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Abstract

Coaches spend long hours training gymnasts of all ages aided by polyurethane foam used in

loose blocks, mats, and other padded equipment. Polyurethane foam can contain flame retardant
additives such as polybrominated diphenyl ethers (PBDES), to delay the spread of fires. However,
flame retardants have been associated with endocrine disruption and carcinogenicity. The National
Institute for Occupational Safety and Health (NIOSH) evaluated employee exposure to flame
retardants in four gymnastics studios utilized by recreational and competitive gymnasts. We
evaluated flame retardant exposure at the gymnastics studios before, during, and after the
replacement of foam blocks used in safety pits with foam blocks certified not to contain several
flame retardants, including PBDEs. We collected hand wipes on coaches to measure levels of
flame retardants on skin before and after their work shift. We measured flame retardant levels

in the dust on window glass in the gymnastics areas and office areas, and in the old and new

foam blocks used throughout the gymnastics studios. We found statistically higher levels of 9

out of 13 flame retardants on employees’ hands after work than before, and this difference was
reduced after the foam replacement. Windows in the gymnastics areas had higher levels of 3 of
the 13 flame retardants than windows outside the gymnastics areas, suggesting that dust and vapor
containing flame retardants became airborne. Mats and other padded equipment contained levels
of bromine consistent with the amount of brominated flame retardants in foam samples analyzed
in the laboratory. New blocks did not contain PBDEs, but did contain the flame retardants 2-
ethylhexyl 2,3,4,5-tetrabromobenzoate and 2-ethylhexyl 2,3,4,5-tetrabromophthalate. We conclude
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that replacing the pit foam blocks eliminated a source of PBDEs, but not 2-ethylhexyl 2,3,4,5-
tetrabromobenzoate and 2-ethylhexyl 2,3,4,5-tetrabromophthalate. We recommend ways to further
minimize employee exposure to flame retardants at work and acknowledge the challenges
consumers have identifying chemical contents of new products.

Keywords

flame retardants; foam; gymnastics; organophosphate flame retardants; hand wipes;
polybrominated flame retardants

INTRODUCTION

Flame retardants including polybrominated diphenyl ether (PBDEs) are added to materials
to delay the production of flames and spread of fire. PBDEs include the pentabromodiphenyl
ether (PentaBDE) formulation, which was added to polyurethane foam from the 1970’s
until being phased out by United States manufacturers in 2004 due to environmental

and human health concerns, after being banned in the European Union along with

octaBDE [EPA 2014; European Union 2004]. In May 2009, it was added to the

Persistent Organic Pollutants (POPs) list of the Stockholm Convention, restricting its usage
globally [United Nations 2009]. These restrictions led to the introduction of replacement
compounds including additional brominated flame retardants like 2-ethylhexyl 2,3,4,5-
tetrabromobenzoate (EH-TBB), bis(2-ethylhexyl) 2,3,4,5-tetrabromophthalate (BEH-TEBP)
and organophosphate flame retardants like tris(1,3-dichloro-2-propyl) phosphate (TDCPP),
and triphenylphosphate (TPHP).

The toxicities of these replacements have not been well characterized [Allen et al. 2013].
Evidence suggests some are endocrine disruptors (which are chemicals that interfere with
hormone systems) and carcinogens [Dishaw et al. 2014; Johnson et al. 2013; Meeker

and Stapleton 2010; Meeker et al. 2013; Patisaul et al. 2013; van der Veen and de Boer
2012]. TPHP, BEH-TEBP, EH-TBB, and isopropylated triphenyl phosphate isomers are
components of the flame retardant Firemaster 550, which appears to be the second most
common flame retardant mixture currently applied to foams, after TDCPP [Hoffman et al.
2014]. Tris(2-chloroethyl) phosphate (TCEP) and tris(1-chloro-2-propyl) phosphate (TCIPP)
are also used in some polyurethane foam. Some organophosphate flame retardants have been
associated with decreased fertility, reduced sperm motility, altered reproductive and thyroid
hormones, and cancer in humans [Carignan et al. 2017; Dishaw et al. 2014; Meeker and
Stapleton 2010; Meeker et al. 2013; Preston et al. 2017; van der Veen and de Boer 2012].
We use flame retardant abbreviations described by Bergman et al [2012].

In general, exposure to flame retardants in indoor environments like homes, schools, and
offices is thought to be mainly from ingestion of dust, primarily during the transfer of the
flame retardants from hands to mouth, with dermal exposure as the next most important
route [Abdallah et al. 2015]. However, a recent study estimated that inhalation exposure
exceeded intake from ingestion of some chlorinated organophosphate flame retardants
[Schreder et al. 2016]. Experimental data using human skin equivalent tissue demonstrates
that the fraction of applied PBDES crossing the skin culture into the receptor fluid increased
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as the number of bromine atoms decreased [Abdallah et al. 2015]. Animal studies show that
TDCPP easily crosses the skin and gastrointestinal tract [Nomeir et al. 1981], and recent
studies of human ex vivo skin 28% of applied TCEP, and 13% of TDCPP crossed the

dermal barrier [Abdallah et al. 2016]. This value is an estimate, keeping in mind that flux of
material across skin is loading-dependent as discussed by Kissel, and varies with the amount
applied [2011]. Overall, there is a paucity of information regarding the relative significance
of the different exposure routes and the pharmacokinetics of flame retardants.

Most relevant to gymnastics studios, blood levels of PentaBDE flame retardants in collegiate
gymnasts were found to be higher than those in the general population [Carignan et al.
2013]. Carignan et al. found some classes of flame retardants at levels 2—3 times higher in
hand wipes from gymnasts after practice than before. Surface and pit foam dust contained
flame retardants. The concentrations of some flame retardants were 5-6 times higher in

the air near the foam pit than on the opposite side of the gymnastics area [2013]. This is
important because, in 2014, there were approximately 4.62 million gymnasts aged six years
and older in the United States [Statistica 2016]. In another study of gymnastics studios, La
Guardia and Hale [2015] performed air sampling for flame retardants on one coach at each
of four gymnastics studios while working and while at home. Surface dust samples were
also collected at each gymnastics studio and home. Concentrations of some flame retardants
were significantly higher in air and surface dust samples from the gymnastics studios than
from homes [La Guardia and Hale 2015]. La Guardia and Hale [2015] also found that all
foam blocks tested contained multiple flame retardants, excepting the newest foam block
which contained EH-TBB and BEH-TEBP.

There has been debate about whether flame retardants should be taken out of many products
due to questions about efficacy in fire spread prevention and the possibility of health effects
[Clean Water Action 2016]. Several states in the United States have moved to limit the

use of flame retardants in products, especially in home furnishings and children’s products
[Safer States 2016; Clean Water Action 2016]. However, no limitations have been suggested
for gymnastics products.

The National Institute for Occupational Safety and Health (NIOSH) performed a health
hazard evaluation at the same four gymnastics studios studied by La Guardia et al. [2015]
at the request of the owner, who was concerned about exposures to flame retardants. He
decided to replace all the foam blocks in the pits at each of the gymnastics studios (Figures
1 and 2). The objectives of this study were to: 1) assess employees’ skin exposure to flame
retardants in the workplace during routine operations, 2) assess employees’ skin exposure
to flame retardants in the workplace during pit foam block replacement and intensive
cleaning, 3) determine if there was potential for airborne exposure to flame retardants in
the gymnastics studios, and 4) determine if replacement foam and intensive cleaning at the
gymnastics studios reduced exposure to flame retardants in the workplace.

The four gymnastics studios employed 130 coaches that worked on the gymnastics floor
and about 20 employees that worked in offices away from the gymnastics floor. Coaches
spent some time in the office areas and were responsible for cleaning the entire facility.
Approximately 4,800 gymnasts trained at these gymnastics studios every year (ages 6 years
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and older). Two of the gymnastics studios also offered preschool programs (ages 3 to 5 years
old) that included time in the gymnastics areas.

The gymnastics studios were located inside large warehouses and each had at least

one in-ground pit filled with foam blocks, about 5 feet deep, and areas with mats and

other padded equipment containing polyurethane foam. Mats and padded equipment were
covered, by a combination of plastic or mesh. Temperature control was achieved by the use
of exhaust fans, forced air heaters, and opening and closing of garage-style doors. One of the
gymnastics studios had an office area with a residential-style heating and air conditioning
system. The gymnastics areas were separated from non-gymnastics areas with walls and
doors.

The gymnastics studios’ owner replaced the pit foam blocks in all the gymnastics area
pits with CertiPUR-US® foam, certified not to contain several flame retardants including
PBDEs, tris(1,3-dichloro-2-propyl) phosphate (TDCPP), and tris(2-chloroethyl) phosphate
(TCEP) (http://certipur.us/about-certipur-us/). First, the old foam blocks were removed
(Figure 1), and the interiors of the pits were vacuumed several times using vacuums
equipped with high efficiency particulate air (HEPA) filters. Walls, windows, floors, and
equipment were then washed with soap and water. Disposable N95 respirators and nitrile
gloves were available to employees, but not required. Certi-PUR-US foam blocks were
placed in the pits to a depth of about 2 feet (Figure 2). Above that, catamaran netting was
installed in the pits to create a trampoline with 3 more feet of foam blocks atop it. The
netting allows the use of less foam (3 feet of foam instead of 5 feet as before) and was
expected to prevent foam at the bottom of the pit from being compacted and damaged,
releasing foam dust.

METHODS
Study Design

To assess employees’ skin exposure to flame retardants in the workplace during routine
operations (objective 1) we visited the four gymnastics studios before (June 2014) and
after (April 2015) the replacement of the foam blocks in pits and intensive cleaning of the
gymnastics studios during several months during Fall 2014 and Winter 2015. We observed
work practices and collected preshift and postshift hand wipes on coaches at two of the
gymnastics studios. We collected hand wipe samples from 20 coaches before and 18 coaches
after foam replacement and cleaning of the gymnastics studios; 12 coaches participated

in hand wipe sampling both before and after foam replacement and cleaning. We tested
the foam blocks and mats using an energy-dispersive x-ray fluorescence (XRF) device to
determine the presence of bromine, and to better understand potential sources of flame
retardants exposure in the gymnastics studios. We also analyzed foam blocks for flame
retardant content.

To assess employees’ skin exposure to flame retardants in the workplace during pit foam
block replacement and intensive cleaning (objective 2), we observed the removal of the foam
blocks from and the subsequent cleaning of the pits at one gymnastic studio in October

Environ Int. Author manuscript; available in PMC 2022 June 13.


http://certipur.us/about-certipur-us/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ceballos et al.

Page 5

2014. We took hand wipe samples for flame retardants from three employees before and
after they removed the foam blocks and cleaned the pit.

To determine if there was potential for airborne exposure to flame retardants in the
gymnastic studios (objective 3), we sampled the indoor surface of glass windows in the
gymnastics areas and administrative areas before and after the intervention. Finally, to
determine if replacement foam and intensive cleaning at the gymnastics studios reduced
exposure to flame retardants in the workplace (objective 4), we compared the data from the
window and hand wipes before and after the intervention. Detailed methods are described in
the NIOSH report [NIOSH 2017].

Sampling Methods

Hand Wipe Sample Collection—Employees were told to perform their usual duties
and to wash their hands as they would typically do during their shift. However, employees
were asked to not wash their hands between the time they finished work and the time that
post-shift wipe samples were taken. We also asked employees at the end of the shift about
(1) how many times they washed their hands with soap and water and (2) how many times
they used alcohol hand sanitizer during the shift.

Two 7.6 square centimeter (cm?) sterile gauze pads were soaked in 3 mL of 99% isopropyl
alcohol within an amber glass vial. The first gauze pad was used by the employee to

wipe both palms from wrist to fingertips and was then returned to the vial and analyzed
together as described by Carignan et al. [2013]; the second gauze pad was used to wipe the
back of both hands as returned to the vial. Study staff demonstrated hand wipe method to
participants and supervised participants while they wiped their own hands. The wipes were
combined for analyses into one sample. Field and media blank samples were collected each
day. Samples and blanks were stored and shipped on ice before analysis.

Window Wipe Sample Collection—Before foam block replacement, two surface wipe
samples were taken from one plate glass window at each gymnastics studio: one inside the
gymnastics area and one inside the office area at all four gymnastics studios. This was done
twice, once before and once after the replacement of the foam blocks and cleaning of the
gymnastics studios. We asked information about last day of window washing and frequency,
however staff at the studios did not have that information.

Sampling was similar to that described by Butt et al. [2004], who had determined spatial
distributions of deposited flame retardants by sampling dust from windows. Four 7.6 cm?
sterile gauze pads were presoaked with approximately 12 mL of 99% isopropyl alcohol in a
20 mL amber glass vial. Four 1x1 ft2 templates were placed on each window, with a total
area of 4 ft2. The interior of each template was wiped horizontally, vertically, and diagonally
with one piece of gauze. The gauze was folded in half between complete passes. The wipes
from each of the four templates were combined and analyzed as one sample. We collected
field and media blanks for quality assurance. Samples and blanks were stored and shipped
on ice before analysis.
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Foam Block Sample Collection—New replacement foam blocks (n=4) and old foam
blocks (n=8) from each of the gymnastics studio were taken for flame retardant analysis. All
foam blocks were removed from the pits at the gymnastic studio, except one new foam block
was collected after being shipped from the manufacturer before being installed in the pit.
Whole foam blocks were taken randomly from the pit. Bulk foam sampling and storage for
laboratory analysis was performed as described by Carignan et al. [2013].

Sample Chemical Analysis

Hand Wipe, Window Wipe, and Foam Block Sample Flame Retardant Analysis
—The hand wipes, window wipes, and foam blocks were analyzed by the Virginia Institute
of Marine Sciences for a panel of 22 flame retardant including the components of PentaBDE
(i.e., BDE-28, BDE-47, BDE-66, BDE-85, BDE-100, BDE-99, BDE-154, BDE-153) and
other flame retardants currently or historically used in polyurethane foam (i.e., EH-TBB,
BEH-TEBP, TCEP, TCIPP, TDCPP). Additional analyses were also conducted on these
samples and can be found in the NIOSH report [NIOSH 2017], but were not included

in this manuscript. Flame retardants of interest were extracted from each sample using
methylene chloride, then purified, and analyzed by atmospheric pressure photoionization
tandem mass spectrometry (APPI/MS/MS, Q-Trap3200 MS, AB Sciex, Framingham, MA,
USA). A detection limit (dI) 10-times greater than background noise was established at
1.00 ng for all target analytes detected in the wipe samples, 100 ng for the bulk samples
and represents the lowest point on each five point calibration curve (r2 >0.985) used for
flame retardant quantitation detected in the wipe and bulk samples, respectively. All analytes
detected below dI were reported as non-detect (nd) or <1.00 ng wipe~! and <1.00 g g1
bulk samples. (See La Guardia et al. [2013; 2015] for additional sample processing and
quantitation procedures.) Further experimental analytical information can be found in the
Supplemental Information for this article. For quality control, three unused gauze wipes
were each spiked with 100 ng of each of the 22 flame retardants in the panel to determine
recovery rates [NIOSH 2016]. The range of mean percent spiked recoveries was 57% to
110%; the mean of the mean percent recoveries for each flame retardant was 84%. The
range of coefficients of variation was 4 to 73; the mean coefficient of variation was 11.3
[NIOSH 2016]. Field and media wipe blanks did not show background contamination and
hand wipe samples were not corrected.

Foam Equipment Bulk Sample Analysis for Bromine—We looked for bromine in
foam blocks, foam equipment, and polyurethane-covered mats at all four gymnastic studios
using an energy-dispersive x-ray spectroscopy device (Bruker [S1 Turbo]), as described by
Carignan et al. [2013] and Allen et al. [2008]. We held the device to direct x-rays (generated
by an x-ray tube) at the sample. We operated the device in the low density plastic mode,
which has a detection limit of 1 mg/kg. Each measurement lasted for 30 seconds.

Statistical Analysis

SAS version 9.3 was used for the analysis. For sample results that were reported as “not
detected” we used the laboratory reporting limit (1 ng per sample for hand wipes and 10 ng
per 4 ft2 for window wipes) divided by the square root of 2 as the estimate [Hornung and
Reed 1990]. Hand wipes for all employees at the end of the shift were compared to those
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before the shift using a paired t-test or a paired sign test, depending on the distribution of the
postshift to preshift differences.

The Spearman correlation coefficient was used to determine the correlation between the total
number of hours spent at work, the number of times employees washed their hands, the
number of times employees used alcohol-based hand sanitizer and the difference between
total postshift and preshift flame retardant concentrations on the hands. We calculated the
Pearson correlation coefficient for the relationship between bromine content of 8 foam
blocks as found using the XRF instrument and via laboratory analyses. We used a < 0.05

as the benchmark for statistical significance. Due to the small sample size, we did not use
statistical testing to compare window levels of flame retardants.

Hand Wipe Levels during Routine Gymnastic Studio Operations

The flame retardants levels on employees’ hands at the beginning and end of their shifts

in June 2014 and April 2015 are summarized in Table 1 and Figures 3 and 4. Geometric
mean preshift levels on hand wipes were higher during the April 2015 site visit than the
geometric mean preshift levels during the June 2014 site visit for nine of the 13 flame
retardants. The most abundant flame retardants postshift on both site visits were BEH-TEBP,
EH-TBB, and TDCPP. The same flame retardants were measured at significantly higher
levels postshift than preshift before and after foam replacement (Table 1). BDE-47, BDE-66,
BDE-85, BDE-99, BDE-100, and BDE-153 (all components of PentaBDE, which was used
in foam manufactured before 2004 [LaGuardia et al 2016]) were present at significantly
higher levels postshift than preshift before foam block replacement and cleaning of the
gymnastics studios, although at geometric mean levels much lower than BEH-TEBP, EH-
TBB, and TDCPP. After foam block replacement and cleaning of the gymnastics studios,
only BDE-153 had significantly higher postshift handwipe levels than preshift levels.

The employees we sampled averaged 4 hours on the gymnastics floor (range: 1-8.5) and
1.9 hours (range: 0-7.5) off the gymnastics floor. During their time off the gymnastics
floor, some employees worked in the office, took breaks and lunches, or traveled between
the two gymnastics studios. Of the flame retardants used in polyurethane foam, there were
statistically significant correlations between hours on the gym floor and change in levels of
TCEP (r = 0.52; £<0.02) on the June 2014 visit and BDE-47 (r = 0.54; £=0.02) on the
April 2015 visit.

Employees reported washing their hands with soap and water an average of twice while at
work on both site visits (first visit range: 0-7; second visit range: 0-6). We did not find a
significant relationship between change in levels of total flame retardants on the hands and
number of times an employee washed his or her hands on the first site visit (r = 0.095; P

= 0.69) nor the second site visit (r = 0.431; £=0.074). Employees reported using alcohol-
based hand sanitizer at work an average of once on the first site visit and less than once

on the second site visit (first visit range: 0-9; second visit range: 0-5). We did not find a
significant relationship between change in levels of total flame retardants on the hands and
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number of times an employee used alcohol-based hand sanitizer at work on the first site
visit (r = 0.018; £=0.94) nor the second site visit (r = 0.034; P=0.8933).

Dermal Exposures during Foam Replacement and Pit Cleaning

Table 2 presents data for two of the three employees who participated in hand wipe sampling
during pit cleaning and foam replacement activities; the samples for the other employee
were not analyzed due to possible contamination of the third participant’s samples during
transport. Employee 1 was in the foam pit for 60 minutes and employee 2 for 70 minutes.
During this time they handled foam, did not wash their hands, and did not wear gloves.
Wipe sample results showed levels of EH-TBB, BEH-TEBP, and TDCPP were higher on
employees’ hands after cleaning than before cleaning the foam pit. PBDE levels on hands
were similar before and after cleaning the foam pit.

Flame Retardants in Gymnastics Studio on Windows

The most abundant flame retardants present on windows in the gymnastics area before foam
replacement were BEH-TEBP and EH-TBB (components of Firemaster 550, which is a
common flame retardant used in polyurethane foam [Hoffman et al. 2014]) and TDCPP
(also common flame retardant in polyurethane foam [Hoffman et al. 2015]) [Table 3].
However, we were not able to determine with clarity when windows tested were last
cleaned as each gymnastics studio had different window washing schedules, which were
not documented.

The most abundant flame retardants we measured on windows in the gymnastics area after
foam block replacement were EH-TBB and TDCPP. EH-TBB, BEH-TEBP, and TDCPP
levels were reduced more on the gymnastics area windows than on the office windows from
the June 2014 to the April 2015 site visit (8.8% more for EH-TBB, 9.5% for BEH-TEBP,
and 24% for TDCPP). Gymnastics area window levels of flame retardants were not similar
across the four gymnastics studio sites. During the first visit, the highest concentration of
each EH-TBB and BEH-TEBP on the gymnastics area windows was more than 100 times
the lowest concentration and the highest TDCPP concentration was more than 30 times the
lowest concentration.

Bromine and Flame Retardants in Equipment and Foam Blocks

Table 4 summarizes the bromine content of equipment at the gymnastics studios, as
measured using an XRF instrument. The pit foam blocks and floor mat foam had greater
mean percentage bromine content than other material in the gymnastic studios (Table 1).

The bromine content in old (non-white appearance) and new replacement (white
appearance) foam pit blocks determined by chemical analysis in the laboratory correlated
well (r = 0.85) with the bromine content measured using the XRF instrument in the field
(Table 5). For three of the old foam block samples, the total flame retardant mass was
higher than the mass of brominated flame retardants due to the presence of chlorinated
flame retardants (i.e., TCEP, TCIPP, TDCPP) in these samples. Supplemental Table S1
displays the individual flame retardant concentration in each block analyzed. Newer blocks
contained lower levels of flame retardants by weight than the older blocks but there was
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variability across blocks. Flame retardant content in older foam block samples, determined
by laboratory analysis, varied from 1.4% to 6% by weight for all flame retardants measured,
and from 0.0012% to 4% for bromine-containing flame retardants. The predominant flame
retardants in the old foam were EH-TBB, BEH-TEBP, and TDCPP. Seven of the eight old
blocks contained PBDEs.

The flame retardant content in the new foam blocks ranged from “not detected” to 3.3%

for all measured flame retardants and for bromine-containing flame retardants by laboratory
analysis. None of the four replacement blocks contained PBDEs by laboratory analysis. The
new foam blocks did not contain chlorinated flame retardants, with the exception of one
block that contained an amount of TDCPP that was likely incidental contamination rather
than an intentional ingredient (2.2 pg/g). Two of the four had measurable bromine content
by XRF and three of the four had bromine-containing flame retardants by our laboratory
analysis. This was due the presence of EH-TBB and BEH-TEBP in these blocks, flame
retardants not included in the certification. In the three blocks with measurable levels of
EH-TBB and BEH-TEBP flame retardants, the levels varied widely with EH-TBB ranging
from 7.49 to 27,400 pg/g foam and BEH-TEBP ranging from 4.53 to 6,330 pg/g foam. No
other flame retardants were detected in the new blocks.

DISCUSSION

We found statistically significant across-shift increases in levels of six of eight PentaBDE
components before the foam was replaced, but only saw statistically significant across-shift
increases of one of eight after the foam was replaced (Table 1 and Figure 3). This implies
that employees’ exposure to PentaBDE was reduced after the old foam had been replaced
with new foam that did not contain PentaBDEs. However, the geometric mean levels

of postshift PentaBDEs levels in handwipes were much lower than those of EH-TBB,
BEH-TEBP, and TDCPP even before the foam replacement, indicating that PentaBDEs
contributed less to total flame retardant exposure. This is not surprising given that both the
old and new foam contributed to the levels of EH-TBB and BEH-TEBP.

Among all coaches tested, hand wipes showed that work at a gymnastics studio was a source
of occupational exposure to flame retardants. The composition of the contamination was
consistent with the composition of the old foam blocks. We found large and significant
increases in levels of EH-TBB and BEH-TEBP on employees’ hands across their workshifts,
both before the foam block replacement and after (Table 1 and Figure 4). This was not
surprising given the new foam sometimes contained both BEH-TEBP and EH-TBB. These
findings are similar to those of Carignan et al. [2013], who noted that median PentaBDE,
EH-TBB, and BEH-TEBP levels in hand wipes were 2-3 times higher from gymnasts after
practice than before. Hand wipes also showed that two employees’ skin contamination of
EH-TBB, BEH-TEBP, and TDCPP increased from before to after removing old pit foam and
cleaning the pits.

We also found significant increases in levels of TDCPP on employees’ hands across their
work shift, both before the foam block replacement and after (Table 1 and Figure 4). This is
important as the levels of the skin may also suggest potential for ingestion if contaminated
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hands touched mouth or food items. Of note, the increase in TDCPP during the shift appears
to be greater after foam replacement than before. This is hard to explain since the new
blocks were certified to contain not detectable TDCPP (although our analyses documented
a minute amount of TDCPP in one block that is likely contamination during manufacture

or at the gymnastic studio when in use rather than intentional addition). Although not
confirmed, other foam-containing equipment such as mats and pommel horses, may have
also contributed to the TDCPP on employees’ hands, if foam flame retardant composition
was similar to the loose old pit foam.

We hypothesized that increased frequency of handwashing would be negatively correlated
with change in flame retardant levels on the hands over the shift. However, there was no
statistically significant correlation between levels of flame retardants and handwashing, nor
with the use of alcohol-based hand sanitizer. One reason for this finding may be because
the total number of hours at work was significantly positively associated with the number
of times employees washed their hands (P < 0.01), length of shift may have counteracted
the protective effect of handwashing. Other reasons include the possibility that aspects of
washing other than frequency, i.e., vigor and duration, may be important or we may not have
had enough people throughout the frequency range to see a correlation. Other studies have
shown a negative association between frequency of handwashing and levels of some flame
retardants on hands [Abdallah et al. 2016; Stapleton et al. 2014; Watkins et al. 2011].

Our surface wipe samples from windows indicate that flame retardants likely were released
from foam-containing products, became airborne, and then impacted or partitioned on
surfaces (e.g., windows). Since the median levels on windows were higher on gymnastics
area windows than office windows during the first visit for some flame retardants, activities
and foam equipment in the gymnastics studios may have contributed to more airborne and
surface flame retardants in those areas. The most abundant flame retardants we measured

on gymnastics area windows before and after foam replacement were TDCPP, EH-TBB, and
BEH-TEBP. These same flame retardants were found in the old foam we tested, which is
also consistent with findings from La Guardia and Hale [2015].

This study has several limitations. The interpretation of the hand wipe sampling results as
dermal (and possibly ingestion) exposure is challenging. The hand wipe sampling procedure
removes an unknown and variable amount of flame retardants present on the hand. The
amount removed from the hand may vary depending on the wiping technique consistency
from visit to visit, even though the same instructions were provided to all participants.
Furthermore, the amount of flame retardants that can be recovered from the wipes in the
laboratory is not well known.

Despite these limitations, hand wipes have been used to measure personal exposure to
flame retardants in several studies. Levels of PBDE flame retardants on hands significantly
correlated with serum PBDE levels [Stapleton et al. 2012; Watkins et al., 2011;] and

were a better predictor of serum PBDE levels than house dust [Stapleton et al. 2012]. In
other studies, levels of some alternative flame retardants on hand wipes were significantly
correlated with house dust concentrations [Hoffman et al. 2014; Stapleton et al. 2014]. In
addition, hand wipe levels of TDCPP, EH-TBB, and TPP were significantly correlated with
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their urinary metabolites [Hoffman et al. 2014; 2015]. More relevant to our evaluation,
EH-TBB and BEH-TEBP on hand wipes of 11 collegiate gymnasts were significantly
increased after a practice than before, with median levels of EH-TBB of 61 ng/sample and
of BEH-TEBP of 30 ng/sample after practice [Carignan et al. 2013]. The hand wipes were
self-administered with the same directions given to participants in both evaluations. We also
found significant increases of EH-TBB and BEH-TEBP across the shift, with geometric
mean levels of EH-TBB postshift of 1100 ng/sample on the first visit and 885 ng/sample

on the second visit, and of BEH-TEBP postshift of 478 ng/sample on the first visit and 267
ng/sample on the second visit on gymnastics coaches’ hands.

Confidence in window dust data conclusions may be tempered by not being able to obtain
information about how often windows were cleaned and the date of the last cleaning. We
were also not able to control the number of days since window cleaning and standardize that
across the site visits. We visited the gymnastics studios all at the same time before and after
the replacement of the foam allowing several weeks after the changes were in place to make
sure work conditions had stabilized.

With these limitations in mind, flame retardants measured in window wipes were
consistent with the La Guardia et al [2015] findings of significantly higher mean inhalable
concentrations of EH-TBB and TDCPP in air in the gymnastics studios than in coaches’
homes [La Guardia and Hale 2015]. Median concentrations of most flame retardants on
gymnastics area windows in both locations were lower after the studios were thoroughly
cleaned during pit block replacement. The absolute reductions were greatest for EH-TBB
and TDCPP, which suggest that airborne concentrations were reduced after the replacement
of the foam blocks. The levels of TDCPP remained high relative to other flame retardants
in window dust after foam replacement, which suggests that (1) residual foam dust from
older blocks may have persisted, (2) other foam equipment (that contain TDCPP) may
have contributed to airborne dust, or (3) a combination of these sources may have been
contributing to the presence of TDCPP.

Although coaches may not have frequent, full body contact with pit and exposed foam like
gymnasts have, they usually spend more hours than gymnasts at a gymnastics studio. They
also perform cleaning activities in the gymnastics studio on a regular basis. The results of
this study could be used to support the development of future studies that include the use

of biological samples to document levels of flame retardants in the coaches before and after
this type of interventions. The results of this evaluation can provide an example of what
gymnastics studio owners and managers can expect when trying to reduce exposures to
flame retardants for coaches and gymnasts, a group that typically includes children.

Conclusions

Scientists who research flame retardant exposure and toxicology have not reached a
consensus on what levels of exposure to flame retardants are safe or harmful to health.

We documented that gymnastics coaches can be occupationally exposed to flame retardants
by airborne and skin exposure. The main flame retardants we measured on windows and
hands were EH-TBB, BEH-TEBP, and TDCPP. Although it may not be possible to eliminate
all flame retardant exposure given their ubiquity, the gymnastics studio foam replacement
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intervention documented here seemed to have been effective at reducing exposures to
PBDEs and TDCPP, but at the same time contributing to continuing exposure to EH-TBB
and BEH-TEBP. This study also highlights the challenges employers face when assessing
new products for their flame retardant content, despite programs that certify products as
being free from certain classes of, but not all, flame retardants.

We provided recommendations to the gymnastics studio management to reduce exposures
further, as described in detail in the NIOSH report [NIOSH 2017]. Recommendations
included researching and limiting the flame retardant content of any replacement foam,
improving housekeeping, and using additional personal protective equipment use during
cleaning tasks. Gymnastics studios seeking to replace their foam products should obtain and
review foam safety data sheet information prior to purchase or contact the manufacturer even
if the foam has been certified to be flame retardant free in some manner.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

Gymnastics coaches can be exposed to flame retardants in air and on skin at
work.

The main flame retardants we found on windows and hands were EH-TBB,
BEH-TEBP, and TDCPP.

Replacing foam blocks in the in-ground pits eliminated a source of PBDEs
and TDCPP, however continued exposures to EH-TBB and BEH-TEBP.

Foam equipment should be replaced as soon as the foam begins to deteriorate.
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Figure 1.
Employees cleaning the in-ground pit at one gymnastic studio. Foam dust is visible among

the foam blocks
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Figure 2.
In-ground pit containing replacement foam blocks at one gymnastic studio
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