistance of Dr. James Yiin with the

LTAS, Connie Thrasher for administrative support, and the many staff

and students who have been involved over the 30+ years.

CONFLICT OF INTEREST

The funding for this study from industry sources went to the Univer-

sity of Cincinnati. The investigators were independent researchers

whose funding came from the University and declare no conflict of

interest.

FUNDING SOURCES

This work was supported by a contract from the High Temperature

Insulation Wool Coalition to the University of Cincinnati College of

Medicine.

DATA AVAILABILITY STATEMENT

De-identified data from this cohort have been shared with others,

resulting in several publications. All requests for data will be evaluated

by Study Team leadership and the Scientific Advisory Board

ORCID

Timothy J. Hilbert https://orcid.org/0000-0002-0289-9617

REFERENCES

American Cancer Society. Key statistics for bladder cancer (2021). https://

www.cancer.org/cancer/bladder-cancer/about/key-statistics

Cumberbatch, M. G. K., Jubber, I., Black, P., Esperto, F., Figueroa, J. D.,

Kamat, A. M., Kiemeney, L., Lotan, Y., Pang, K., Silverman, D. T.,

Znaor, A., & Catto, J. W. F. (2018). Epidemiology of bladder Cancer: A

systematic review and contemporary update of risk factors in 2018.

European Urology, 74(6), 784–795. https://doi.org/10.1016/j.eururo.
2018.09.001

Davis, J. M. G., Addison, J., Bolton, R. E., Donaldson, K., Jones, A., &

Wright, A. (1984). The pathogenic effects of fibrous ceramic aluminum

silicate glass administered to rats by inhalation and peritoneal injec-

tion. In: Biological effects of man-made mineral fibers. Proceedings of a

WHO/IARC Conference, 2. Copenhagen, Denmark: World Health

Organization/International Agency for Research on Cancer, 303–322.
Filion, K. B., Steffen, L. M., Duval, S., Jacobs, D. R. Jr., Blackburn, H., &

Luepker, R. V. (2012). Trends in smoking among adults from 1980 to

2009: The Minnesota heart survey. American Journal of Public Health,

102(4), 70–713.
Gu, Y., He, W., Wang, Y., Chen, J., Wang, H., Gao, P., Yang, S., Zhu, X.,

Ma, W., & Li, T. (2020). Respiratory effects induced by occupational

exposure to refractory ceramic fibers. Journal of Applied Toxicology, 41,

421–441.
Gunter, M. E., Belluso, E., & Mottana, A. (2007). Amphiboles: Environmen-

tal and health concerns. Reviews Mineral Geochemistry, 67(1), 453–516.
https://doi.org/10.2138/rmg.2007.67.12

International Agency for Research on Cancer (IARC). (2002). IARC mono-

graphs on the evaluation of carcinogenic risks to humans: Man-made

vitreous fibers (Volume 81). Lyon, France: World Health Organization.

Lacourt, A., Rinaldo, M., Gramond, C., Ducamp, S., Gilg Soit llg, A.,

Goldberg, M., Pairon, J. C., & Brochard, P. (2014). Co-exposure to

refractory ceramic fibres and asbestos and risk of pleural mesotheli-

oma. The European Respiratory Journal, 44, 725–733. https://doi.org/
10.1183/09031936.00079814

LeMasters, G., Lockey, J. E., Hilbert, T. J., Levin, L. S., Burkle, J. W.,

Shipley, R., Perme, C., Meyer, C. A., & Rice, C. H. (2017). A 30-year

mortality and respiratory morbidity study of refractory ceramic fiber

workers. Inhalation Toxicology, 29(10), 462–470. https://doi.org/10.

1080/08958378.2017.1394931

LeMasters, G. K., Lockey, J. E., Yiin, J. H., Hilbert, T. J., Levin, L. S., &

Rice, C. H. (2003). Mortality of workers occupationally exposed to

refractory ceramic fibers. Journal of Occupational and Environmental

Medicine, 45, 440–450. https://doi.org/10.1097/01.jom.0000052968.

43131.b5

Lockey, J. E., LeMasters, G. K., Levin, L., Rice, C., Yiin, J., Reutman, S., &

Papes, D. (2002). A longitudinal study of chest radiographic changes of

workers in the refractory ceramic fiber industry. Chest, 121, 2044–
2051. https://doi.org/10.1378/chest.121.6.2044

Mast, R. W., McConnell, E. E., Anderson, R., Chevalier, J., Kotin, P.,

Bernstein, D. M., Thevenaz, P., Glass, L. R., Miiller, W. C., &

Hesterberg, T. W. (1995). Studies on the chronic toxicity (inhalation)

of four types of refractory ceramic fiber in male Fischer 344 rats. Inha-

lation Toxicology, 7, 425–467. https://doi.org/10.3109/

08958379509015208

Mast, R. W., McConnell, E. E., Hesterberg, T. W., Chevalier, J., Kotin, P.,

Thevanaz, P., Bernstein, D. M., Glass, L. R., Miiller, W., & Anderson, R.

(1995). Multiple-dose chronic inhalation toxicity study of size-

separated kaolin refractory ceramic fiber in male Fischer rats. Inhala-

tion Toxicology, 7, 469–502. https://doi.org/10.3109/

08958379509015209

Maxim, L. D., & Utell, M. J. (2018). Review of refractory ceramic fiber

(RCF) toxicity, epidemiology and occupational exposure. Inhalation

Toxicology, 30(2), 49–71. https://doi.org/10.1080/08958378.2018.

1448019

McConnell, E. E., Mast, R. W., Hesterberg, T. W., Chevalier, J., Kotin, P.,

Bernstein, D. M., Thevenaz, P., Glass, L. R., & Anderson, R. (1995).

Chronic inhalation toxicity of a kaolin-based refractory ceramic fiber in

6 LEMASTERS ET AL.



Syrian golden hamsters. Inhalation Toxicology, 7, 503–532. https://doi.
org/10.3109/08958379509015210

National Cancer Institute (NCI). Surveillance, epidemiology, and end

results program (2021). https://seer.cancer.gov/statfacts/index.html

National Toxicology Program (NTP). (2016). Report on carcinogens

(Fourteenth ed.). U.S. Department of Health and Human Services,

Public Health Service. https://ntp.niehs.nih.gov/go/roc14

New York Times. (2002). Honeywell says asbestos verdict was more

than it had disclosed. http://www.nytimes.com/2002/04/18/

business/honeywell-says-asbestos-verdict-was-more-than-it-had-

disclosed.html

Rice, C. H., Levin, L. S., Borton, E. K., Lockey, J. E., Hilbert, T. J., &

Lemasters, G. K. (2005). Exposures to refractory ceramic fibers in

manufacturing and related operations: A 10-year update. Journal of

Occupational and Environmental Hygiene, 2, 462–473. https://doi.org/
10.1080/15459620500240659

Savolainen, H., Cosca-Sliney, R., & Guillemin, M. (1996). Detection of

occupational exposure to inorganic fibres by urinary fibre anlysis.

Occup Hygiene., 3, 351–357.
Scelo, G., & Larose, T. L. (2018). Epidemiology and risk factors for kidney

Cancer. Journal of Clinical Oncology., 36, 3574–3581. https://doi.org/
10.1200/JCO.2018.79.1905

Schubauer-Berigan, M. K., Hein, M. J., Raudabaugh, W. M., Ruder, A. M.,

Silver, S. R., Spaeth, S., Steenland, K., Petersen, M. R., & Waters, K. M.

(2011). Update of the NIOSH life table analysis system: A person-

years analysis program for the windows computing environment.

American Journal of Industrial Medicine, 54, 915–924. https://doi.org/
10.1002/ajim.20999

Smith, D. M., Ortiz, L. W., Archuleta, R. F., & Johnson, N. F. (1987). Long-

term health effects in hamsters and rats exposed chronically to man-

made vitreous fibres. The Annals of Occupational Hygiene, 31(4B),

731–754.
Suder Egnot, N., Benson, S. M., Vater, M. F., Hazan, R., Patel, O., &

Marsh, G. M. (2020). Systematic review and meta-analysis of epidemi-

ological literature evaluating the association between exposure to

man-made vitreous fibers and respiratory tract cancers. Regulatory

Toxicology and Pharmacology, 112, 104585.

How to cite this article: LeMasters, G., Lockey, J. E., Hilbert, T.

J., Burkle, J. W., & Rice, C. H. (2022). Mortality of workers

employed in refractory ceramic fiber manufacturing: An

update. Journal of Applied Toxicology, 1–7. https://doi.org/10.

1002/jat.4295

LEMASTERS ET AL. 7



Contents lists available at ScienceDirect

Toxicology and Applied Pharmacology

journal homepage: www.elsevier.com/locate/taap

Refractory ceramic fibers: Fiber characteristics, potential health effects and
clinical observations

Mark J. Utella,⁎, L.Daniel Maximb

aUniversity of Rochester Medical Center, 601 Elmwood Avenue, Rochester, NY, United States
b Principal, Everest Consulting, 295 Princeton-Hightstown Road Box 222, West Windsor, NJ 08550, United States

A B S T R A C T

Refractory ceramic fibers (RCFs) are amorphous fibers that belong to a class of materials termed synthetic
vitreous fibers (SVFs), also called man-made mineral fibers (MMMFs), which includes alkaline earth silicate
wool, glass wool, rock (stone) wool, slag wool, and special-purpose glass fibers. RCFs are more durable and
biopersistent than several other SVFs, although very much less biopersistent than either amosite or crocidolite
asbestos. Chronic inhalation studies indicated that rats and hamsters exposed to RCF fibers developed fibrosis
and tumors. Epidemiological studies at the University of Cincinnati funded by the Industry indicated that ex-
posed workers; (1) exhibited symptoms (e.g., dyspnea) similar to those reported in other dust-exposed popu-
lations, (2) developed statistically, but not clinically, significant deficits in certain measures of pulmonary
function in a cross sectional study, but no excessive decline in a longitudinal study, and (3) a dose related
increase in pleural plaques, but no interstitial fibrosis. The 2003 mortality study indicated no incremental lung
cancer and no cases of mesothelioma. RCF producers developed a comprehensive industry wide product stew-
ardship program (PSP) beginning in the late 1980s. In conjunction with the PSP, there has been a progressive
decrease in the TWA concentration of fibers by manufacturers and end-users. The research program has suc-
cessfully produced more soluble fibers and undertaken efforts to develop larger diameter fibers. The results of
the ongoing epidemiology studies confirm that occupational exposure to RCF is associated with the development
of pleural plaques and minor decrements in lung function, but no interstitial fibrosis or incremental lung cancer.

1. Introduction

RCFs (CAS no. 142844-00-6), first invented in the 1940s, are
amorphous fibers that belong to a class of materials termed synthetic
vitreous fibers (SVFs), also called synthetic mineral fibers (SMFs), man-
made mineral fibers (MMMFs), or man-made vitreous fibers (MMVFs),
which also includes alkaline earth silicate (AES) wool, glass wool, rock
(stone) wool, slag wool, and special-purpose glass fibers (Utell and
Maxim, 2010). RCFs are produced by melting (at ∼1925 °C) a mixture
of alumina (Al2O3) and silica (SiO2) in approximately equal propor-
tions. Other inorganic oxides, such as Zr2O3, Cr2O3, B2O3, and TiO2 are
sometimes added to alter the properties (e.g., durability or maximum
end use temperature) of the resulting product. RCFs can also be made
by melting blends of calcined kaolin, alumina, and silica. The molten
material is made into fibers by either a blowing or a spinning process.
RCFs are produced in a variety of physical forms, including bulk fiber,
blanket, modules (compressed blanket with hardware attached for easy
installation), felt, paper, and vacuum formed shapes.

1.1. Physical properties and implications

As produced or processed some RCFs are respirable (Greim et al.,
2014; Maxim et al., 2008 and contained references). In terms of di-
mensions, RCFs can be elongate particles (Middendorf et al., 2007;
National Research Council, 2010)—though not necessarily Elongate
Mineral Particles (EMPs) as this term is generally understood, since
RCFs are vitreous, rather than crystalline, and do not contain any type
of asbestos.

RCFs have several desirable physical properties as high temperature
insulating materials. These include low thermal conductivity, low heat
storage (low volumetric heat capacity), high thermal shock resistance,
light weight, good corrosion resistance, and ease of installation (ERM,
1995). Depending upon the formulation, the maximum use temperature
can be as high as 1430 °C (ERM, 1995; NIOSH, 2006; TIMA, 1993). For
this reason, RCFs (and certain other fibers) are also termed high-tem-
perature insulating wools (HTIWs). The combination of low thermal
conductivity, lightweight, and low heat storage make RCF useful as a
lightweight high-temperature insulation material. Because of these

https://doi.org/10.1016/j.taap.2018.06.011
Received 29 December 2017; Received in revised form 5 June 2018; Accepted 12 June 2018

⁎ Corresponding author.
E-mail address: mark_utell@urmc.rochester.edu (M.J. Utell).

Toxicology and Applied Pharmacology 361 (2018) 113–117

Available online 13 June 2018
0041-008X/ © 2018 Elsevier Inc. All rights reserved.

T



properties, RCF applications are principally industrial, where it is used
as a furnace lining in the chemical, fertilizer, petrochemical, steel, glass,
ceramic, cement, foundry, and forging industries (Mast et al., 2000;
Utell and Maxim, 2010).

Turning now to physical properties relevant to potential fiber toxi-
city, most scientists subscribe to the so-called 3Ds (dose-durability-di-
mension) theory of fiber toxicity (see e.g., NIOSH, 2006). The im-
portance of dose is obvious—ceteris paribus, lower cumulative
exposure doses are likely to result in a lower response.

Fiber dimensions (diameter and length) are relevant for two rea-
sons:

• Fiber diameters are relevant because diameters affect the respir-
ability of fibers. Broadly, fibers with diameters> 3 μm (μm) do not
penetrate the branching airway to reach the distal pulmonary/al-
veolar region. What is relevant here is the distribution of fiber
diameters as found in or near the breathing zone of those exposed,
not the diameters of the bulk fibers.

• Fiber lengths are potentially relevant because there is evidence that
longer fibers (at least those longer than approximately 20 μm) are
potentially more toxic because these are too large to be fully en-
gulfed by macrophages.

The ability of the fiber to remain in the lung, termed durability if
measured in in-vitro studies, or biopersistence if measured in in vivo
studies has also been found to be a key determinant of fiber toxicity
(Bernstein et al., 2001a, 2001b; Eastes and Hadley, 1994; Eastes et al.,
1996; Greim et al., 2014; Hesterberg et al., 1994, 1998a; ILSI Working
Group, 2005; McConnell, 2000; Maxim et al., 2006). Fibers that remain
in the lung longer have a greater potential to cause adverse health ef-
fects. Durability/biopersistence can be measured in-vitro by a para-
meter termed Kdis and in vivo as a weighted half time WT1/2 measured
in either inhalation or intra tracheal measurements. There is good
correlation between these two metrics (Maxim et al., 2006). Fig. 1
shows weighted half-times (days) of long (> 20 μm) fibers from short-
term inhalation studies for two types of amphibole asbestos (crocidolite
and amosite) and several SVFs (including RCF) as measured by
Hesterberg et al. (1998a). As can be seen, RCFs are more durable and
biopersistent than several other SVFs, although very much less bio-
persistent than either amosite or crocidolite asbestos (see data from
various sources summarized in Brown et al., 2005; Greim et al., 2014;

Matsuzaki et al., 2015; Maxim et al., 2006). Based on these data the
potential toxicity of RCF would be expected to be more toxic than glass
wool, comparable to rockwool, and very much less toxic than amphi-
bole asbestos—a in vitro conjecture supported by available epidemio-
logical data.

Fibers in the lung are removed by three mechanisms (see e.g.,
Maxim et al., 2006), removal of short fibers by macrophages, dissolu-
tion of fibers, and breakage of fibers. The breakage mechanism is also a
relevant fiber property. Some fibers, such as chrysotile asbestos break
along the longitudinal axis, thus increasing the number of long, thin
fibers. Others, such as RCF and other SVFs, undergo transverse
breakage, resulting in shorter fibers that are more easily removed by
macrophages.

As noted above, studies of laboratory animals exposed to RCF by
various routes have resulted in fibrosis and tumors and IARC placed
RCF in Group 2B (possibly carcinogenic to humans) on the basis of
sufficient evidence in experimental animals and inadequate evidence in
humans.

The Scientific Committee on Occupational Exposure Limits (SCOEL,
2011) classified refractory ceramic fibers as a secondary genotoxic
carcinogen and supported a practical threshold. Inflammation was
considered the predominant manifestation of RCF toxicity. However,
the animal data are not easily interpreted in terms of possible risk
implications for humans as the key inhalation study resulted in over-
load (see e.g., Brown et al., 2005; Maxim et al., 2003).

1.2. Product stewardship program

The earliest toxicology studies indicated that RCF was no more toxic
than what was termed a nuisance dust. But later animal studies, using
more advanced protocols (e.g. nose-only inhalation) resulted in fibrosis
and tumors. On the basis of the later animal study results, RCF pro-
ducers decided to develop a comprehensive industry wide product
stewardship program (PSP) beginning in the late 1980s (Maxim et al.,
2008; Utell and Maxim, 2010). Table 1 provides a high-level overview
of the eight major components (exposure monitoring, medical mon-
itoring, development of improved workplace controls/practices, speci-
fication of respirator required jobs and other elements of a respiratory
protection program, worker training, product research, environmental
responsibility, and the development of an efficient communication
strategy) included in this multi-faceted stewardship program. The
program was conducted originally (1993–1998) under the oversight of
the U.S. Environmental Protection Agency (EPA) and later under the
oversight of the Occupational Safety and Health Administration
(OSHA). Developed originally under the sponsorship of the Refractory
Ceramic Fibers Coalition (RCFC) and later under the successor organi-
zation, the High Temperature Insulation Wools (HTIW) Coalition, this
program continues today.

This paper focuses on three aspects of the PSP; exposure monitoring
and controls, epidemiological morbidity studies, and product research.
The program also includes an ongoing mortality study (see LeMasters
et al., 1998, 2003 for earlier results), which is omitted here pending
completion of the analysis of data from the latest update.

1.3. Exposure monitoring and control

Exposure monitoring is conducted at both HTIW Coalition member
plants and customer facilities using a statistically designed stratified
random sampling plan (SRSP). Time weighted average (TWA) fiber
concentrations are measured on workers doing various jobs on various
forms of RCF. The SRSP is designed to provide accurate estimates of
weighted average fiber concentrations for a fixed total sample size. The
purposes of exposure monitoring are to:

Fig. 1. Biopersistence data shown as weighted half-times for Crocidolite as-
bestos, Amosite asbestos, MMVF 21 (rockwool), MMVF 32 (E glass), RCF,
MMVF 33 (special application glass wool), MMVF 10 (glasswool), and MMVF
22 (slagwool) (Greim et al., 2014; Hesterberg et al., 1998a; Maxim et al., 2006).
Measured values of weighted half-times, the most relevant measure of bio-
persistence, range from just a few days for very low biopersistent fibers, such as
certain glass wools, to 1000 or more days for some forms of amphibole asbestos.
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• Verify compliance with the program's recommended exposure
guideline (REG) of 0.5 fibers per cubic centimeter1 (0.5 f/cm3 or 0.5
f/ml) for RCF, or other applicable occupational exposure limits
(OELs),

• Present objective data on occupational exposure (with and without
correction for the protective effect of respirators) to RCFs,

• Measure time trends in worker exposure,

• Provide relevant data for benchmarking, and to

• Learn more about the determinants of exposure.

To date the exposure database includes nearly 26,000 personal
monitoring observations (time weighted average fiber concentration
measurements) collected in the United States and Europe. Customers to
be monitored include both those selected at random (“selectees”) and
those who specifically request monitoring (“volunteers”).2 A typical
monitoring visit entails a “walk around” observation, worker training,
exposure monitoring, and an exit interview. Monitoring results and any
recommendations are included in a visit report provided to the cus-
tomer by the HTIW Coalition member collecting the monitoring data.
Fig. 2 highlights the results of the exposure control efforts by showing
the weighted average fiber concentrations (fibers per milliliter) mea-
sured over the period from 1990 through 2016. Weights used in com-
puting the weighted average fiber concentration are equal to the pro-
portion of workers in each of eight functional job categories [FJCs].
Respirators are used for certain difficult to control jobs, but the con-
centrations shown in Fig.2 do not take into account the protective effect
of respirator use.

As can be seen, fiber concentrations at both customer facilities and
manufacturer plants have decreased substantially over the years and
(with the exception of 1990 for customers) have been well beneath the
industry's recommended exposure guideline (REG). Perhaps more im-
portant, weighted average fiber concentrations at customer facilities
(originally higher than those at manufacturing facilities) have de-
creased even more than those at manufacturers as technical knowledge
about ways to reduce exposures, including installation of engineering
controls and implementation of improved workplace practices, has
been exploited by customers.

1.4. Morbidity studies

Data from the latest update to the ongoing mortality (as well as
morbidity) have recently been published. The RCF industry has spon-
sored several epidemiological studies on workers exposed to these fi-
bers. The studies evaluated/measured symptoms, X-rays, pulmonary
function, and mortality. Collectively, these studies indicated that ex-
posed workers (1) exhibited symptoms (e.g., dyspnea) similar to those
reported in other dust-exposed populations, (2) developed statistically
significant, but not clinically significant, deficits in certain measures of
pulmonary function in a cross-sectional study, but no excessive decline
in a later longitudinal study (McKay et al., 2011), and (3) experienced a
dose-related increase in pleural plaques, but no interstitial fibrosis. In
the most recent RCF morbidity study, Lemasters et al. (2017) at the
University of Cincinnati reported results of x-ray findings in 1451 RCF
workers. Chest radiographs were administered every three years from 5
facilities. The chest films were interpreted independently by three
Board certified radiologists who were B-readers using the standard ILO
1980 International Classification of Radiographs for pneumoconiosis.
The radiological investigation of workers in the US cohort exposed to

Table 1
Major components and elements/features of the industry Product Stewardship Program. The exposure monitoring features focus on presenting objective data on
occupational exposure (with and without correction for the protective effect of respirators) to RCFs in production sites and customer facilities. Workplace controls/
practices include use of exposure monitoring and other data collected to identify efficient engineering controls and workplace practices. Environmental responsibility
is a catch-all category used to denote efforts to minimize consumption of raw materials, conserve energy, and minimize waste generation rates by increasing process
yields, recycling, and other means.

Component Elements/features

Exposure monitoring at HTIW Coalition and customer
facilities

Verify compliance with recommended exposure guideline (REG)
Assess determinants of exposure
Track trends
Benchmarking

Medical monitoring/health effects research/
epidemiology studies

Continuing medical surveillance of current workers
Continuing mortality study of present and former workers

Workplace controls/practices Search for improved engineering controls and workplace practices to reduce occupational exposure
Respirator use Ensure appropriate respirators used when necessary
Training Provide training sessions for employees of HTIW producers, customers, and others
Product research Encourage research to develop improved understanding of determinants of fiber toxicity and the development of less

biopersistent alternatives to RCF capable of substituting for RCF in various applications.
Environmental responsibility Minimize consumption of natural resources, reduce waste generation, and conserve energy.
Communications Disseminate PSP results to key stakeholders

Provide Annual Reports to OSHA

Fig. 2. Time trends in weighted average TWA concentrations at manufacturer
and customer facilities. The gap between exposures at customer and manufacturer
facilities (shown by the shaded area) has decreased over time to the point that
weighted average exposures are nearly the same for both groups.

1 This REG was established on the basis of prudence and demonstrated feasibility, not
on any demonstrated risk. Occupational exposure limits (OELs) have been established in
many countries of the world and vary from 0.1 to 2.0 f/ml (Harrison et al., 2015). This
REG is numerically identical with the recommended exposure limit (REL) published by
NIOSH (NIOSH, 2006).

2 Studies show that the average fiber concentrations among volunteers do not differ
significantly from selectees.
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RCF revealed a statistically significant increase in the prevalence of
pleural plaques. The overall rate of pleural changes reported by
Lemasters et al. (2017) in their most recent publication was 6.1%
(n=89), which increased across exposure categories reaching, in the
highest cumulative exposure category, 21.4% (adjusted odds ratio
(aOR). 6.9, 95% CI 3.6–13.4) and 13.0% (OR. 9.1, 95% CI 2.5–33.6) for
all subjects and for those with no potential asbestos exposure, respec-
tively. This compared to an earlier report were pleural changes were
seen in 27 workers (2.7%) (Lockey et al., 2002) The increase in pleural
plaques with time is not surprising as the presence of plaques is likely to
be related to increasing latency. Prevalence among recent hires (after
1985) was similar to the background. Interstitial changes were not
elevated.

To place the incidence of pleural plaques found in the RCF-exposed
cohort into perspective, it is useful to compare this to other cohorts. The
US Mine Safety and Health Administration (MSHA) [Federal Register,
2005] claims that the prevalence of pleural plaques ranges from 0.53%
to 8% in environmentally exposed populations. Furthermore, the
average prevalence of pleural abnormalities in populations with en-
vironmental exposure in areas of known asbestos/related mineralogy
ranges from 1.1 to 60.3%, and the average prevalence of pleural ab-
normalities in populations with known occupational exposure to as-
bestos ranges from 1.3 to 72.6% (Utell and Maxim, 2010).

The available evidence is consistent with the hypothesis that the
development of pleural plaques is a marker of exposure to several fi-
bers, particularly asbestos. Absent other nonmalignant pleural disease,
pleural plaques are not associated with respiratory symptoms or (in
most individuals) clinically significant impairments to lung function
(Maxim et al., 2015). In cohorts occupationally exposed to asbestos
there is a correlation between the presence of pleural plaques and
malignant effects (lung cancer and mesothelioma), but the evidence
indicates that this relationship is a consequence of the degree of ex-
posure to asbestos and that the presence of pleural plaques does not, of
itself, independently affect risk levels. The studies of Pairon et al.
(2013) and colleagues suggest that plaques might be an independent
risk factor and further research on this topic is appropriate, but these
results cannot be regarded as definitive.

In contrast to the pleural changes, the prevalence of parenchymal
abnormalities did not differ from workers exposed to other types of dust
(Lockey et al., 1996, 2002). There was no increase in interstitial lung
disease or pulmonary fibrosis.

The 2003 mortality study indicated that there was no incremental
lung cancer and no cases of mesothelioma. (The mortality study in-
dicated that there was a statistically significant association with cancers
of the urinary organs, an unexpected finding, which may be due to
chance). The mortality study is being updated.

1.5. Product research

Another key component of the industry PSP is the search for and
development of new, less biopersistent fibers, capable of substituting
for RCF in certain high temperature applications. These efforts have
been successful and led to the development of a new class of high
temperature insulating wools termed alkaline earth silicate (AES)
wools. AES wools became commercially available during the 1990s.
Typical AES compositions are SiO2 (50–82%), CaO and MgO (18–43%),
and minor amounts of Al2O3 and other oxides. Fibers with lower alu-
mina compositions have significantly lower durability/biopersistence.
AES wool fiber diameters are similar to those for RCF and, in con-
sequence, airborne fiber concentrations (also measured as part of the
industry PSP) for comparable FJCs are also quite similar.

Biopersistence and other studies (see e.g., Brown et al., 2002; Brown
and Harrison, 2012; Campopiano et al., 2014; Cavallo et al., 2015;
Harrison and Brown, 2011; Hesterberg et al., 1998b; Maxim et al.,
1999; Ohsawa, 2005; Ziemann et al., 2014) have shown AES wool fibers
to have significantly lower biopersistence than RCFs and minimal

toxicology in subchronic studies. Hesterberg et al., 1998b performed a
chronic (2 year) nose-only inhalation study that indicated that one AES
wool (×607) was neither fibrogenic nor carcinogenic.

AES wools are not classified as carcinogens by any regulatory or
advisory body. AES wools are capable of substituting for RCF for cer-
tain, but not all, industrial applications. Depending upon composition,
AES wools can be used at temperatures up to 2300° F (1200 °C) though
most are used at temperatures< 900 °C.

2. Conclusions

The evaluation of the impact of occupational RCF exposure on
human health is a long-term process that attempts to reconcile animal
experimental data with the results of the human epidemiologic studies.
Results of animal inhalation studies showed that exposure to high
concentrations of RCF can cause fibrosis and tumors, although inter-
pretation of these tests has been complicated by probable particle
overload. Results of ongoing epidemiological studies demonstrate that
exposure to RCF causes selected respiratory symptoms and pleural
plaques. However, these ongoing epidemiological studies of occupa-
tionally exposed cohorts have thus far failed to demonstrate progressive
decrements in lung function, interstitial fibrosis, excess lung cancer, or
mesothelioma. The mortality study has not shown any increase in death
rate (all deaths), cancer deaths, or respiratory deaths. A statistically
significant increase in cancers of the urinary organs was found; but the
biological significance of this finding is uncertain. The PSP has proven
successful in reducing fiber concentrations and continues to develop
less biopersistent fibers. An update of the morbidity and mortality study
from the University of Cincinnati has recently been published
(Lemasters et al., 2017) and confirmed that occupational exposure to
RCF is associated with the development of pleural plaques, but no in-
terstitial fibrosis or incremental lung cancer. One reported, but un-
confirmed, mesothelioma was found in an individual with prior occu-
pational asbestos exposure. Evidence supporting a finding that urinary
tumors are associated with RCF exposure remains, but is weaker
(Maxim and Utell, 2018). Product stewardship efforts have been suc-
cessful in substantially reducing occupational exposures to RCF and
may well be responsible for the virtual absence of pleural plaques in
workers hired after the introduction of the PSP as well as the absence of
a progressive loss of lung function in the longitudinal study of pul-
monary function.
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ABSTRACT
This literature review on refractory ceramic fibers (RCF) summarizes relevant information on manufac-
turing, processing, applications, occupational exposure, toxicology and epidemiology studies. Rodent
toxicology studies conducted in the 1980s showed that RCF caused fibrosis, lung cancer and meso-
thelioma. Interpretation of these studies was difficult for various reasons (e.g. overload in chronic inhal-
ation bioassays), but spurred the development of a comprehensive product stewardship program
under EPA and later OSHA oversight. Epidemiology studies (both morbidity and mortality) were under-
taken to learn more about possible health effects resulting from occupational exposure. No chronic
animal bioassay studies on RCF have been conducted since the 1980s. The results of the ongoing epi-
demiology studies confirm that occupational exposure to RCF is associated with the development of
pleural plaques and minor decrements in lung function, but no interstitial fibrosis or incremental lung
cancer. Evidence supporting a finding that urinary tumors are associated with RCF exposure remains,
but is weaker. One reported, but unconfirmed, mesothelioma was found in an individual with prior
occupational asbestos exposure. An elevated SMR for leukemia was found, but was absent in the
highly exposed group and has not been observed in studies of other mineral fibers. The industry will
continue the product stewardship program including the mortality study.

ARTICLE HISTORY
Received 21 December 2017
Revised 13 February 2018
Accepted 28 February 2018

KEYWORDS
Classification; epidemiology;
refractory ceramic fiber;
toxicology; pleural plaques
occupational exposure;
Product Stewardship
Program; Recommended
Exposure Guideline

Introduction

The most recent comprehensive review of refractory ceramic
fibers (RCF) toxicology, epidemiology and exposure was
published in this journal in 2010 (Utell & Maxim, 2010).
Although no new chronic animal bioassays were conducted
since the earlier publication, there are more recent data on
occupational exposures and updates from the ongoing
University of Cincinnati (UC) and other epidemiology stud-
ies that are noteworthy. Additionally, several other studies
have been published that are relevant to assessing possible
health risks of occupational exposure to RCF.

Hoffmann et al. (2017) suggests that the procedure for
selection of papers to be included in a review article be made
explicit. The papers and reports included in this article were
identified based on the specific knowledge of the authors
(useful for reports) and a sequence of Internet searches using
PubMed and Google Scholar. For papers dealing specifically
with refractory ceramic fiber, search terms included; ceramic
fiber, synthetic vitreous fiber, man-made mineral fiber,
Alumino Silicate wool, health effects, pleural plaques, spirom-
etry, epidemiology, toxicology, lung cancer, mesothelioma,
exposure, recommended exposure guideline, recommended
exposure limit, occupational exposure limit, durability, dissol-
ution rates, biopersistence and product stewardship. The
focus of this article is on developments since 2010, but earlier

years were included in the searches to discover any articles
that might have been missed in the 2010 review.

Brief background

Composition and manufacture

RCF (CAS no. 142844-00-6), first invented in the 1940s, are
amorphous fibers that belong to a class of materials termed
synthetic vitreous fibers (SVFs), also called synthetic mineral
fibers (SMFs), man-made mineral fibers (MMMFs) or man-
made vitreous fibers (MMVFs), which also includes alkaline
earth silicate (AES) wool, glass wool, rock (stone) wool, slag
wool and special-purpose glass fibers. RCF are produced by
melting (at �1925 �C) a mixture of alumina (Al2O3) and sil-
ica (SiO2) in approximately equal proportions. Other inor-
ganic oxides, such as Zr2O3, Cr2O3, B2O3 and TiO2 are
sometimes added to alter the properties (e.g. durability or
maximum end-use temperature) of the resulting product
(AFSSET, 2007; NIOSH, 2006). RCF can also be made by
melting blends of calcined kaolin, alumina and silica. The
molten material is made into fibers by either a blowing or a
spinning process. Typical compositions of RCF and other
SVFs are given in several sources (AFSSET, 2007; ATSDR,
2004; IARC, 2002; National Research Council, 2000; NIOSH,
2006). As manufactured, RCF are in the form of bulk fibers.
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Subsequent processing steps are used to convert the RCF into
other physical forms such as a blanket, modules (folded blan-
ket with hardware for rapid installation), paper, felt, board,
vacuum formed shapes, textiles and as a putty or paste.

Physical properties

RCF have several desirable physical properties as a high-
temperature insulating material. These include low thermal
conductivity, low heat storage (low volumetric heat cap-
acity), high thermal shock resistance, lightweight, good cor-
rosion resistance and ease of installation (ERM, 1995).
Depending upon the formulation, the maximum use tem-
perature can be as high as 1430 �C (ERM, 1995; NIOSH,
2006; TIMA, 1993). For this reason, RCF (and certain other
fibers) are also termed high-temperature insulating wools
(HTIWs). These properties make RCF useful as a lightweight
high-temperature insulation material.

RCF applications are principally industrial, where it is
used as a furnace lining in the chemical, fertilizer, petro-
chemical, steel, glass, ceramic, cement, foundry, and forging
industries (Mast et al., 2000a,b; Utell & Maxim, 2010). RCF
is also used as fire protection for buildings and industrial
process equipment, as aircraft/aerospace heat shields, and in
automotive uses, such as catalytic converters, metal rein-
forcements, heat shields, brake pads, and airbags (Everest
Consulting Associates, 1996; ERM, 1995 [focus on European
applications]; Maxim et al., 1997). IARC (2002) noted that
RCF production was approximately 1–2% of all mineral
fibers as of that date.

Our current understanding of fiber toxicology (the so-
called 3D paradigm of dose, dimension and durability; see
Bernstein, 2007; Greim et al., 2014; Hesterberg & Hart 2001;
Lippmann, 2014) indicates that fibers with greatest toxico-
logical potential are those that are:

� Respirable, that has lengths l> 5 lm, diameters d � 3lm
and aspect ratios l/d �3 (WHO) or �5 (NIOSH 7400 B),

� Sufficiently long (>20 lm) to impede clearance by alveo-
lar macrophages and

� Biopersistent (not rapidly cleared from the lung by dis-
solution or breakage).

Refer Greim et al. (2014), Mast et al. (2000a,b) and
Maxim et al. (2000) for length-diameter distributions of
RCF in occupational exposures.

Figure 1 shows weighted half-times (days) of long
(>20 lm) fibers from short-term inhalation studies for two
types of amphibole asbestos (crocidolite and amosite) and
several SVFs (including RCF) as measured by Hesterberg
et al. (1998). RCF 1, one of three most common forms in
the US and one of the fibers tested in the animal bioassays,
was specially prepared to be rat respirable. However, later
analysis (Maxim et al., 1997) showed that the particle to
fiber ratio of RCF 1 was not representative of that found in
workplace samples. RCF 1a was prepared from RCF 1 to
match the particle to fiber ratio found in workplace samples.
Additional information on RCF 1a has been published

(Bellmann et al., 2001; Brown et al., 2000; Mast et al.,
2000a,b]). As can be seen, RCF are more durable and bio-
persistent than several other SVFs, although very much less
biopersistent than amphibole asbestos (see data from various
sources summarized in Brown et al., 2005; Greim et al.,
2014; Matsuzaki et al., 2015; Maxim et al., 2006). The aver-
agely weighted half-time for RCF in rodents from several
studies is approximately 50 days. There are no half-time data
in humans, however, Lockey et al. (2012) noted that RCF
can persist in human lung tissue for as much as 20 years.

Animal tests and hazard classification

The earliest animal study, published in 1956 (Gross et al.,
1956) on male rats exposed by intratracheal injection, con-
cluded that RCF was no more hazardous than a “nuisance
dust”, but later studies conducted in the 1980s (Davis et al.,
1984; Smith et al., 1987) and 1990s called this conclusion
into question. Chronic nose-only studies on rats and ham-
sters conducted at the Research and Consulting Company
(RCC) (then located in Geneva, Switzerland) indicated that
nose-only inhalation exposure to high concentrations of
RCF, resulted in fibrosis and tumors (for reviews and refer-
ences see Greim et al., 2014; Mast et al., 1995a,b; McConnell
et al., 1995; Mast et al., 2000a; NIOSH, 2006; Utell &
Maxim, 2010). In 1988, an IARC Working Group reviewed
the available evidence for RCF and placed RCF in Group 2B
(possibly carcinogenic to humans). This classification was
reaffirmed by a subsequent Working Group meeting in 2001
(IARC, 2002), which concluded that there was sufficient evi-
dence in experimental animals but inadequate evidence in
humans for the carcinogenicity of refractory ceramic fibers.
Later analyzes, however, indicated that the RCC animal
studies were compromised by overload, a factor that has
made it difficult to derive accurate estimates of risk by
extrapolation of animal study results (Brown et al., 2005;
Drummond et al., 2016; Greim et al., 2014; Maxim et al.,
2003; NIOSH, 2006; Utell & Maxim, 2010). Notwithstanding
limitations of the animal studies, these results prompted

Figure 1. Weighted half-times (days) in the pulmonary region for amphibole
asbestos and selected SVFs (Greim et al., 2014; Hesterberg et al., 1998; Maxim
et al., 2006).
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concern that exposure to RCF might lead to similar health
effects to those for various types of asbestos.

Harrison et al. (2015) provide a discussion of regulatory
approaches in both the US and Europe. Useful discussions
of RCF carcinogen classification and setting occupational
exposure limits (OELs) in Europe can also be found in
DECOS (2011), Greim et al. (2014) and SCOEL (2011).
SCOEL recommended an OEL of 0.3 fibers/ml based on a
calculated no-effect level for impact on lung function. OELs
vary by country in Europe from 0.1 f/ml to 2.0 f/ml (Refer
Table 3 of Harrison et al., 2015).

Product stewardship program

Beginning in the late 1980s, producers of RCF developed a
unified and comprehensive industry-wide product steward-
ship program (PSP) to assess and control possible risks asso-
ciated with the production and use of RCF-containing
products. The PSP was developed and administered through
a series of organizations including (in chronological order)
the Thermal Insulation Manufacturers Association (TIMA),
the Refractory Ceramic Fibers Coalition (RCFC) and the
HTIW Coalition in the US and through similar organiza-
tions, including ECFIA in Europe and the Refractory
Ceramic Fiber Association (RCFA) in Japan. This compre-
hensive multi-faceted program includes health research (epi-
demiology studies and medical surveillance), workplace
monitoring, exposure assessment, development of workplace
controls to reduce exposure in both production plants and
end-user facilities, product research (to develop less bioper-
sistent fibers), special studies (emissions, energy savings,
waste generation rates and possible substitutes) and a com-
munications outreach component [see Maxim et al. (2008)
for more detail]. The voluntary PSP in the US has been con-
ducted under regulatory agency oversight (from 1993 to
1998 by USEPA and from 2002 onwards by OSHA). Annual
reports are written to OSHA summarizing PSP progress,
exposure measurements and recent developments in toxicol-
ogy and epidemiology. The most recent annual report to
OSHA (Everest Consulting Associates, 2017) provides add-
itional detail on the product stewardship program.

Epidemiology studies prior to 2010

The results of animal studies on the toxicity of RCF raised
questions about possible adverse respiratory effects of expos-
ure to these fibers in humans. These have been addressed in
a series of epidemiology studies. Relevant summaries of epi-
demiology studies prior to 2010 are given in IARC (2002)
and Utell & Maxim (2010). Additional comments are pro-
vided below.

One of the early epidemiology studies was reported by
Chiazze et al. (1997). Costa & Orriols (2012) summarized
the results of this study as follows:

Chiazze et al. (1997) carried out a case–control study in men
with LC [lung cancer] from a cohort of 2933 workers at a
continuous fiberglass filament factory [in Anderson, South
Carolina]. They assessed the exposure to fiberglass, asbestos and

RCF, among others. The risk for LC was lower in those exposed
to RCF compared with the controls. [Material in square brackets
added for clarity.]

Carel et al. (2007) reported on a multicenter case–control
study in six Central and East European countries and the
United Kingdom. Occupational and demographic data were
collected from 2205 newly diagnosed male lung cancer cases
and 2305 controls. The study did not find a carcinogenic effect
of exposure to MMVF or RCF; however, the power of this
study was low. The study found a significant association
between asbestos exposure and lung cancer in the United
Kingdom but failed to observe a similar association with asbes-
tos exposure among subjects in other European countries.

Marchand et al. (2000) reported results of a case–control
study of the relationship between occupational exposure to
asbestos and man-made vitreous fibers (including RCF) and
laryngeal and hypopharyngeal cancer. This study involved
315 incident cases of laryngeal cancer, 206 cases of hypo-
pharyngeal cancer and 305 hospital-based controls with
other types of cancer, all recruited in 15 hospitals in six
French cities. These investigators concluded that exposure to
asbestos resulted in a significant increase in the risk of
hypopharyngeal cancer (OR ¼1.80, 95% CI: 1.08–2.99) and
a non-significant increase in the risk of laryngeal cancer
(OR ¼1.24, 95% CI: 0.83–1.90). Exposure to mineral wools
was of borderline significance for the risk of hypopharyngeal
cancer (OR ¼1.55, 95% CI: 0.99–2.41), and not significantly
associated with the risk of laryngeal cancer (OR ¼1.33, 95%
CI: 0.91–1.95). No significant results were observed for the
other MMVFs including RCF.

The most comprehensive series of epidemiology studies
on occupational RCF exposure was sponsored by the indus-
try as part of the PSP and initiated at the UC in the US and
at the Institute of Occupational Medicine (IOM) in Europe.
The earlier results of morbidity (US and Europe) and mor-
tality (US) studies have been described/reviewed in several
publications (Burge et al., 1995; Cowie et al., 2001;
LeMasters et al., 1998, 2003; Lockey et al., 1996, 1998, 2002;
McKay et al., 2011; Trethowan et al., 1995; Utell & Maxim,
2010). Elements of these studies were also included in a
study of Australian ceramic fiber production workers
(Rogers et al., 1997). As of 2010, these studies indicated that
occupational exposure to RCF resulted in:

� Respiratory symptoms (e.g. dyspnea, wheezing, chronic
cough, chronic phlegm) “similar to those reported in
other dust-exposed populations” (LeMasters et al., 1998);

� A statistically, but not clinically, a significant decrease in
certain measures of respiratory function in one cross-
sectional study (LeMasters et al., 1998) for certain sub-
groups (e.g. male current or former smokers);

� However, further longitudinal study (Lockey et al., 1998)
revealed no excess decline in lung function;

� A statistically significant increase in the prevalence of
pleural plaques (Lockey et al., 1996, 2002), but no evi-
dence of parenchymal disease; and

� No increased deaths from lung cancer or, at that time,
any cases of mesothelioma (LeMasters et al., 2003). The
mortality study also found an unexpected, but statistically
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significant, association with cancers of the urinary organs
(more below).

To summarize, the available epidemiological data from
several studies as of 2010 indicated that symptoms were
similar to other dust-exposed populations; there was evi-
dence of minor decreases in certain measures of lung func-
tion and a dose-related increase in pleural plaques, but no
interstitial fibrosis or elevated lung malignancy rates.

More recent results

Exposures

Exposure monitoring and using engineering controls and
improved workplace practices for exposure reduction have
been key elements of the PSP. Exposures are monitored
(based on a stratified random sampling plan) at plants/facili-
ties operated both by RCF producers and customers.
Exposures to RCF at manufacturing locations can occur dur-
ing fiber production, processing or converting (e.g. vacuum
forming) or manufacture or assembly of other specific prod-
uct forms (e.g. modules), packaging and warehousing. At cus-
tomer facilities, exposures can result from many of the same
activities (except fiber manufacture) and additionally when
installing, repairing or removing after-service furnace linings.

Exposures vary by the type of work performed (the exposed
population is divided into eight functional job categories
[FJCs]) and other factors (e.g. the form of the product, type of
engineering controls and industrial segment). Data on expo-
sures by functional job category in the US and Europe for vari-
ous time periods are provided in several publications (Burley
et al., 1997; Everest Consulting Associates, 2017; Maxim et al.,
1994, 1997, 1998, 2000, 2008; Rogers et al., 1997).

A useful summary statistic is the weighted average fiber
concentration (fibers per milliliter, f/ml or fibers per cubic
centimeter f/cc), calculated by taking the weighted average
(weighted by the estimated number of workers in each FJC)
of the measured 8-h time-weighted average (TWA) fiber
concentrations.

Figure 2 shows the time series of a weighted average of
measured fiber concentrations for RCF producers and cus-
tomers in the US over the period from 1990 through 2016.
(Similar data are collected for European producers and cus-
tomers.) Respirators are worn for some jobs, but the data
plotted in Figure 2 do not include any correction for the
assigned protection factors of the respirators. There are some
data to indicate that fiber concentrations were even higher in
the years before 1990. Shown also in Figure 2 (dashed lines)
are the recommended exposure guidelines (REGs) over this
same time period. (The REGs were established on the basis of
prudence and demonstrated feasibility rather than an explicit
risk calculation.) The current REG, 0.5 f/ml, is numerically
identical to the REL established by NIOSH. NIOSH (2006)
wrote a criteria document containing a detailed discussion of
the rationale for setting this REL. As can be seen:

� Exposures at both RCF manufacturing plants and cus-
tomer facilities have decreased substantially over this

period. Weighted average exposures are now substantially
lower than the US industry REG of 0.5 f/ml.

� The gap between exposures at customer and manufac-
turer facilities (shown by the shaded area in Figure 2)
has decreased over time to the point that weighted aver-
age exposures are nearly the same for both groups.

� The rate of decrease in weighted average fiber concen-
trations has slowed in recent years, suggesting that the
limits of present control technologies are being
reached.

Notwithstanding the flattening of the exposure trends in
more recent years, there has been significant progress in
reducing exposures, which has materially reduced the cumu-
lative exposure of workers (fiber-years/ml) employed in this
industry compared to what would have occurred without
the exposure reductions resulting from the PSP. Figure 3
shows for both manufacturer and customer measurements
(see the shaded areas) that the cumulative exposure of either
the manufacturer or customer cohorts beginning in 1990
when the first integrated industry-wide stewardship program
was developed would have been substantially larger but for
the exposure reductions brought about by the product stew-
ardship program. The general shapes of these curves will
remain the same even if there are no further exposure
reductions.

Other exposure studies

Zhu et al. (2015a) explored the relationship between mass
dust and fiber concentrations in a plant producing RCF.
The authors found that there was a broad correlation
between these two measures, but the relationship was not
sufficiently accurate to enable reliable predictions. This find-
ing is consistent with earlier studies conducted by RCF pro-
ducers in the US and Europe. Simply stated, dust
concentrations are not an adequate surrogate for fiber
concentrations.

Zhu et al. (2015d) presented data on fiber and total dust
concentrations for various production jobs in a factory in

1990 1995 2000 2005 2010 2015
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Figure 2. Time trends in weighted average TWA fiber concentrations at RCF
manufacturers and customers (Everest Consulting Associates, 2017).
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China. Gravimetric dust concentrations ranged from 0.63 to
16mg/m3 and for fiber concentrations from 0.01 to 1.04
f/ml. Mean values for dust and fiber concentrations were
2.56mg/m3 and 0.19 f/ml, respectively. This study adopted
“reference values” of 5mg/m3 and 0.5 f/ml for total dust
and fiber concentrations, respectively. (The 0.5 f/ml refer-
ence value for fiber concentrations matches the industry
REG and the NIOSH REL for RCF included in the HTIW
Coalition PSP.) The authors also conclude that measurement
of both total dust and fiber concentrations better reflects
occupational exposures. The range and average fiber concen-
trations are broadly consistent with measurements made as
part of the industry PSP, but differences in protocol pre-
clude exact comparisons.

Epidemiology studies since 2010

Several relevant papers describing the results of epidemi-
ology studies have been published since 2010. These are
summarized below.

Wild et al. (2012) published a case–control study among
males aged 40–79, including confirmed primary lung cancer
cases from all hospitals of a study region consisting of four
administrative districts in the Northern part of the French
Lorraine region near the German and Luxembourgian bor-
ders. Cumulative occupational exposure indices for various
materials, including RCF and other MMMFs, were
obtained from the questionnaires. Attributable fractions
were computed from multiple unconditional logistic regres-
sion models. A total of 246 cases and 531 controls were
included. The odds ratios (ORs) adjusted on cumulative
smoking and family history of lung cancer increased sig-
nificantly with the cumulative exposure indices to asbestos,
polycyclic aromatic hydrocarbons and crystalline silica, and
with exposure to diesel motor exhaust. The authors
also noted:

Neither RCF, MMMF, iron mining, stainless steel welding nor
any other occupational exposure had any significant relation
with lung cancer.

These results are consistent with the UC findings.

Lacourt et al. (2014) published a large case–control study
aimed to test the hypothesis that there was an increased risk
of pleural mesothelioma resulting from co-exposure to
asbestos and RCF compared to asbestos exposure alone.
Males were selected from a French case–control study con-
ducted in 1987–1993 and from the French National
Mesothelioma Surveillance Program in 1998–2006. Two
population controls were frequency matched to each case by
year of birth. Complete job histories were collected and
occupational asbestos and RCF exposures were assessed
using job exposure matrices. The dose–response relation-
ships for asbestos exposure were estimated from an uncon-
ditional logistic regression model in subjects exposed to
asbestos only and the second group of subjects exposed to
both asbestos and RCF. The authors concluded that there is
an increased risk of pleural mesothelioma resulting from co-
exposure of asbestos and refractory ceramic fibers compared
to asbestos exposure alone. The authors were somewhat
guarded in noting:

Further investigations are needed to confirm and understand the
mechanisms of the effect [sic] modification of asbestos exposure
in the presence of co-exposure to RCF.

This finding was surprising because other epidemiology
studies have not disclosed any significant increase in the
incidence of mesothelioma among cohorts exposed to RCF
alone. In addition, the Carel et al. (2007) study (though lim-
ited in sample size) reported results that were inconsistent
with the findings of Lacourt. Specifically, Carel et al.
(2007) wrote:

We did not find a carcinogenic effect of exposure to MMVF or
for ceramic fibers. Also, no synergistic effect—that is departure
from a multiplicative joint effect—of simultaneous exposure to
asbestos and MMVF could be shown. [Emphasis added.]

The methodology of the Lacourt et al. (2014) analysis is
similar to an earlier (Lacourt et al., 2013) study by many of
the same authors that found a similar synergistic response
between asbestos and mineral wool exposure. Carlsten &
Georas (2014) reviewed the earlier Lacourt et al. (2013)
paper and noted:

Lacourt and colleagues reported a case–control study
investigating associations between pleural mesothelioma and
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Figure 3. Graphs demonstrate cumulative exposure avoided by implementing the PSP program versus continued uncontrolled exposure at 1990 levels for manufac-
turer plants (left) and customers (right). Source: Everest Consulting Associates (2017).
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occupational exposure to asbestos, mineral wool, and silica. A
total of 1199 cases and 2379 control subjects were identified
from different sources in France from 1987 to 1996 and 1998 to
2006. Although occupational exposure to asbestos is a well-
known risk factor for pleural mesothelioma, the risks associated
with mineral wool (which is used in insulation) and silica dust
are less clear. The main finding was that occupational exposure
to mineral wool was associated with a significantly increased OR
for mesothelioma when adjusting for asbestos exposure (e.g. OR
¼2.5 for highest exposure group). No such associations were
found for silica exposure in adjusted analyses, although a
significantly higher OR was observed for silica exposure in the
unadjusted subgroup analysis. These seemingly contradictory
results could be the result of misclassification, the inability to
independently separate exposures to the different compounds,
or other factors, which were discussed in subsequent
correspondence.

In the end, Carlsten and Georas concluded:

Taken together, these data suggest that more research is needed
to understand how mineral wool and other fibers interact to
increase risk of mesothelioma over time.

Boffetta et al. (2014) reviewed the evidence on occupa-
tional exposure to SVFs (including RCF) and also analyzed
an earlier (2013) Lacourt et al.’s study on co-exposure to
asbestos and mineral wool. They showed that the conclusion
reached by Lacourt and colleagues was sensitive to possible
misclassification of asbestos exposure. They found that even
a very small misclassification of asbestos exposure (95% sen-
sitivity and specificity) offset the risk from SVF exposure
and wrote:

The fact that the elevated OR found in some of the case–control
studies are reduced after adjusting for asbestos exposure and
that they are not confirmed in cohort studies of production
workers detracts from the credibility of a causal relationship
between SVF exposure and mesothelioma risk. The combined
evidence from epidemiologic studies leads to the conclusion that
exposure to SVF is not likely to increase the risk of
mesothelioma.

Boffetta et al. (2014) concluded:

The epidemiological literature reviewed here provides support
for the notion that SVF do not cause mesothelioma and is in
line with these toxicological arguments that SVF are not
biopersistent. The evidence from epidemiology and toxicology is
therefore consistent with the hypothesis that non-biopersistent
SVF pose no risk of mesothelioma to humans.

Thus, the Lacourt findings for both mineral wool and
RCF must be viewed with some caution.

G�erazime et al. (2015) published another case–control
(retrospective) study of male workers. The authors used data
from ICARE, a population based case–control study con-
ducted in France. Detailed lifetime tobacco and alcohol con-
sumption, as well as complete occupational history, were
collected. Analyses were restricted to men and included
1867 cases of head and neck squamous cell carcinomas,
2276 lung cancer cases and 2780 controls. Occupational
exposure to RCF was assessed through a specific job-expos-
ure matrix. The authors estimated odds ratios (ORs) and
95% confidence intervals (CIs), adjusted for age, residence
area, tobacco smoking, alcohol consumption and cumulative
exposure to asbestos with logistic models. The authors con-
cluded that “although a moderate increase in risk cannot be

excluded”, occupational exposure to RCF was not signifi-
cantly associated with risk of head and neck cancer
(OR¼ 0.83; 95% CI¼ 0.64–1.10) or lung cancer (OR¼ 0.91;
95% CI¼ 0.72–1.16). Results of this study (no statistically
significant excess in head and neck or lung cancer) are con-
sistent with the UC results.

UC mortality results since 2010

The UC mortality study is ongoing. The mortality study
includes current and former male and female employees
hired from 1952 through 1999 at two RCF manufacturing
plants, one in New York and the other in Indiana who had
at least 1-year RCF employment (see as LeMasters et al.
[2003] for details). The latest published results of the pro-
spective cohort study included all deaths as of 12/31/2015
(LeMasters et al. 2017). Participants (N¼ 1119) in the mor-
tality study include current and former male and female
workers at the New York (N¼ 818) and Indiana (N¼ 301)
plants. The majority of workers are Caucasian (91%), male
(84%) and current or former smokers (54%) and approxi-
mately half had self-reported prior asbestos exposure. The
median age at death or time of follow up was 63.1 years,
with a mean time since first exposure (latency) of 32.9 years
and mean cumulative fiber exposure (CFE) of 46.1 fiber-
months/cc At date of death or 12/31/2015, 87.3% had
>20 years and 60.6% had >30 years time since first expos-
ure. Exposure analyses enabled the identification of the most
highly exposed subgroup in the cohort, workers (N¼ 285)
with more than 45 fiber-months/cc RCF exposure.

Table 1 shows standardized mortality rates (SMRs) and
two-sided 95% confidence intervals for deaths from malig-
nant neoplasms (MNs) and selected other causes for both
the entire cohort and most exposed group of RCF exposed
workers in the latest update to the UC mortality study.

The pattern of SMRs is broadly similar to those reported
earlier, but there are some differences related to kidney and
bladder cancers and leukemia. Additionally, there was one
reported, but unconfirmed mesothelioma in a worker with
prior occupational exposure to asbestos – these points are
discussed below.

LeMasters et al. (2017) also conducted a cancer incidence
study. Since 2003 these investigators collected lung and urin-
ary cancer incidence data using questionnaires for 1011 par-
ticipants. There were four participants reporting respiratory
cancers with 9.9 expected (Standardized Incidence Ratio
(SIR)¼ 0.40) and two reporting urinary cancer with 6.4
expected (SIR¼ 0.31).

Kidney and bladder cancers

New data on the prevalence of urinary cancers that indicate
elevated SMRs for these diseases remain, but [according to
LeMasters et al. (2017)] might have been caused by other
factors rather than RCF exposure. Known risk factors for
these cancers, including cigarette smoking, obesity, certain
drugs, medical conditions and treatments and exposures to
many other toxicants are summarized in Tables A1 (kidney
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cancer) and A2 (bladder cancer) located in the Appendix.
Most of these were not controlled for in the UC study. In
reviewing the latest results, the UC investigators wrote:

… the strongest risk factor for bladder and renal cancers is
cigarette smoking (McLaughlin et al., 2006; Zeegers et al., 2000);
half of the bladder and renal cancer deaths in the current study
were known smokers. In addition, three of the four bladder
cancer deaths were millwrights with potential occupational
exposures associated with bladder cancer, including exposure to
polycyclic aromatic hydrocarbons (PAH) (Behrman, 2003;
Kogevinas et al., 2003; Reulen et al., 2008; Spinelli, 1989).

In assessing the plausibility of a possible relationship
between RCF exposure and urinary cancers, it is reasonable to
examine whether exposure to other fibers or to asbestos has
been linked to urinary cancers. SVFs are the logical fibers for
comparison (see below), but one article (Lauriola et al., 2012)
concluded that asbestos exposure was associated with a statis-
tically significant increase in SMR for renal neoplasia.
However, two meta-analyses have failed to demonstrate a sig-
nificant association between kidney cancer and asbestos expos-
ure (Goodman et al., 1999; Sali & Boffetta, 2000). In fact, if
the observed and expected renal cancers in the Lauriola et al.,
study are pooled with those from the Sali and Boffetta paper,
then the resulting SMR is not statistically significant.

Additionally, Kannio et al. (1996) reported the following
data regarding bladder cancer and asbestos exposure among
patients with bladder cancer admitted for diagnostic or sur-
veillance purposes to the Surgery Clinic, Turku University
Central Hospital (Turko, Finland) between October and
December 1988:

Of the 28 primary bladder cancer cases in group 1, 17 (61%)
had been exposed to asbestos at work. Of these, 16 (94%) were
considered to have been definitely exposed. A crude OR of 2.8
(95% Cl¼ 0.9–8.4) was calculated for definite exposure to
asbestos against no asbestos exposure and 2.4 (95%
CI¼ 0.8–7.0) for the pooled category of definite to possible
exposure against no asbestos exposure.

Although the odds ratios were elevated, the 95% CIs
included 1.0 and, therefore, the elevations are not statistic-
ally significant.

Karami et al. (2011) investigated whether asbestos, as well
as 20 other occupational dust exposures, were associated
with renal cell carcinoma (RCC) risk in a large European,
multi-center, hospital-based renal case–control study. The
study included respondents from four Central and Eastern
European countries (Moscow, Russia; Bucharest, Romania;
Lodz, Poland; and Prague, Olomouc, Ceske-Budejovice and
Brno, Czech Republic) between 1999 and 2003. In total,
1097 histologically confirmed RCC cases and 1476 controls
were included in the study. These investigators found that
among participants ever exposed to dust, significant associa-
tions were observed for glass fibers (OR: 2.1; 95% CI:
1.1–3.9), mineral wool fibers (OR: 2.5; 95% CI: 1.2–5.1) and
brick dust (OR: 1.5; 95% CI: 1.0–2.4). Significant trends
were also observed with exposure duration and cumulative
exposure. No association between RCC risk and asbestos
exposure was observed. (RCF was not included because of
the small sample size.) The authors were careful to note the
limitations of their study, but if the findings are correct,
their results would provide a rationale for the contention
that exposure to other SVFs, and potentially RCF, might be
a risk factor for kidney or bladder cancer as reported in the
UC studies. Among the reasons, why Karami et al. (2011)
were cautious in claiming that exposure to SVFs might be a
risk factor was the fact that their finding was not consistent
with results from other epidemiology studies – a fact that
prompted the authors to write (at various points in their art-
icle) the following cautionary remarks:

The lack of supporting evidence from cohort studies, therefore,
reduces the plausibility of an association between RCC risk and
exposure to both glass and mineral wool fibers.

Thus, it is unclear whether our findings of an association with
glass and mineral wool fibers are real.

Our observed associations also require replication before
meaningful inferences can be concluded.

Table 2 summarizes the reported links between exposure
to SVFs and renal or bladder disease from cohort or case–
control studies [most of which were not discussed or cited

Table 1. SMRs and confidence intervals for full cohort (N¼ 1119) and most exposed group, abbreviated version, SMRs significantly elevated or
reduced shown in boldface, excerpted from LeMasters et al. (2017).

Group
Full cohort (N¼ 1119) >45 fiber-months/cc (N¼ 285)

Cause Observed deaths SMR 95% CI Observed deaths SMR 95% CI

All causes 234 0.73 0.64–0.83 93 0.79 0.64–0.97
All cancers 74 0.86 0.68–1.09 31 1.01 0.68–1.43
MN respiratory 24 0.83 0.53–1.24 8 0.75 0.32–1.48
MN trachea, bronchus, lung 23 0.83 0.53–1.25 8 0.78 0.34–1.55
MN urinary organs 8 1.80 0.78–3.55 6 3.62 1.33–7.88
MN kidney 4 1.72 0.47–4.39 3 3.60 0.74–10.52
MN bladder and other urinary 4 1.90 0.52–4.86 3 3.64 0.75–10.65
MN other & unspecified site 9 0.74 0.34–1.41 3 0.71 0.15–2.06
MN mesothelioma 1 2.86 0.07–15.93 1 7.85 0.20–43.76
MN lymphatic and hematopoietic 11 1.32 0.66–2.36 4 1.32 0.36–3.37
Leukemia 8 2.51 1.08–4.94 3 2.57 0.53–7.50
Benign and unspecified MN 1 0.94 0.02–5.26 0 0.00 0.00–9.67
Heart diseases 64 0.75 0.58–0.96 22 0.66 0.41–1.00
Other dis. circulatory system 15 0.68 0.38–1.13 5 0.59 0.19–1.39
Diseases respiratory system 25 1.01 0.65–1.49 12 1.26 0.65–2.20
Dis. genito-urinary system 2 0.35 0.04–1.26 1 0.47 0.01–2.60
Other and unspecified causes 8 0.76 0.33–1.50 2 0.57 0.07–2.06

NMN: malignant neoplasms; SMR: standardized mortality rates.
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in the Karami et al. (2011) article] that underscore some of
the limitations of this study. With very few exceptions, these
study results do not support the contention that SVF expos-
ure (at least glass wool or mineral wool exposure) is a risk
factor in the malignant or non-malignant bladder or kidney
disease. Although some of the studies summarized in Table
1 involved small sample sizes, there is more compelling evi-
dence against this relationship in the various large well
designed and executed cohort studies of Marsh and col-
leagues (Marsh et al., 1990, 2001a,b; Stone et al., 2004).

Leukemia

The latest UC mortality study results (Table 1) indicated an
excess of leukemia deaths in the full cohort (four acute mye-
loid, two acute unspecified and two chronic lymphocytic).
However, there was no significant excess of leukemia (all
types) in the group with the highest exposures. The fact that
there is no apparent exposure–response suggests that the
observed increase in leukemia deaths in the cohort is related
to other risk factors, rather than RCF exposure. Table A4
(Appendix) summarizes the literature on causes, contribu-
ting factors or risk factors for various types of leukemia. (As
these cases were all in adults, this table does not address fac-
tors for childhood leukemia.) Included in this table are
occupational, lifestyle-related, environmental, medical proce-
dures, genetic disorders and family history risk factors for
various subtypes of leukemia (most of which were not meas-
ured or controlled for in the UC study). Among the more
likely explanations for this finding are occupational expo-
sures to certain chemicals and lifestyle-related risk factors,
such as smoking and obesity.

Although occupational exposures to certain chemicals
have been attributed to leukemia, exposure to fibers has not
been shown to be a risk factor for leukemia (see below) and
such an effect is arguably implausible, given what is known
about fiber toxicology and epidemiology. Occupational
exposure to various fibers has been included in several stud-
ies of adverse health effects, but leukemia has not been the
endpoint of concern because of the assumption that fiber
exposures are more likely to be associated with malignant or
non-malignant lung-related diseases. Nonetheless, several
studies on health effects of exposure to other fibers (PVA,
rock/slag wool, glass fibers and asbestos) present data rele-
vant to other malignant diseases, including leukemia. Shown
below is a short summary of these data by type of fiber.

� Polyvinyl alcohol (PVA): Morinaga et al. (1999) studied a
cohort of male workers in a Japanese factory producing
PVA. This small study (38 deaths among 454 PVA fiber
exposed workers and 210 deaths among 2441 non-
exposed workers) calculated SMRs and confidence inter-
vals for several malignant diseases, including leukemia
(ICD8 204–209). The calculated SMR and 95% confi-
dence interval for leukemia among exposed workers were
SMR¼ 0 and (95% CI; 0–5.52), respectively, whereas
the non-exposed group actually had a higher SMR;
SMR¼ 1.53 (95% CI; 0.49–3.57).
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� Fiberglass (FG): Marsh et al. (2001a) performed the most
comprehensive study on FG workers in the US, including
32,110 persons at risk and 935,581 person-years at risk.
As with other fiber studies, the focus of this study was
on malignant and non-malignant lung diseases.
Nonetheless, the study reported observed fatalities (199)
for “all lymphatic and hematopoietic tissue diseases (ICD
200–209)”, including leukemia. The SMRs were not ele-
vated when compared to either US or corresponding
local county rates. For example, the SMR and corre-
sponding confidence interval compared to US national
rates were SMR¼ 0.92 and (95% CI; 0.8–1.06),
respectively.

� Rock-slag wool (RSW): Marsh et al. (1996) published
results of a large epidemiological study of workers
exposed to rock-slag wool (RSW) in the US. Although
the focus of this study was on respiratory cancers, data
were available on lymphopoietic cancers (ICD8 200–209),
including leukemia. Two cohorts were included and
SMRs were not significantly elevated for either cohort.

� Man-made mineral fibers (MMMFs) (Countries other
than the US): Several authors have reported results for
various MMMFs, including fiberglass, rock and slag wool
in countries other than the US.
� Claude & Frentzel-Beyme (1984) studied a cohort of

workers in a German rock-wool factory; the exposed
and reference cohorts included male employees, con-
sisting of 2096 males in the former and 1778 males in
the latter group. The calculated risk ratio for
“leukemia and lymphatic system (200–207)” was 0.57
(95% CI; 0.1 – 3.37).

� Simonato et al. (1986) reported results of a study of
24,609 workers in 13 European factories (Denmark,
Finland, Germany, Italy, Norway, Sweden and the
UK) that produced continuous filament, glass wool,
rock wool and slag wool. Based on 17 leukemia
deaths (both sexes) the calculated SMR and confi-
dence interval were 0.80 and (95% CI; 0.47–1.28),
respectively.

� Plato et al. (1995) reported a follow-up study of 3539
workers (74, 043 person-years) in three Swedish
plants producing fiberglass or rock wool. The calcu-
lated SMR and 95% confidence interval for deaths
from leukemia were 0.89 and (95% CI; 0.33 – 1.93),
respectively.

� Boffetta et al. (1999) published the latest update to
the European studies of MMMFs among 3,685 rock-
slag wool (RSW) and 2,611 glass wool (GW) produc-
tion workers employed for 21 years in factories in
Denmark, Finland, Norway or Sweden, and the stand-
ardized incidence ratios (SIRs) were calculated on the
basis of national incidence rates. For the entire cohort
(male and female, RSW and GW), the calculated SIR
and 95% CI for leukemia were 0.92 and (95% CI:
0.53–1.50), respectively.

� Adegoke et al. (2003) reported a population-based
case–control study of 486 leukemia subjects and 502
healthy controls residing in Shanghai from 1987 to
1989. Adjusted odds ratios (OR) were calculated for

the self-reported association between occupational
factors and leukemia risk. Among the various chemi-
cals included in the study was a substance described
as “synthetic fiber dust” (otherwise undefined). The
calculated odds ratio (OR) and 95% confidence inter-
val for leukemia (all forms) among those exposed to
“synthetic fiber dust” were 2.0 and ((95% CI: 1.2–3.5),
respectively. The relevance of this study is unclear
because no definition or characterization of “synthetic
fiber dust” is given.

� Asbestos: Asbestos (at least certain forms) has been pro-
ven to cause (among others) various malignant and non-
malignant lung diseases. A few studies have been pub-
lished that provide evidence regarding leukemia.

� Selikoff (1990) provided data on causes of death
among 17,800 asbestos insulation workers in the US
and Canada, from 1 January 1967 to 31 December
1986 – observed deaths from all causes totaled 4951
based on best evidence. The SMR and 95% confidence
interval based on 33 observed deaths (best evidence)
for leukemia were 1.148 and (Fisher exact test 95%
CI; 0.79–1.61), respectively, which Selikoff included in
a table labeled “cancers not found with increased
incidence”.

� Kishimoto et al. (1988) & Chinushi et al. (1990) pub-
lished case reports on a total of three persons admit-
ted to Kure Kyosai Hospital, Kure, Japan with
leukemia had evidence of asbestos exposure. In a later
publication, Kishimoto (1992) noted that of 10 cases
of leukemia, five showed evidence of asbestos
exposure.

� Goodman et al. (1999) performed a meta-analysis
of eight studies covering asbestos exposure and leu-
kemia. The calculated meta-SMR and 95% confi-
dence interval were 0.95 and (0.80, 1.13),
respectively.

� Seidler et al. (2010) reported results of a large multi-
center case–control study in Germany and Italy that
examined the relationship between asbestos exposure
and various diseases. Among various diseases, there
were a total of 149 cases of chronic lymphocytic leu-
kemia (CLL). Adjusted odds ratios (ORs) and confi-
dence intervals were calculated as a function of fiber-
years of asbestos exposure. All ORs (in each cumula-
tive exposure category) were close to 1, there was no
dose–response, and all confidence intervals included
1.0. The authors concluded: “We observed no statis-
tically significant association between cumulative
asbestos exposure and the risk of any lymphoma
subtype”.

LeMasters et al. (2017) commented on the leukemia
results in the UC study as follows:

The elevated leukemia SMR in the total cohort, but not in the
high exposed group, was a new and unexpected finding. These
eight cases had job tasks that included machine operator (4),
millwright (2), welder (1) and maintenance (1). Exposures
associated with leukemia and, in particular, acute myeloid
leukemia (50% of cases in the current study) include ionizing

10 L. D. MAXIM AND M. J. UTELL



radiation and benzene (Polychronakis et al., 2013; Tsai
et al., 2014).

On a weight of evidence basis, we conclude that these
studies fail to implicate exposure to any of several types of
fibers as a cause or contributing factor for leukemia.
Because of this and the absence of a dose–response [one of
the Hill (1965) criteria], it is likely that the observed leuke-
mia deaths are caused by some factor other than exposure
to RCF or any of these other fibers, leaving occupational
exposure to other materials or lifestyle factors as the likely
explanation for the findings. Nonetheless, leukemia will con-
tinue to be included in the ongoing mortality study.

Mesothelioma

As noted above there was one reported, but unconfirmed,
death from mesothelioma in the RCF-exposed cohort.

Although the calculated SMR was not significant, it is
appropriate to examine this case further. The worker in ques-
tion had self-reported occupational asbestos exposure working
as a vehicle mechanic for 6.5 years. Numerous studies have
shown that vehicle mechanics are exposed to asbestos-contain-
ing materials, which can result in adverse health effects,
including lung cancer and mesothelioma (Castleman et al.,
1975; Egilman & Billings, 2005; Egilman & Longo, 2012;
Finkelstein, 2008; Freeman & Kohles, 2012; Hansen, 1989;
Huncharek, 1990, 1992; Imbernon et al., 2005; Kakooei et al.,
2011; Lemen, 2004; Michaels & Monforton, 2007; Roggli et al.,
2002; Welch, 2007). For example, in the analysis of 1445 cases
of mesothelioma studied by Roggli et al. (2002), the automo-
tive sector ranked eighth in terms of the number of mesotheli-
oma cases among 12 industrial sectors evaluated.
Epidemiology studies of occupationally exposed cohorts are
less easy to interpret, with some studies or analyzes concluding
that automobile mechanics have an elevated risk. Nonetheless,
other studies and meta-analyzes indicate that mesothelioma
risks are not significantly elevated (Aguilar-Madrid et al., 2010;
Butnor et al., 2003; Dotson, 2006; Finley et al., 2012;
Garabrant et al., 2016; Goodman et al., 2004; Hessel et al.,
2004; Laden et al., 2004; Paustenbach & White, 2012; Peto
et al., 2009; Rake et al., 2009; Richter et al., 2009; Teschke
et al., 1997; Wong 2001, 2006). This certainly does not mean
that the incremental risks are zero. As noted by Lemen (2004):

The results of the exposure studies, experimental studies, case
reports, and findings from the equivocal epidemiological studies
by no means exonerate the brake mechanic from being
susceptible to a causal relationship between asbestos exposure
and mesothelioma.

Several articles have been published that address the rela-
tionship between mesothelioma and low levels of asbestos
exposure (Iwatsubo et al., 1998; R€odelsperger et al., 2001).
Moreover, the results of Roggli et al. (2002) clearly show
that vehicle mechanics have developed mesothelioma.

Of greater probable relevance, in our judgment, is the
history of other jobs held by this worker. LeMasters et al.
(2017) report:

Other prior jobs this individual reported that have historically
been associated with potential asbestos exposure included

machinist apprentice overhauling railroad steam engines
(Schenker et al., 1986; Roggli et al., 2002) in the early 1950s
(only exposure he reported was cutting oil), aviation electrician
from 1952 to 1956 in the US Navy (reported exposure was to
aviation fuel) and working as a technician in fuel systems
(reported exposures were fuel and cleaning solvents) for South
Bend Bendix Aviation from the mid-1950s to early 1970s.
Bendix Corporation manufactured asbestos containing friction
brake products.

Shown below are additional materials that address pos-
sible asbestos exposure in these jobs.

� Asbestos exposure and railroads: Numerous epidemio-
logical studies have been published of workers in the US
and various countries in Europe and Asia showing that
those workers employed performing various jobs in the
railroad industry were exposed to asbestos and experi-
enced a statistically significant excess of various asbestos-
related diseases, including mesothelioma (Battista et al.,
1999; Garshick et al., 1987; Gasparrini et al., 2008;
Gerosa et al., 2000; Hosoda et al., 2008; Hjortsberg et al.,
1988; Huncharek, 1987; Malker et al., 1985; Maltoni
et al., 1995; Mancuso, 1983, 1988, 1991; McDonald &
McDonald, 1989; Ohlson et al., 1984; Oliver et al., 1985;
Plato et al., 2016; Roelofs et al., 2013; Roggli et al., 2002;
Rolland et al., 2010; Schenker et al., 1986; Tessari et al.,
2004). According to Roggli et al. (2002) Table 1 of this
paper, railroad workers ranked seventh in the top 12
industry types based on their large (1445 cases) sample
of mesothelioma deaths.

� Asbestos exposure and US Navy: Until efforts to use sub-
stitute materials for asbestos on US Navy ships (and
ships from other nations) and enhanced asbestos control
measures accelerated in the 1970s (Anonymous, 1979;
Franke & Paustenbach, 2011; Harries, 1968; Mangold
et al., 1970; Rushworth, 2005; Strand et al., 2010; Twight
1991; Winer & Holtgren, 1976), both amosite and
chrysotile asbestos was used extensively on US Navy
ships. Nearly all Navy personnel aboard ships had some
asbestos exposure, even in berthing quarters and mess
halls, particularly prior to 1980. Numerous studies have
evaluated the health risks to seamen and those employed
in shipyards (Bianchi et al., 2001; Greenberg, 1991;
Kurumatani et al., 1999; Roggli et al., 2002; Selikoff &
Hammond, 1978; Selikoff et al., 1990). With respect to
mesothelioma specifically Roggli et al. (2002) noted that
the numbers of mesothelioma cases were greatest in the
shipbuilding and US. Navy sectors among his sample of
1445 mesothelioma cases [see illustration from Table 1 of
Roggli et al. (2002)]. Similar results were reported in the
Trieste-Monfalcone area, Italy (Bianchi & Bianchi, 2009;
Bianchi et al., 2001) and the United Kingdom (Peto
et al., 2009).

� Bendix Aviation: This plant made both automobile and
aircraft brake shoes and is listed on several websites as a
location where asbestos exposure occurred.

One of the difficulties of epidemiological studies of fibers
is that some members of the cohort may have also had prior
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asbestos exposure, as was the case with studies of other
SVFs including RSW (Marsh et al., 2001b; Boffetta et al.,
1997, 2014) and glass wool.

Pulmonary function studies

LeMasters et al. (2017) also conducted pulmonary function
studies on RCF-exposed workers. Among those with local-
ized pleural thickening (LPT), percent predicted FVC and
FEV1 differed from those without LPT by <3%, a value
judged clinically insignificant.

Zhu et al. (2015b) compared various measures of pul-
monary function (FVC, FEV1 and FEV1/FVC) for 265 man-
ufacturing and processing workers exposed to RCF with a
group of 273 workers in a Chinese facility exposed to noise
only. The exposed group was subdivided into subgroups
based on gravimetric measurements of total dust and fibers.
This study reported, inter alia, that the exposed group had
statistically significantly lower mean values of FVC, FEV1

and FEV1/FVC (clinical significance unstated). The study
reported that pulmonary effects were positively correlated
with the fiber concentration (to a degree greater than total
dust). This study did not consider the effects of initial
weight or weight gain among the subjects. Unlike McKay
et al. (2011), these investigators did not report any longitu-
dinal analysis. McKay et al. (2011) offered the following
comments on their longitudinal analysis of the US cohort:

In conclusion, no consistent longitudinal decline in FVC or
FEV1 with increasing RCF exposure category was observed,
although cross-sectional changes were observed for subjects in
the highest exposure category. Critical to this analysis was the
recognition that lung function declines with age are non-linear
and accelerate in older age groups who also have the longest
duration of exposure. To our knowledge, this specific analysis
strategy has not been published for evaluating longitudinal
change in lung function among adults, although a similar
methodology has been used in children.

It is possible that Zhu and colleagues would have reached
similar conclusions had they conducted a longitudinal
analysis.

Pleural plaques

As noted above, the X-ray studies conducted by the UC
researchers have shown a significant relationship between
RCF exposure and the development of pleural plaques. The
overall rate of pleural changes reported by LeMasters et al.
(2017) in their most recent publication was 6.1%, which
increased across exposure categories reaching, in the highest
CFE category, 21.4% (adjusted odds ratio (aOR)¼ 6.9, 95%
CI 3.6–13.4) and 13.0% (OR¼ 9.1, 95% CI 2.5–33.6) for all
subjects and for those with no potential asbestos exposure,
respectively. The small increase in pleural plaques is not sur-
prising as the presence of plaques is likely to be related to
increasing latency. Prevalence among recent hires (>1985)
was similar to the background. Interstitial changes were not
elevated. And, as noted above, localized pleural thickening
was found to be associated with small decreases in
spirometry.

The finding that pleural plaques are related to RCF
exposure is of potential concern because pleural plaques are
widely considered to be a marker of exposure to fibers –
particularly, but not exclusively, asbestos [see Clarke et al.
[2006] for a list of other reported cases of pleural plaques].
Because occupational asbestos exposure has been shown to
lead to a variety of adverse health outcomes, including
asbestosis, lung cancer and mesothelioma in exposed
cohorts, it is plausible to believe that there would be a cor-
relation between the prevalence of pleural plaques and these
asbestos-related diseases. Useful perspectives on this possi-
bility are provided by Utell & Maxim (2010).

Three more recent papers have been published on the
relevance of pleural plaques:

� Moolgavkar et al. (2014) published a detailed review and
critique of U.S. EPA’s risk assessments for asbestos. EPA
regarded pleural plaques an “adverse condition” and
developed a reference concentration (RfC) based on this
endpoint. They concluded:

Taken together, the totality of evidence suggests strongly that
pleural plaques are markers of asbestos exposure with little or
no clinical significance. Thus, pleural plaques do not appear to
satisfy EPA’s own definition of an adverse condition.

� Kerper et al. (2015) published a systematic review of the
relation between pleural plaques and lung function and
concluded that the weight of evidence indicates that
pleural plaques do not impact lung function and that the
observed associations are most likely due to unidentified
abnormalities or other factors. This result is also consist-
ent with UC findings on the RCF-exposed cohort.

� Maxim et al. (2015) reviewed the extensive literature
relating the linkage between pleural plaques and lung
impairments/diseases and concluded that the available
evidence supports the contention that, absent any other
pleural disease, the presence of pleural plaques does not
result in respiratory symptoms or clinically significant
impacts on lung function. Pleural plaques are not prema-
lignant, that is, they do not progress to malignant tumors
(lung cancer or mesothelioma). For certain types of
asbestos, the development of pleural plaques is statistic-
ally correlated with malignant disease, but the evidence is
consistent with the hypothesis that pleural plaques (with-
out other pleural diseases) are a marker of exposure,
rather than an independent risk factor (see also
IIAC, 2008).

Dermal studies

Zhu et al. (2015c) also examined the effects of exposure to
RCF (fibers) and dust on workers’ skin by comparing effects
on 281 RCF-exposed manufacturing and processing workers
with a control group of 274 workers in a Chinese facility.
The study found that skin itching symptoms and contact
dermatitis were significantly correlated with total gravimetric
dust measurements, but not with fiber concentrations. This
finding is consistent with other studies of skin irritation
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related to exposure to SVFs. Some (but not all) persons
exposed to various SVFs, including glass fibers (ATSDR,
2004; Jolanki et al., 2002; Possick et al., 1970; Sertoli et al.,
1992; Tarvainen et al., 1994), mineral wool (Petersen &
Sabroe, 1991), rockwool (Kie�c-�Swierczy�nska & Szymczk,
1995) and RCF (Kie�c-�Swierczy�nska & Wojtczak, 2000) as
well as PCWs develop adverse skin reactions (sometimes
termed “fiberglass itch” or more properly irritant contact
dermatitis [ICD]) including folliculitis (a common skin con-
dition in which hair follicles become inflamed), irritant
symptoms including itching without rash on arms, face or
neck, and burning of eyes. With most SVFs and PCWs, this
is believed to be a physical (mechanical rather than chem-
ical) phenomenon, although some binders or coatings are
believed to be sensitizing agents that also cause dermatitis.
Though perhaps uncomfortable, this disease is not life-
threatening and most irritation is described as “mild”.
Unlike most respiratory illnesses resulting from exposure to
respirable fibers (which may have a latency – the time from
first exposure until the disease manifests itself – which can
be 15–50 years), dermatitis arises in some subjects exposed
for a short time (Sertoli et al., 1992). Thus, although derma-
titis is typically a less severe illness than many respiratory
illnesses, it is “obvious” and appears promptly, so it is likely
to be recognized.

Numerous authors have studied the effects of dermal
exposure to various SVFs and dermatitis. Table A3 provides
a summary of some of the relevant literature including
review articles, focus groups, patch or rubbing tests, case
reports and epidemiological studies.

Overall, these and other studies conclude that irritant
contact dermatitis is associated with exposure to various
SVFs/PCWs with diameters that are larger (�5 lm or larger)
than those of respirable fibers and typically becomes less
pronounced with continued exposure (ATSDR, 2004;
Possick et al., 1970; Sertoli et al., 1992). As noted by Sertoli
et al. (1992):

The pathogenic effect of fiberglass on the skin is directly
proportional to the diameter and inversely proportional to the
length. Fiberglass is harmful only if its diameter is greater than
4.5 mm or, according to other authors, 5 mm.

There is very little evidence of irritant contact dermatitis
being caused by or associated with exposure to SVFs with
diameters in the respirable range. But, because fibers with
larger diameters weigh proportionally more than thinner
fibers, it is reasonable that a gravimetric measure would be
superior to fiber number concentrations as an indicator of
the potential for ICD as reported by Zhu et al. (2015c).

Other analyses

Several other potentially relevant works (shown below in
chronological order) have been published since 2010.

The Scientific Committee on Occupational Exposure
Limits (SCOEL, 2011) published a review of RCF toxicology
and epidemiology and developed a no observed adverse
effect level (for possible impacts on pulmonary function) of
0.3 f/ml. The SCOEL report acknowledged the lack of

evidence of carcinogenicity from epidemiology studies, but
based on the results of the animal studies concluded:

From the available information it is concluded that the
genotoxic effects observed in the different studies are secondary
so that RCF are classified as SCOEL Carcinogen group C
carcinogens: Genotoxic carcinogens for which a practical
threshold is supported

Some German scientists concluded based on IP injection
study results that RCF was as potent as amphibole asbestos
in causing lung diseases. Walker et al. (2012a,b) tested the
hypothesis that RCF was as potent as amphibole asbestos in
causing lung cancer or mesothelioma. These investigators
found that a cohort occupationally exposed to asbestos at
identical levels to the RCF exposed cohort would have expe-
rienced significantly greater mortality than actually observed.
Otherwise, there is no new risk analyses published since the
Utell & Maxim (2010) review article. Earlier risk estimates
based on extrapolation from animal studies span a very wide
range (NIOSH, 2006; Maxim et al., 2003).

Costa & Orriols (2012) published a review article dealing
with MMVF (including RCF) and the respiratory tract.
Among other topics, this review commented on the finding
that there was no parenchymal lung disease reported in the
UC and Cowie et al., (2001) RCF studies as follows:

In spite of this, in most of the cohort studies in MMMF factory
workers, exposure levels were estimated to be low; therefore, it
is considered that the epidemiological studies may not have
detected cases of pulmonary fibrosis for this reason.

Whether or not this conjecture is correct, it underscores
the prudence of continuing efforts to maintain or reduce
occupational exposures, a major objective of the indus-
try PSP.

As noted above, the industry PSP also includes a product
research component, focused on the development of possible
substitutes for present high-temperature insulation materials
with less potential for toxic effects. This effort led to the
development of a new class of materials, termed alkaline
earth silicate (AES) wools. AES wools are less biopersistent
fibers capable of substituting for RCF in some (but not all)
applications. Brown & Harrison (2012) published an article
describing these materials and the history of their
development.

Greim et al. (2014) explored analogies (e.g. fiber dimen-
sions, breakage mechanism and measured biopersistence in
animal inhalation studies) between RCF and conventional
mineral wool and concluded that the risks associated with
occupational exposure are likely to be comparable for these
two fibers. This is of interest because large and robust epi-
demiological studies of occupational exposure to mineral
wool found that risks of lung cancer and mesothelioma are
not elevated. The evidence was sufficiently compelling that
IARC downgraded the carcinogen classification for glass and
mineral wool from 2B to 3.

Boffetta et al. (2014) (see above) completed a systematic
review of occupational exposure to SVFs and mesothelioma.
This comprehensive review paper examined the epidemio-
logical (case–control and cohort) and toxicological evidence
for a linkage between occupational exposure to SVFs
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(including RCF) and mesothelioma. These investigators con-
cluded that the combined evidence from epidemiology and
toxicology “provide little evidence that exposure to SVF
increases the risk of mesothelioma”.

The HTIW Coalition and ECFIA continue to publish
outreach materials in English and several other languages
(as part of the product stewardship program) designed to
inform workers about good working practices for handling
RCF and other high temperature insulation wools (see e.g.
http://www.ecfia.eu/files/ecfia-cartoon-redesign-english-v1_0-
2014-04.pdf and http://guidance.ecfia.eu/index.htm) as do
other agencies (HSE, 2008; NIOSH, 2006).

Matsuzaki et al. (2015) published a review article on bio-
logical effects of RCF exposure. Among their concluding
remarks they wrote:

Thus, given the biological effects of RCF previously reported in
the literature, it is necessary to consider further monitoring in
addition to the development of measures to prevent adverse
health effects caused by exposure to RFCs.

Harrison et al. (2015) wrote a recent review of regulatory
risk assessment approaches for synthetic mineral fibers
(including RCF). They pointed out that occupational expos-
ure limits (OELs) for RCF developed by regulatory and
advisory bodies in various countries varied by more than an
order of magnitude and argued that:

The resulting differences in established OELs prevent consistent
and appropriate risk management of SMF worldwide, and that
development of a transparent and harmonised approach to fibre
risk assessment and limit-setting is required.

Andujar et al. (2016) published a 5-year update on the
relationships between malignant pleural mesotheliomas and
exposure to asbestos and other elongated mineral particles.
The article reviewed earlier studies published by some of the
same authors, which (as noted above) reported an appar-
ently synergistic relation between exposure to asbestos and
certain mineral fibers, including mineral wool and RCF.
This article recapitulated the findings and some of the limi-
tations of these earlier studies and (in a more cautious
vein) noted:

While the issue of the simultaneous effect of asbestos and other
mineral particles needs to be further explored in reality, the
hypothesis of a synergistic joint effect needs to be considered.

Drummond et al. (2016) published a review article that
examined the relationship between the results of intra-pleu-
ral and intraperitoneal studies with those from inhalation
and intratracheal tests for the assessment of pulmonary
responses to inhalable dust and fibers. They concluded:

For some of the fibrous material reviewed, there is conformity
between the results of intraperitoneal and inhalation tests such
that they are either consistently positive or consistently negative.
For the remaining fibrous materials reviewed, intraperitoneal
and inhalation tests give different results, with positive results in
the intraperitoneal test not being reflected by positive inhalation
results. It is suggested that the intraperitoneal test can be used
to exonerate a dust or fiber (because if negative in the
intraperitoneal test it is extremely unlikely to be positive in
either inhalation or intratracheal tests) but should not be used
to positively determine that a dust or fiber is carcinogenic by
inhalation. We would argue against the use of intraperitoneal

tests for human health risk assessment except perhaps for the
purpose of exoneration of a material from classification as a
carcinogen.

This article considered the relationship between IP and
inhalation results for several fibers, including RCF. For RCF,
the authors noted that the RCC animal inhalation studies
that resulted in fibrosis and tumors might have been com-
promised by the presence of non-representative amounts of
particulate material, a point made in several earlier articles
(Brown et al., 2005).

Concluding comments

Several useful and informative publications have appeared
since the Utell & Maxim (2010) review. Based on these and
the earlier studies, we conclude:

� Correctly interpreting the animal bioassay data is difficult
because of uncertainties in correcting for or otherwise
accounting for the possible effects of lung overload.
Published risk estimates based on extrapolation of animal
data span a wide range of unknown accuracy.

� The results of epidemiology studies (particularly the UC
study) continue to support the conclusion that present
RCF occupational exposures are unlikely to result in
material decrements in lung function, interstitial fibrosis,
incremental lung cancer or mesothelioma in the exposed
population. The latest UC results confirm an elevated
urinary cancer SMR in the occupationally exposed
cohort, which UC investigators thought might be
accounted for by smoking or other occupational expo-
sures. The finding of an elevated leukemia SMR (without
evidence of an exposure–response relation) is probably
unrelated to RCF exposure and more likely related to
other occupational exposures or lifestyle factors. The
finding of an unconfirmed death from mesothelioma is
probably the result of prior self-reported asbestos expos-
ure and a work history of jobs for which occupational
asbestos exposure is likely. Nonetheless, continued fol-
low-up of the RCF-exposed cohort is important to learn
more about possible linkages between RCF exposure and
kidney and/or bladder disease, leukemia, and maintaining
vigilance for mesothelioma given its long latency and
relative infrequency in the population.

� Product stewardship efforts have been successful in sub-
stantially reducing occupational exposures to RCF (and
other fibers) and will be continued at both production
and end-user facilities. Workers who joined the cohort in
recent years have substantially lower exposures compared
to those who were initially exposed during the 1980s or
earlier.

� The medical surveillance component of the stewardship
program may provide indications of morbidity in the
cohort not captured in the earlier UC morbidity studies
or the ongoing UC mortality study.

� The ongoing mortality study provides useful data and, as
the cohort ages and the time since first exposure of the
worker’s increases should yield yet more powerful data
on long-latency outcomes.
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� Finally, even though epidemiological findings indicate
that present RCF occupational exposures are unlikely to
result in adverse health outcomes, it is prudent to con-
tinue efforts to reduce RCF exposures and to develop
efficient high temperature insulating wools with yet lower
biopersistence and greater diameters to reduce the respir-
able fraction.
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Appendix

Table A1. Known risk factors for kidney cancer.

Site Risk factor Comments Sources

Kidney cancer Cigarette smoking Strong evidence from cohort, case–control and meta-
analysis studies in several countries indicates
tobacco (particularly cigarette) smoking is a major
risk factor.

Brown et al., 2012; Chow & Devesa, 2008; Hunt et al.,
2005; Janout & Janoutov�a, 2004; Karami et al., 2012;
Lipworth et al., 2009; Ljungberg et al., 2011;
McLaughlin et al., 2006; Moyad 2001; Orth, 1997;
Pascual & Borque, 2008; Qayyum et al., 2012;
Rubagotti et al., 2006; Weikert & Ljungberg 2010;
Zeegers et al., 2000.

Obesity Strong evidence from several studies that elevated
body mass index (BMI) is a risk factor for kidney
cancer.

Anderson et al., 2015; Brown et al., 2012; Chow et al.,
2000, 2010; Chow & Devesa, 2008; Janout &
Janoutov�a, 2004; Karami et al., 2012; Lipworth et al.,
2009; Ljungberg et al., 2011; Mariusdottir et al.,
2016; McLaughlin et al., 2006; Moyad, 2001; Qayyum
et al., 2012; Rubagotti et al., 2006; Song et al., 2014;
Vucenik & Stains, 2012; Weikert & Ljungberg 2010.

Drugs Mixed evidence relating to certain analgesics and
diuretics.

Chow et al., 2010; Ljungberg et al., 2011; Rubagotti
et al., 2006.

Medical conditions
and treatments

Hypertension is known risk factor for kidney cancer.
Certain other diseases implicated (e.g. end stage,
chronic kidney disease and long term dialysis). There
are others including genetic factors and a family his-
tory of kidney cancer. There is a possible link to his-
tory of diabetes mellitus.

Chow et al., 2000, 2010; Chow & Devesa, 2008; Janout
& Janoutov�a, 2004; Karami et al., 2012; Lipworth
et al., 2009; Ljungberg et al., 2011; Mariusdottir
et al., 2016; McLaughlin et al., 2006; Moyad 2001;
Pascual & Borque, 2008; Qayyum et al., 2012;
Rubagotti et al., 2006; Russo, 2012; Weikert &
Ljungberg 2010.

Occupational “Renal cell cancer generally is not considered an occu-
pational disease” (Chow et al., 2010), but occupa-
tional exposure to several chemicals (e.g. benzene,
benzidine, coal tar, soot, pitch, gasoline, trichloro-
ethylene, tetrachloroethylene, various metals (lead,
cadmium), poly-aromatic hydrocarbons and solvents)
implicated as risk factors. Employment in several
sectors (e.g. agriculture, coke and coal oven workers,
computer manufacturing, drycleaners, painters,
mechanics, roofers, shipbuilders and textile workers),
but evidence is mixed.

Chiu et al., 2013; Chow et al., 2010; Heck et al., 2010;
Hu et al., 2002; Karami et al., 2011; Kim et al., 2014;
Ljungberg et al., 2011; Mariusdottir et al., 2016;
Moore et al., 2010; Partanen et al., 1991; Pascual &
Borque, 2008; Pesch et al., 2000; Rubagotti et al.,
2006; USEPA, 2009, 2012.

Table A2. Known risk factors for bladder cancer.

Site Risk factor Comments Sources

Bladder cancer Cigarette smoking Tobacco smoking is the best established risk factor for
bladder cancer. Numerous review articles, epidemio-
logical studies (e.g. cohort and case–control) and meta-
analyzes indicate that there are statistically significantly
elevated odds ratios and high population attributable
risks associated with smoking.

Baris et al., 2009; Brown et al., 2012;
Brownson et al., 1987; Burger et al.,
2013; Cassidy et al., 2009; Freedman
et al., 2011; Ghadimi et al., 2015;
Golka et al., 2007; Hemelt et al.,
2009; IARC, 2004; Olfert et al., 2006;
Orth, 1997; Silverman et al., 2006;
Zeegers et al., 2000

Obesity Strong evidence from meta-analyzes that obesity is also a
major risk factor for bladder as well as kidney cancer.

Koebnick et al., 2008; Qin et al., 2013;
Song et al., 2014; Sun et al., 2015

Medical conditions
and treatments

Chronic bladder infections and irritations, personal or fam-
ily history of bladder cancer, Some medications and
dietary supplements – pioglitazone (Actos), aristolochic
acid (mainly from plants in the Aristolochia family) and
cyclophosphamide therapy. Schistosomiasis.

Burger et al., 2013, Lewis et al., 2011;
Mostafa et al., 1999; Travis et al.,
1995; http://www.medicalnewstoday.
com/articles/167077.php.

Occupational Cohort and case–control studies have shown that occupa-
tional exposure to several chemicals (e.g. arsenic, paint
components, dry cleaning fluids, polycyclic aromatic
hydrocarbons, aromatic amines, diesel exhausts, lubri-
cating oils or greases, petroleum product or additives,
tetrachloroethylene and aromatic amines) linked to
bladder cancer – strength of evidence varies.
Employment is certain sectors (e.g. agricultural workers,
bartenders, blacksmiths, bus drivers, dyers, painters,
hairdressers, leather workers, maintenance workers,
mechanics, medical workers, metal workers, miners,
rubber industry, textile workers, transportation equip-
ment, truck and bus drivers and waiters) also linked to
bladder cancer, but strength of the evidence varies.

Brown et al., 2012; Brownson et al.,
1987; Burger et al., 2013; Cassidy
et al., 2009; Clapp et al., 2008;
Ghadimi et al., 2015; Golka et al.,
2004, 2007; Gonz�alez et al., 1989;
Harling et al., 2010; Khoubi et al.,
2013; Kogevinas et al., 2003; Lynge
et al., 2006; McLaughlin et al., 2006;
Olfert et al., 2006; Reulen et al.,
2008; Richardson et al., 2007;
Scarselli et al., 2011; Serra et al.,
2008; USEPA, 2012; Wu et al., 2007;
Zeegers et al., 2001.
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Table A3. Studies on irritant contact dermatitis and fiber exposure.

Type of article Typical results/statement Source(s)

Review articles Summarize other research findings that indicate fibers with
diameters greater than those of respirable size are more
likely to cause skin irritation.

ATSDR (2004)
Bj€ornberg (1985)
INSERM (1999)
http://www.ipubli.inserm.fr/bitstream/

handle/10608/192/?sequence ¼10.
Lachapelle (1986, 2006)
Possick et al. (1970)
Sertoli et al. (1992)
Skotnicki-Grant (2008)

Focus groups Interviews with workers exposed to insulation materials
that contain some mention of the role of larger diam-
eter fibers.

Lundgren et al. (2014)

Patch or rubbing test results Patches containing fibers applied to skin of test subjects
indicating larger diameters are associated with greater
skin response.

Eun et al. (1991)
Stam-Westerveld et al. (1994)

Miscellaneous other studies Coarse fibers account for irritation Heisel & Hunt (1968)
Minamoto et al. (2002)
Patiwael et al. (2005)

Case reports One or several cases of contact irritant dermatitis caused
by fibers with diameters greater than those of respir-
able size.

Chang et al. (1996)
Koh et al. (1992)
Lee & Lam (1992)
Sim & Echt (1996)
Wang et al. (1993)

Epidemiological studies Studies of groups of occupationally exposed workers show-
ing large diameter fibers associated with skin irritation.

Hsieh et al. (2001)
Kie�c-�Swierczy�nska & Wojtczak (2000)

Medical texts Glass fibers with diameters greater than �5 mm are more
likely to cause skin irritation than smaller diameter fibers

Adams (1990)
Rom & Markowitz (2004)
Kanerva et al. (2013)
Konzen (1987)

Table A4. Causes, contributing factors and risk factors for adult leukemia.

Category Examples References

Occupational Exposure to benzene and certain other chemicals
(e.g. ethylene oxide (b), formaldehyde (a), pesti-
cides, herbicides, insecticides, embalming chemi-
cals, toluene and xylene).

Adegoke et al., 2003: Brown et al., 1990; Costantini
et al., 2008; Deschler & L€ubbert, 2006; Glass et al.,
2003; IARC, 2012; Rinsky, 1989; Rodriguez-Abreu
et al., 2007; Schwilk et al., 2010; Smith & Zhang,
1998; Zeeb & Blettner, 1998; Zhang et al., 2009

Electromagnetic fields Floderus et al., 1993; Karakosta et al., 2016;
Rodriguez-Abreu et al., 2007

Radiation Band et al., 1996; Deschler & L€ubbert, 2006; Greaves,
1997; Karakosta et al., 2016; Leuraud et al., 2015;
Richardson et al., 2015; Rodriguez-Abreu et al.,
2007; Smith & Zhang, 1998; Zeeb & Blettner, 1998

Lifestyle-related Smoking Brownson et al., 1993; Danaei et al., 2005; Fernberg
et al., 2007; Fircanis et al., 2014; Kane et al., 1999;
Karakosta et al., 2016; Smith & Zhang, 1998; Wang
et al., 2015

Obesity Calle et al., 2003; Castillo et al., 2012; Larsson &
Wolk, 2008; Strom et al., 2009

Diet McDonald et al., 2001; Ross et al., 2002; Smith &
Zhang, 1998

Environmental Radon exposures in the home. Henshaw et al., 1990
Medical procedures Chemotherapy (certain drugs) and therapeutic

radiation.
Aidan et al., 2013; Curtis et al., 1992; Deschler &

L€ubbert, 2006; Zeeb & Blettner, 1998
Genetic disorders Down syndrome, Klinefelter syndrome, Patau syn-

drome, Ataxia telangiectasia, Shwachman syn-
drome, Kostman syndrome, Neurofibromatosis,
Fanconi anemia and Li-Fraumeni syndrome.

Deschler & L€ubbert, 2006; Zeeb & Blettner, 1998

Certain viral infections Infection with the human T-cell lymphoma/leukemia
virus-1 (HTLV-1) can cause a rare type of T-cell
acute lymphocytic leukemia. Most cases occur in
Japan and the Caribbean area. In Africa, the
Epstein-Barr virus (EBV) has been linked to Burkitt
lymphoma, as well as to a form of acute lympho-
cytic leukemia. In the US, EBV most often causes
infectious mononucleosis (“mono”).

Matsuoka & Jeang, 2007; De Roos et al., 2013;
Rodriguez-Abreu et al., 2007

Family history Family history of leukemia or any cancer. Karakosta et al., 2016; Rauscher et al., 2002

(a) Some reported associations are controversial, such as the relation between occupational exposure to formaldehyde and leukemia (Collins & Lineker, 2004;
Heck and Casanova, 2004).
(b) IARC (2012) concluded that there is limited human evidence for the carcinogenicity of ethylene oxide.
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