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ABSTRACT

For decades, bisphenol A (BPA) has been used in making polycarbonate, epoxy, and phenolic resins
and certain investment castingwaxes, yet published exposure data are lacking for U.S. manufacturing
workers.
In 2013–2014, BPA air andhandexposureswere quantified for 78workers at six U.S. companiesmaking

BPA or BPA-based products. Exposuremeasures included an inhalable-fraction personal air sample on
each of two consecutive work days (n = 146), pre- and end-shift hand wipe samples on the second
day (n = 74 each), and surface wipe samples (n = 88). Potential determinants of BPA air and end-shift
hand exposures (after natural log transformation) were assessed in univariate andmultiple regression
mixed models.
The geometric mean (GM) BPA air concentration was 4.0 µg/m3 (maximum 920 µg/m3). The end-

shift GM BPA hand level (26 µg/sample) was 10-times higher than the pre-shift level (2.6 µg/sample).
BPA air and hand exposures differed significantly by industry and job. BPA air concentrations
and end-shift hand levels were highest in the BPA-filled wax manufacturing/reclaim industry
(GMAir = 48 µg/m3, GMHand-End = 130 µg/sample) and in the job of working with molten BPA-filled
wax (GMAir = 43 µg/m3, GMHand-End = 180 µg/sample), and lowest in the phenolic resins indus-
try (GMAir = 0.85 µg/m3, GMHand-End = 0.43 µg/sample) and in the job of flaking phenolic resins
(GMAIR = 0.62 µg/m3, GMHand-End = 0.38 µg/sample). Determinants of increased BPA air concen-
tration were industry, handling BPA containers, spilling BPA, and spending �50% of the shift
in production areas; increasing age was associated with lower air concentrations. BPA hand
exposure determinants were influenced by high values for two workers; for all other work-
ers, tasks involving contact with BPA-containing materials and spending �50% of the shift
in production areas were associated with increased BPA hand levels. Surface wipe BPA levels
were significantly lower in eating/office areas (GM = 9.3 µg/100 cm2) than in production areas
(GM = 140 µg/100 cm2).
In conclusion, worker BPA exposure was associated with tasks and conditions affecting both inhala-

tion and dermal exposure. The potential for BPA-related health effects among these workers is
unknown.

Introduction

Bisphenol A (BPA) (CAS 80-05-7, 4,4′-isopropylidene-
diphenol) is a commercially-important chemical used as
a monomer in the production of polycarbonate, epoxy,
and phenolic resins, and as a reactant in making certain
halogenated flame retardants;[1–4] residual BPA in these
products is minimal. BPA is also used as a filler in certain
investment casting waxes where BPA can comprise up to

CONTACT Cynthia J. Hines chines@cdc.gov National Institute for Occupational Safety and Health,  Tusculum Ave., Cincinnati, OH .
Supplemental data for this article can be accessed at tandfonline.com/uoeh. AIHA and ACGIH members may also access supplementary material at

http://oeh.tandfonline.com/.

45% of the wax, and as a developer in thermal paper;[5, 6]

in both applications, BPA is unreacted.
Raw BPA is a white solid prill (dry sphere) or

flake at room temperature. Handling raw BPA, such
as when dispensing BPA from sacks or bags, can produce
aerosols. Some resins made with BPA may also produce
aerosols during handling, although these aerosols con-
tain far less BPA because BPA is nearly consumed in the

©  JOEH, LLC
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resin-forming reaction. The presence of BPA or BPA-
based resin aerosols in the workplace can result in
BPA-containing residues on surfaces and objects in pro-
duction areas, alongwith the potential transfer of residues
from production areas to eating and office areas via the
hands, clothing or other objects. Thus, workers involved
in manufacturing BPA or BPA-based products may be
exposed to BPA by inhalation, skin contact, or ingestion.

The toxicity of BPA continues to be extensively stud-
ied and debated. BPA is weakly estrogenic with low
acute toxicity.[7–9] A range of health effects in both ani-
mal and human studies, hypothesized to be related to
endocrine system disruption, have been associated with
BPA exposure.[10–15]

Published data on airborne occupational exposure to
BPA are limited to manufacturing workers in China and
Finland.[16–19] To our knowledge, no measurements of
dermal exposure amongworkers handling BPA have been
published. In a National Institute for Occupational Safety
and Health (NIOSH) study conducted in 2013–2014,
workers in U.S. industries making BPA or BPA-based
products had geometric mean (GM) urinary BPA con-
centrations nearly 70 times higher than adults in the
2013–2014 National Health and Nutrition Examination
Survey.[20] As a part of that study, BPA was quantified in
personal air, hand wipe and surface wipe samples. Results
of air and wipe sampling as well as the determinants of
BPA air and hand exposures are reported herein.

Methods

Company and participant recruitment

Methods for recruiting companies and workers were
described previously.[20] Briefly, participants were
recruited from six companies listed on the 2010–2011
U.S. Environmental Protection Agency Toxic Release
Inventory that made BPA or BPA-based products.[21]

Participating companies were visited to identify BPA-
related jobs, and workers performing these jobs were
invited to participate in the study. Participants gave writ-
ten informed consent. The study was approved by the
NIOSH Institutional Review Board.

Sample collection

A full-shift personal breathing zone air sample was col-
lected on each worker for two consecutive work shifts. An
IOM sampler (SKC, Inc.) with a 25-mm quartz fiber filter
in a stainless-steel cassette was used at a nominal flow rate
of 2 L/min to collect inhalable particles. Sampling pumps
(Airchek R© Model 224–52, SKC, Inc.) were pre- and post-
calibrated. Completed filter-cassette units were placed in

a 30-mL polypropylene wide mouth container for trans-
port to the laboratory.

On the second day, a wipe sample of both hands was
collected at the start and end of the work shift. Each
hand was wiped with two Large Alpha R© Swabs (polyester
heads) (TX715, ITW Texwipe R©) moistened with 100%
HPLC grade isopropanol (IPA) (Thermo Fisher Scien-
tific, Inc.). The palms and back of the hand were wiped
with the first swab, then the surfaces between the fingers
(in opposing directions) with the second swab. The pro-
cess was repeated on the other hand. The four swabs were
inserted into a 20-mL polypropylene vial (Thermo Fisher
Scientific, Inc.) to form a single sample. Workers were
instructed to delay final hand washing for the day until
the end-shift sample had been taken. Hands were wiped
on the second day to minimize interference with concur-
rent urine biomonitoring.

Workers were asked to identify surfaces and objects
that they touched with ungloved hands. Two large
Alpha R© Swabs moistened with 100% IPA were used to
wipe these surfaces/objects. The first swab was used to
wipe the proscribed area horizontally then vertically, the
second swab diagonally from right to left and then from
left to right. The two swabs were inserted into a 20-mL
polypropylene vial (Thermo Fisher Scientific, Inc.). For
flat surfaces, a 10 cm × 10 cm paper template was used
to proscribe the wiped area. For other objects, the dimen-
sions of the wiped surface were measured and the total
area computed.

Study staff wore nitrile gloves while handling air and
wipe samples. All samples were kept cold (4°C) in the field
and shipped and stored cold prior to analysis. Field blanks
(10%) were prepared and handled in a manner similar to
field samples.

Sample analysis

The NIOSH contract laboratory, Bureau Veritas North
America, quantified BPA in air, hand wipe, and sur-
face wipe samples. Air sample filters were placed on
a mechanical shaker and extracted with acetonitrile
(2-mL) for 30 min. Extracts were diluted 1:1 with deion-
ized water, and hand shaken to mix. Wipe sample swabs
were extracted with acetonitrile (5-mL) then tumbled
overnight on a rotary tumbler. De-ionized water (5-mL)
was added to each wipe extract, hand shaken to mix,
and filtered through a 13-mm polyvinylidene fluoride
syringe filter. Air and wipe extracts were analyzed by
high-performance liquid chromatography-ultraviolet
detection (HPLC-UV) (run parameters in Supplemental
Table SI). Laboratory quality control (QC) consisted
of media blanks, lab-fortified matrix spikes, and repli-
cate analyses. All sample results were corrected for
recovery, media blanks, and field blanks. The limit of
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detection (LOD) across seven sample batches was 0.03–
0.1 µg/sample (air), 0.05–0.3 µg/sample (hand wipe) and
0.05–0.2 µg/sample (surface wipe). The mean (±SD)
recovery for matrix QC spikes was 90.9 ± 6.1% (air, n
= 24), 85.2 ± 5.5% (hand wipe, n = 24), 90.2 ± 4.8%
(surface, n = 14). Precision (relative percent difference
±SD) of duplicate analyses of field samples was 3.0±3.1%
(air, n = 14), 2.5 ± 3.7% (hand wipe, n = 12), 1.3 ± 2.3%
(surface wipe, n = 7).

Other information collected

For each participant, demographic information was col-
lected including sex, age, race/ethnicity, and job. On sam-
pled days, participants were asked about BPA-related
tasks performed, actual shift length worked, clothing
and personal protective equipment worn, BPA spills, and
hand-to-mouth behaviors.

Companies were grouped into five industry categories:
(a) phenolic resin manufacturing (companies 1 and 2);
(b) BPA and polycarbonate manufacturing (company 3);
(c) BPA-filled wax manufacturing/reclaim (company 4);
(d) BPA manufacturing (company 5); and (e) BPA-
filled wax manufacturing/investment casting (company
6). Seven job categories were created across the six com-
panies: (a) making BPA; (b) kettle/reaction/field opera-
tor making a BPA-based resin (hereafter referred to as
“kettle operator”); (c) operator flaking a BPA-based resin;
(d) maintenance work in a BPA or resin manufacturing
area; (e) making BPA-filled wax; (f) working with solid
BPA-filled wax; and (g) working with molten BPA-filled
wax (e.g., wax reclaim and melt/burn out of BPA-filled
wax from shells/molds).

Statistical analysis

BPA concentrations in air, hand wipe and surface wipe
samples were skewed to the right and a natural log trans-
formation was applied. LOD/2 was assigned to samples
where BPA was not detected.[21]

For air samples, summary statistics were computed by
day, industry and job. Using the natural log of the BPA
air concentration (ln(BPAAIR)) as the dependent vari-
able, 18 covariates were evaluated one-at-a-time in mixed
models with worker treated as a random effect. Covari-
ates included day (1 or 2), industry (5 levels), job (7 lev-
els), age (continuous), smoking during work (yes/no),
actual shift length (�8, >8 and <12, �12 h, treated as
ordinal), percent of work shift spent in production vs.
offices/control rooms (<50, �50), handling bulk sacks,
bags, drums, or buckets of BPA (yes/no), handling empty
containers of BPA (yes/no), number of process/bulk sam-
ples taken containing BPA (�3,>3), spilled BPA (yes/no),
and cleaned up a BPA spill (yes/no). Covariates with

a p-value �0.2 were included in a stepwise forward
selection mixed model with worker treated as a random
effect. Covariates were entered into the model one-at-a-
time until all remaining covariates had p-values >0.05.

Handwipe analyseswere restricted to participantswith
both pre- and end-shift samples. Summary statistics were
computed separately by shift time (pre- or end-shift) for
all samples and by industry and job. A mixed model with
worker as a random effect and shift time as a fixed effect
was used to test for a shift-time difference (pre- vs. end-
shift) in the overall sample. Industry (or job) was included
as a fixed effect alongwith an interaction term for industry
and shift time (or job and shift time) to test comparisons
within industry (or job). Using the natural log of BPA on
the end-shift handwipe (ln(BPAHAND-END)) as the depen-
dent variable, and after adjusting for BPA at pre-shift
(ln(BPAHAND-PRE)), covariates described above for the air
model, excluding day, but including body mass index
(continuous), gloves (none, fabric or leather, chemical-
resistant), eating during work excluding lunch or breaks
(yes/no), chewing tobacco during work (yes/no), chewing
gum during work (yes/no), and hand washing frequency
during work (1–4, 5–7, >7 times) were evaluated one-at-
a-time in mixed models with worker as a random effect.
Covariates with p-values�0.2 were included in a stepwise
forward selection mixed model as described previously.

Total variance was computed by fitting a model with
worker-only as a random effect. For the final air model
(two measurements per worker), the variance explained
by the fixed effects was obtained by subtracting the
within- and between-worker variances from the total
variance. For the final handmodel (one measurement per
worker), the residual variance was subtracted from the
total variance to obtain the variance explained by the fixed
effects.

The wiped area for each surface sample was standard-
ized to 100 cm2 (reported as µg BPA/100 cm2). After
assigning surfaces/objects into seven groups with sim-
ilar characteristics, summary statistics were computed
by group. Groups were then dichotomized into “non-
production” and “production” areas. A t-test was used on
ln(BPASURFACE) to compare theGMs of the two areas. Sta-
tistical analyses were performed in SAS v. 9.3 (SAS Insti-
tute, Inc., Cary, NC, USA). Significance testing was done
at α = 0.05.

Results

Participants

Participant recruitment results were described
previously.[20] Briefly, of 199 workers in BPA-related
jobs at six companies, 125 consented to participate and
78 could be scheduled for sampling. Study participants
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Table . Characteristics of study participants, N= .

Characteristic Frequency (%)

Sex
Male  (.)
Female  (.)

Age, years Mean± SD= . (±.); Median= .; Range= –
Race
White  (.)
Black  (.)
More than one race  (.)

Ethnicity
Hispanic  (.)
Not Hispanic  (.)

BMI, kg/m Mean± SD= . (±.); Median= .; Range= .–.
Current Smoker
No  (.)
Yes  (.)

Shift Type
Fixed  (.)
Rotating  (.)

Company
 (phenolic resin mfg.)  (.)
 (phenolic resin mfg.)  (.)
 (BPA & polycarbonate resin mfg.)  (.)
 (BPA-filled wax mfg. & wax reclaim)  (.)
 (BPA mfg.)  (.)
 (BPA-filled wax mfg., wax patterns/molds, burn-out)  (.)

Industry
Phenolic resin mfg. (companies  & )  (.)
BPA & polycarbonate resin mfg. (company )  (.)
BPA-filled wax mfg. & wax reclaim (company )  (.)
BPA mfg. (company )  (.)
BPA-filled wax mfg., wax casting patterns/molds, wax burn-out (company )  (.)

Job
Flaker operator – resins  (.)
Make/load BPA  (.)
Kettle operator – resin mfg. (phenolic or polycarbonate)  (.)
Maintenance – BPA & polycarbonate resin mfg.  (.)
Molten BPA-filled wax work – reclaim, melt/burn-out  (.)
Make BPA-filled wax  (.)
Solid BPA-filled wax work: wax patterns, mold assembly, lab QC  (.)

Notes: BMI= body mass index; mfg.=manufacturing; QC= quality control.

were mostly male (97.4%) and white (89.7%); median age
was 44.0 years (range 20–63 years) (Table 1). The number
of sampled workers per company was 7–18, mean (± SD)
13 ± 3.7; the goal was 15 workers per company.

Companies

Companies 1 and 2 added BPA and other ingredients
to kettles, solidified molten resin, and converted it into
a flake product. Participant jobs were kettle and flaker
operators. Company 3 made BPA from acetone and
phenol, then reacted BPA with phosgene to make poly-
carbonate resin. Participant jobs included operators, shift
leads, and maintenance. Company 4 added BPA and
other ingredients to kettles, then solidified molten wax
into pastilles, billets or slabs. Company 4 also reclaimed
the wax component from used wax using large hot boxes
at ∼100˚C to melt the wax, followed by removal of water
and non-wax solids. Participant jobs included warehouse,
wax preparation, blending and packaging, wax reclaim,
and QC. Company 5 made BPA from acetone and phenol

and then transferred BPA to the epoxy resin manufac-
turing unit via a closed system. Participant jobs included
BPA operators, flakers, and loaders. Company 6 added
BPA and other ingredients to kettles, solidified molten
wax into pastilles, then used the wax in investment cast-
ing. Participant jobs included making wax, engineer, shift
lead, lift-truck driver, wax injection, wax pattern/mold
assembly, and wax removal from shells/molds in heated
Boilerclaves R© at∼170˚C followed by burn-out in ovens at
∼1000˚C. Across companies, BPA was added to reaction
or mixing vessels by a mix of manual/partly manual and
automated methods. Chemical reactions (e.g., acetone
with phenol) were carried out in closed systems, typically
under negative pressure.

Air sample results

Personal air samples were collected on 146 worker-
days, 75 samples on Day 1; 71 samples on Day 2. BPA
was detected in nearly all air samples (95.2%) with
a GM BPA air concentration of 4.0 µg/m3 (Table 2).
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Table . BPA air sampling results, µg/m.

n
a

No.<LOD
(%) AM (SD) Median GM (GSD) p-value th, th % tiles

Range
(Min, Max)

ALL   (.)  () . . () .,  ., 
Day  (Ref.)   (.)  () . . () Ref. .,  ., 
Day    (.)  () . . () . .,  ., 
Industry <.

Phenolic resin mfg.   (.)  () . . () Ref. .,  ., 
BPA & PC resin mfg.   ()  () . . (.) . .,  ., 
BPA-filled wax mfg. & wax reclaim   ()  ()   (.) <. ,  ., 
BPA mfg.   ()  () . . () . ., . ., 
BPA-filled wax mfg., wax casting
patterns/molds, wax burn-out

  (.)  () . . () . .,  ., 

Job .
Flaker operator – resins   (.) . () . . () Ref. ., . ., 
Make/load BPA   ()  () . . () . .,  ., 
Kettle operator – resin mfg. (phenolic or
PC)

  (.)  () . . () . .,  ., 

Maintenance – BPA & PC resin mfg.   () . (.) . . (.) . ., . ., 
Molten BPA-filled wax work –reclaim,
melt/burn-out

  ()  ()   (.) . ,  ., 

Make BPA-filled wax   (.)  ()   () <. ,  ., 
Solid BPA-filled wax work: wax patterns,
mold assembly, lab QC

  () . (.) . . (.) . ., . ., 

Notes: mfg.=manufacturing; PC= polycarbonate; QC= quality control; Ref.= referent group.
aNumber of worker-days.

Variability was high (GSD = 15). Day 1 (3.7 µg/m3) and
Day 2 (4.2 µg/m3) GM air concentrations were not sig-
nificantly different (p = 0.5465). A kettle operator in
the BPA/polycarbonate manufacturing industry had the
highest air concentration (920 µg/m3).

BPA air concentrations differed significantly by indus-
try (p < 0.0001) and by job (p = 0.0002) (Table 2,
Figure 1). By industry, the GM BPA air concentration
was highest in BPA-filled wax manufacturing/reclaim
(48 µg/m3), a level significantly higher than in phenolic
resin manufacturing, the industry with the lowest GM air
concentration (0.85 µg/m3) (p < 0.0001). The GM
BPA air concentrations in the next two highest indus-
tries, BPA-filled wax manufacturing/pattern and mold
assembly/burn-out (6.9 µg/m3) and BPA/polycarbonate
manufacturing (6.7 µg/m3), were also significantly higher
than in phenolic resin manufacturing (p = 0.0029 and
p= 0.0009, respectively). By job, the GMBPA air concen-
tration was highest for those working with molten BPA-
filled wax (43 µg/m3), followed bymaking BPA-filled wax
(29 µg/m3). Both of these jobs had GM BPA air concen-
trations significantly higher than the lowest exposed job
of flaking phenolic resins (0.62 µg/m3) (p = 0.0002 and
p < 0.001, respectively).

Handwipe results

Seventy-four participants had both pre- and end-shift
hand wipe samples. Work schedule changes (n = 3) and
field error (n= 1) accounted for participants without both
samples. One participant, who did not work onDay 2, had

samples taken on Day 1. BPA was detected on 93.2% of
pre-shift samples, 100% of end-shift samples (Table 3).

Hand wipe BPA levels are summarized in Table 3
and Figure 2. Pre-shift, hand wipe GM BPA levels
were < 10 µg/sample for all industries and jobs. The
end-shift BPA level (GM = 26 µg/sample, range 0.64–
19,000 µg/sample) was 10-times higher than at pre-shift
(GM = 2.6 µg/sample, range 0.025–72 µg/sample), a
statistically significant difference (p<0.0001) (Table 3).
End-shift GM BPA hand wipe levels were also signifi-
cantly higher than pre-shift levels in all industries except
BPA manufacturing (only 7 participants), and in all jobs
(Table 3). A statistically significant interaction was found
between industry and shift time (p= 0.0040) and between
job and shift time (p= 0.0248), indicating that themagni-
tude of change in the BPA level from pre-shift to end-shift
depended on type of industry (or job).

Pre-shift, the highest BPA hand level by indus-
try was in BPA/polycarbonate manufacturing (GM =
8.7 µg/sample); by job for those making BPA (GM =
8.9 µg/sample). End-shift, by industry, the BPA hand level
was highest in BPA-filled wax manufacturing/reclaim
(GM= 130 µg/sample), followed by BPA-filled wax man-
ufacturing/pattern and mold assembly/burnout (GM =
57 µg/sample), and lowest in phenolic resin manufactur-
ing (GM= 5.8µg/sample). By job, the end-shift BPAhand
level was highest for those working with molten BPA-
filled wax (GM = 180 µg/sample), followed by making
BPA-filled wax (GM = 75 µg/sample) and working with
solid BPA-filledwax (GM= 74µg/sample). The high end-
shift GM (and GSD) hand level for the job of working
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Figure . Box plots of BPA air concentrations (n= ) by (a) industry and (b) job. The box represents the interquartile range and the large
circle represents the geometric mean. Abbreviations: PC= polycarbonate; Mfg.=manufacturing; Op.= operator.

with molten BPA-filled wax was influenced by high lev-
els (19,000 and 12,000 µg/sample) for two wax reclaim
workers who cleaned hot boxes used to melt wax. While
these two samples were considered valid, hand wipe sum-
mary statistics were re-computed excluding these two
participants (Supplemental Table SII).

Surface wipe results

Across six companies, BPA was detected on 96.6%
of 88 surface/object wipe samples. GM BPA levels
were lowest in eating areas (6.5 µg/100 cm2) fol-
lowed by offices/control rooms (12 µg/100 cm2),

door handles/knobs/buttons (31 µg/100 cm2), hand
tools (88 µg/100 cm2), production area objects
(140µg/100 cm2), work benches/tables (150 µg/100 cm2),
and BPA-filled wax (13,000 µg/100 cm2) (Table 4,
Figure 3). The surface wipe GM BPA level in “produc-
tion” areas (140 µg/100 cm2, n= 34) was 15-times higher
than in “non-production” areas (9.3 µg/100 cm2, n =
54, p < 0.0001); when the three BPA-filled wax samples
were excluded, GM BPA levels in “production” areas
(89 µg/100 cm2) remained nearly 10 times higher than
in “non-production” areas (9.3 µg/100 cm2) (p < 0.0001)
(Table 4).

D
ow

nl
oa

de
d 

by
 [

St
ep

he
n 

B
. T

ha
ck

er
 C

D
C

 L
ib

ra
ry

] 
at

 0
6:

31
 1

9 
O

ct
ob

er
 2

01
7 
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Table . BPA hand wipe results for participants with both pre- and end-shift samples, µg/sample.

n No.<LOD (%) AM (SD) Median GM (GSD) Range (Min, Max) p-value

ALL
Pre   (.) . () . . (.) .,  Ref.
End   ()  ()   (.) .,  <.

a

INDUSTRY
Phenolic resin mfg.

Pre   () . (.) . . (.) ., . Ref.
End    () . . (.) .,  < .

BPA & PC resin mfg.
Pre    (.) . . (.) .,  Ref.
End    ()   (.) .,  < .

BPA-filled wax mfg./reclaim
Pre    () . . (.) .,  Ref.
End    ()   () .,  < .

BPA mfg.
Pre    () . . (.) .,  Ref.
End    () .  (.) .,  .

BPA-filled wax mfg., wax casting patterns, mold
assembly, wax burn-out
Pre   . (.) . . (.) .,  Ref.
End    ()   (.) .,  < .

JOB
Flaker operator – resins

Pre   () . (.) . . (.) ., . Ref.
End   . (.) . . (.) .,  < .

Make/load BPA
Pre    () . . (.) .,  Ref.
End    ()   (.) .,  .

Kettle operator – resin mfg.
Pre   () . (.) . . (.) .,  Ref.
End    ()   (.) .,  < .

Maintenance – BPA & PC resin mfg.
Pre   . () . . (.) .,  Ref.
End    ()   (.) ,  .

Molten BPA-filled wax work – reclaim,
melt/burn-out
Pre    ()  . (.) .,  Ref.
End    ()   () .,  < .

Make BPA-filled wax
Pre   . (.) . . (.) .,  Ref.
End    ()   (.) .,  < .

Solid BPA-filled wax work – wax patterns, mold
assembly, lab QC
Pre   . (.) . . (.) ., . Ref.
End    ()   (.) ,  < .

Notes: mfg.=manufacturing; PC= polycarbonate; QC= quality control; Ref.= referent group.
aCompared end-shift GM to pre-shift GM.

Table . BPA levels by surface/object and by area, µg/ cm, n= .

N No.< LOD AM (SD) Median, GM (GSD) Range (Min, Max)

By Surface/Object
Eating areas    () . . (.) ., 
Offices/control rooms    ()   (.) ., 
Door handles/knobs/buttons    ()   (.) ., 
Hand tools    ()   (.) ., 
Objects in production areas    ()   () ., ,
Work benches/tables    ()   (.) ., 
BPA-filled wax   , (,) , , (.) ,, ,

By Area
a
Non-production (Ref.)    ()  . (.) ., 

b
Production    ()  

c
() ., ,

Production, excluding BPA-filled wax    ()  C () ., ,

Notes:
aNon-production includes eating areas and offices/control rooms.
bProduction includes door handles/knobs/buttons, hand tools, objects in production areas, work benches/tables, BPA-filled wax.
cSignificantly different than non-production, p< ..
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JOURNAL OF OCCUPATIONAL AND ENVIRONMENTAL HYGIENE 889

Figure . Box plots of BPA levels on hand wipes pre- and end-shift (n =  each) by (a) industry and (b) job. The box represents the
interquartile range and the large circle represents the geometric mean. Abbreviations: PC = polycarbonate; Mfg. = manufacturing;
Op.= operator.

Air and handwipe exposure determinantmodeling

Covariates for air and hand wipe models are summarized
in Tables 1 and 2. For air, sample size is given as worker-
days (n = 146 for 78 workers); for hand wipes as num-
ber of workers with both pre- and end-shift samples (n
= 74). Frequency of covariate responses for worker-days
and workers was similar (Table 5). Because all covariates
applied to hand wipe but not necessarily to air samples,
frequencies described below are for the 74 workers with
both hand wipe samples.

By industry, the number of workers was high-
est in phenolic resin manufacturing (33.8%), followed
by BPA/polycarbonate manufacturing (23.0%), BPA-
filled wax manufacturing/reclaim (18.9%), BPA-filled
wax manufacturing/pattern and mold assembly/burnout
(14.9%), andBPAmanufacturing (9.5%). By job, the num-
ber of workers was highest for kettle operator making a
BPA-based resin (27.0%), followed by the jobs of mak-
ing BPA-filled wax (18.9%), flaking a BPA-based resin
and making BPA (14.9% each), maintenance work in
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890 C. J. HINES ET AL.

Figure . Box plots of BPA surfacewipe levels (n= ) by surface/object category. The box represents the interquartile range and the large
circle represents the geometric mean.

BPA/polycarbonate manufacturing (9.5%), working with
molten BPA-filled wax (8.1%), and working with solid
BPA-filled wax (6.8%). Nearly half (48.6%) of the par-
ticipants worked a 12-hr shift or longer. Approximately
70% of the workers spent 50% or more of their shift in
production vs. control rooms/offices. Sacks, bags, buck-
ets, or drums of BPA were handled by 12.2% of the work-
ers, 9.5% handled empty BPA containers, while taking
�3 process or bulk samples containing BPA, spilling BPA
and cleaning up a BPA spill were each performed by
8.1% of the workers. Because of small numbers, we could
not examine process sample types separately. Some type
of glove was worn by nearly 88% of the workers dur-
ing their shift; a chemical-resistant glove by 47.3% of the
workers, fabric or leather glove by 40.5%. Eating dur-
ing work, excluding lunch or breaks, was the most com-
monly reported hand-to-mouth activity, 59.5% of work-
ers (Table 5). Self-reported hand washing frequency was
highest at 5–7 times per shift (41.9%).

Covariates positively associated with ln(BPAAIR) at p
� 0.2 in univariate analyses were industry (p < 0.0001),
handling sacks, bags, buckets or drums of BPA (p <

0.0001), handling empty BPA containers (p = 0.0001),
job (p = 0.0002), smoking during work (p = 0.0017),
spilling BPA (p = 0.0023), working �50% of the shift
in production vs. offices/control rooms (p = 0.001), and
cleaning up a BPA spill (p = 0.0917); covariates inversely
associated with ln(BPAAIR) at p � 0.2 were shift duration
(p= 0.0153) and age (p= 0.0165) (Table 6). After includ-
ing these covariates in a stepwise model, industry (p <

0.0001), handling sacks, bags, buckets or drums of BPA (p
< 0.0001), spilling BPA (p = 0.0249) and working �50%
of the shift in production vs offices/control rooms (p =
0.0491) remained positively associated with ln(BPAAIR),
while age remained inversely associated (p = 0.0068)
(Table 7). Compared to phenolic resin manufacturing,
the adjusted GM BPA air concentration in BPA-filled wax
manufacturing/reclaim was 24-times higher, BPA filled
wax manufacturing/pattern and mold assembly/burnout
was 20-times higher, and BPA and polycarbonate man-
ufacturing was 15-times higher (Table 7) (p < 0.0001
each) (Table 7). Fixed effects explained 44.9% (FixedS2 =
3.25) of the total variance (TotalS2 = 7.23), within-worker
component 23.5% (WithinS2 = 1.70, WithinGSD = 3.68),
and the between-worker component 31.7% (BetweenS2 =
2.29, BetweenGSD = 4.54).

Covariates positively associated with ln(BPA
HAND-END) at p � 0.2 in univariate analyses were working
�50% of the shift in production areas vs. offices/control
rooms (p = 0.0033), smoking during work (p = 0.0064),
industry (p = 0.0085), job (p = 0.0305), handling sacks,
bags, buckets, or drums of BPA (p = 0.0836, wearing
gloves (p = 0.1361), spilling BPA (p = 0.15), cleaning
up a BPA spill (p = 0.1510), and taking more than three
process samples (p = 0.1868) (Table 6). Eating during
work was inversely associated with ln(BPAHAND-END)
(p = 0.1295) (Table 6). When these covariates were
included in a stepwise model and after adjusting for
ln(BPAHAND-PRE), the adjusted GM BPA end-shift hand
level was 2.5 times higher for those working �50% of
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Table . Work-related covariates pertaining to air and/or hand wipe samples.

Frequency (%)
Covariate Air N=  worker-days

a
Hand N=  workers

Industry
Phenolic resins mfg.  (.)  (.)
BPA & PC resin mfg.  (.)  (.)
BPA-filled wax mfg. & wax reclaim  (.)  (.)
BPA mfg.  (.)  (.)
BPA-filled wax mfg., wax casting patterns/molds, wax burn-out  (.)  (.)

Job
Flaker operator – resins  (.)  (.)
Make/load BPA  (.)  (.)
Kettle operator – resin mfg.  (.)  (.)
Maintenance – BPA & PC resin mfg.  (.)  (.)
Molten BPA-filled wax work – reclaim, melt/burn-out  (.)  (.)
Make BPA-filled wax  (.)  (.)
Solid BPA-filled wax work – wax patterns, mold assembly, lab QC  (.)  (.)

Work Activities
Actual shift length worked, hr

�  (.)  (.)
> and<  (.)  (.)
�  (.)  (.)

Percent of shift in production areas (vs. offices/control rooms)
<  (.)  (.)
�  (.)  (.)

Handled bulk sacks, bags, drums or buckets of BPA
No  (.)  (.)
Yes  (.)  (.)

Handled empty bulk sacks, bags or drum liners of BPA
No  (.)  (.)
Yes  (.)  (.)

Number of process/bulk samples taken containing BPA
�  (.)  (.)
>  (.)  (.)

Spilled BPA
No  (.)  (.)
Yes  (.)  (.)

Cleaned up a BPA spill
No  (.)  (.)
Yes  (.)  (.)

PPE/Clothing
b

Wore gloves
No NA  (.)
Fabric or leather  (.)
Chemical-resistant  (.)

Hygiene
Smoked during work shift
No  (.)  (.)
Yes  (.)  (.)

Ate food during work shift, excluding lunch & breaks
No NA  (.)
Yes  (.)

Chewed gum during work shift
No NA  (.)
Yes  (.)

Chewed tobacco during work shift
No NA  (.)
Yes  (.)

Number of times washed hands during work shift
– NA  (.)
–  (.)
>  (.)

Notes: mfg.=manufacturing; NA= not applicable; PC= polycarbonate; QC= quality control.
aFor  workers.
bWore a respirator: for N=  worker-days, no= , yes= ; for N=  workers, no= , yes= .

the shift in production areas vs. offices/control rooms
(p < 0.0115) and 3.1 times higher for those who smoked
during work (p = 0.0221) (Table 7). When the two
participants with the highest end-shift hand levels were

excluded, two task-related determinants, taking �3 BPA-
containing process samples (3.6 times higher than < 3
samples) and handling BPA containers (2.7-times higher
than no handling), became significant while smoking
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Table . Univariate regression models for BPA in air and hand wipe samples.

Air (n= ) Hand
a
(n= ) Hand

a, b
(n= )

ln(BPA Air Conc., µg/m) ln(BPA end-shift hand wipe, µg/sample)

Dependent variable B (SE) p-value B (SE) p-value B (SE) p-value

INDUSTRY < 0.0001 0.0085 0.0427
Phenolic resin mfg. Ref. Ref. Ref. Ref. Ref. Ref.
BPA & PC resin mfg. . (.) . − . (.) . . (.) .
BPA-filled wax mfg. & wax reclaim . (.) < . . (.) . . (.) .
BPA mfg. . (.) . − . (.) . − . (.) .
BPA-filled wax mfg., casting patterns/molds,
wax burn-out

. (.) . . (.) . . (.) .

Handled bulk sacks, bags, drums or buckets of
BPA (Yes/No= Ref.)

. (.) < 0.0001 . (.) 0.0836 . (.) 0.0454

Handled empty bulk sacks, bags or drum liners of
BPA (Yes/No= Ref.)

. (.) 0.0001 . (.) . . (.) .

JOB 0.0002 0.0305 0.0576
Flaker operator – resins Ref. Ref. Ref. Ref. Ref.
Make/load BPA . (.) . − . (.) . . (.) .
Kettle operator – resin mfg. (phenolic or PC) . (.) . . (.) . . (.) .
Maintenance – BPA & PC resin mfg. . (.) . . (.) . . (.) .
Molten BPA-filled wax work-reclaim,
melt/burn-out

. (.) . . (.) . . (.) .

Make BPA-filled wax . (.) < . . (.) . . (.) .
Solid BPA-filled wax work – wax patterns,
mold assembly, lab QC

. (.) . . (.) . . (.) .

Smoked during work shift (Yes/No= Ref.) . (.) 0.0017 . (.) 0.0064 . (.) 0.1022
Spilled BPA (Yes/No= Ref.) . (.) 0.0023 . (.) 0.1500 . (.) 0.0446
Percent of shift in production areas vs.

offices/control rooms (�/< = Ref.)
. (.) 0.0010 . (.) 0.0033 . (.) 0.0056

Actual shift length worked (treated as ordinal), h − . (.) 0.0153 − . (.) . − . (.) 0.1917
Age, years − . (.) 0.0165 . (.) . . (.) .
Cleaned up a BPA spill (Yes/No= Ref.) . (.) 0.0917 . (.) 0.1510 . (.) 0.0395
Number of process/bulk samples taken

containing BPA (>/�= Ref.)
− . (.) . . (.) 0.1868 . (.) 0.1525

Day (/= Ref.) . (.) . NA
BMI, kg/m NA − . (.) . . (.) .
Glove worn NA 0.1361 0.1081

None Ref. Ref. Ref. Ref.
Fabric or Leather . (.) . . (.) .
Chemical Resistant . (.) . . (.) .

Chewed tobacco during work shift (Yes/No=
Ref.)

NA . (.) . − . (.) .

Ate food during work shift, excluding lunch &
breaks (Yes/No= Ref.)

NA − . (.) 0.1295 − . (.) 0.1043

Chewed gum during work shift (Yes/No= Ref.) NA − . (.) . − . (.) .
Number of times washed hands during work shift NA . 0.1478

– Ref. Ref. Ref. Ref.
– − . (.) . − . (.) .
> . (.) . − . (.) .

Notes: BMI= body mass index; mfg.=manufacturing; NA= not applicable; PC= polycarbonate; QC= quality control; Ref.= referent group.
aAdjusted for ln(BPA in the pre-shift hand wipe), p< ..
bExcludes two participants with highest end-shift BPA levels.
Bolded values: covariates with p-values�..

during work did not enter the model (the two excluded
workers smoked during work) (Table 7). In the hand
model with all 74 participants, fixed effects (FixedS2 =
2.44) explained 57.2% of the total variance (TotalS2 =
4.270). In the hand model excluding the two participants,
fixed effects (FixedS2 = 1.818) explained 56.5% of the total
(reduced) variance (TotalS2 = 3.216).

Discussion

In this study, BPA air and hand exposures were quanti-
fied among U.S. workers making BPA or products made

with BPA. BPA was readily detected in full-shift per-
sonal air samples (95.2%) and on worker’s hands (pre-
shift 93.2%; end-shift 100%). All BPA air concentrations
were < 1 mg/m3 with a GM of 4.0 µg/m3. Similar to uri-
nary BPA concentrations among these workers,[19] per-
sonal air concentrations were highest in the wax manu-
facturing/reclaim industry and in the job of working with
molten BPA-filled wax, while lowest in the phenolic resin
manufacturing industry and in the job of flaking phenolic
resins.

High BPA air concentrations in the molten BPA-filled
wax job were unexpected. Airborne particles were not
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Table . Forward stepwise regression models for air and hand wipe samples.

Model B (SE) p-value Factor
a

Adj. GM
b

% CI

Air
Dependent variable: ln(BPA Air Conc., µg/m3),

n= 146
Intercept . (.) .
Industry < .
Phenolic resin mfg. Ref. . ., .
BPA & PC resin mfg. . (.) < . 

c
 , 

BPA-filled wax mfg. & wax reclaim . (.) < .   , 
BPA mfg. . (.) . .  ., 
BPA-filled wax mfg., casting patterns/molds, wax
burn-out

. (.) < .   , 

Handled bulk sacks, bags, drums or buckets of BPA
No Ref. . ., 
Yes . (.) < . 

d


e
, 

Age, years − . (.) . .
Spilled BPA
No Ref.  ., 
Yes . (.) . .  , 

% of shift in production areas vs. offices/control rooms
< Ref.  ., 
� . (.) . .  , 

Hand
f

Dependent Variable: ln(BPA end-shift hand wipe,
µg/sample), n= 74

Intercept . (.) < .
ln(BPA pre-shift hand wipe, µg/sample) . (.) < . .

g

% of shift in production areas vs. offices/control rooms
< Ref.  ., 
� . (.) . .  , 

Smoked during work shift
No Ref.  , 
Yes . (.) . .  , 

Hand
h
(excludes two participants with highest

end-shift BPA levels)
Dependent Variable: ln(BPA end-shift hand wipe,
µg/sample), n= 72

Intercept . (.) < .
ln(BPA pre-shift hand wipe, µg/sample) . (.) < . .
% of shift in production areas vs. offices/control rooms

< Ref.  , 
� . (.) . .  , 

Number of process/bulk samples taken containing BPA
� Ref.  , 
> . (.) . .  , 

Handled bulk sacks, bags, drums or buckets of BPA
No Ref.  , 
Yes . (.) . .  , 

Notes: adj. GM= adjusted geometric mean; mfg.=manufacturing; PC= polycarbonate; Ref.= referent group.
aeβ .
bAdjusted GMs were computed for categorical variables using the LSMEANS statement in the PROC MIXED procedure in SAS.
cIndicates a -times increase in BPA air concentration compared to phenolic resins.
dIndicates that participants who reported “Yes”had a -times increase in BPA air concentration as compared to those who reported “No”.
eIf model re-run with age as a categorical variable dichotomized at the median ( yr), then for � yr, adj. GM =  (%CI = –); > yr: adj. GM = 
(%CI= .–).

fHandled bulk sacks, bags, drums, or buckets of BPA (yes/no= ref.) was borderline significant at p= .
gIndicates a -times increase in amount of BPA in end-shift hand sample when the amount of BPA on the pre-shift hand sample increases by a factor of e.; this is
equivalent to a .-times increase in the BPA level on the end-shift hand wipe for every -times increase in BPA level on the pre-shift hand wipe.

hSpilling BPA (yes/no= ref.) was borderline significant at p= ..

visible during melting (which was enclosed) or when hot
box/oven doors were opened. At standard conditions,
BPA has a low vapor pressure (3.96× 10−7 to 8.7× 10−10

mm Hg) and a high boiling point (398˚C at 760 mm
Hg);[23] therefore, BPA vapor would not be expected at
these conditions.We are not aware of data on the potential
for vapor formation from BPA-filled wax at temperatures

�100˚C (approximate temperature used to melt wax
for reclaim). If BPA vapor was released from the wax
during melting, then it is possible that the vapor rapidly
condensed to small particles that were subsequently cap-
tured on the sampling filter. The filter-only air sampling
method used in this studywould not capture any BPA that
remained as a vapor. Under experimental conditions, BPA
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has been detected in the exhaust effluent from extruders
processing polycarbonate at ∼300˚C;[24] BPA in polycar-
bonate is present at much lower levels (i.e., ppm) than
in wax (i.e., percent). Because these are the first reported
data on BPA air concentrations in industries that melt
BPA-filled wax and the sample size is small, additional
investigation into the nature of the exposure is warranted.

Important predictors of increased BPA air concen-
trations included activities expected to produce BPA-
containing aerosols, such as handling sacks or bags of
BPA or spilling BPA. The association of younger age with
increased BPA air concentrations suggests that younger
workers performed the “dustier” jobs. The finding that
those who spent �50% of their work shift in control
rooms or offices had lower BPA air concentrations, on
average, than those who spent �50% of their work shift
in production areas confirmed the importance of isolat-
ing the worker from the exposure as an exposure con-
trol. The above determinants along with industry type
explained nearly 45% of the air concentration total vari-
ance. The largest proportion of the unexplained variance
was in the between-worker component; therefore, efforts
to identify additional air exposure determinants should
focus on tasks and behaviors that differ between workers.

BPA air sampling data have been reported for two
Chinese worker populations, the first in BPA and epoxy
resins manufacturers[17, 18] and the second in epoxy resin
factories.[16] In both populations, BPA was detected
in >90% of full-shift inhalable fraction personal air
samples. Reported median BPA air concentrations of
6.7 µg/m3 (n = 161)[17] and 4.57 µg/m3 (n = 180)[18] in
the first population were comparable to our studymedian
(6.0 µg/m3). A dose-response relationship between
cumulative exposure and reduced male sexual func-
tion (self-reported) for several functional domains was
also found in this group of workers.[18] Findings from
this study have not yet been confirmed. Median BPA
air concentrations in the second population were 0.27–
1230 µg/m3 across jobs described as “definitely” using
BPA; health outcomes were not examined.[16] In Finland,
personal BPA air concentrations were reported for work-
ers in a liquid paint factory and a thermal paper factory
(two workers each). BPA was detected only in the sample
from the worker in each factory who added pure BPA to
a container during manufacturing.[19]

Occupational exposure limits (OEL) for BPA
in air (8-hr inhalable fraction) have been recom-
mended or established by the European Commission’s
Scientific Committee on Occupational Exposure Limits
(SCOEL) (2 mg/m3) and a few European countries (5 or
10 mg/m3).[25, 26] All workers in our study had BPA air
concentrations below these OELs. Neither NIOSH, the

U.S. Occupational Safety and Health Administration, nor
the American Conference of Governmental Industrial
Hygienists have established or recommended OELs for
BPA in air. SCOEL based its OEL on liver and kidney
effects in orally-dosed rats and mice after concluding
that additional studies were needed to confirm reports of
male reproductive dysfunction in workers.

The highest and lowest end-shift GMBPAhand and air
exposures were in the same industries and jobs. Nearly all
workers had BPA detected on their hands pre-shift even
though all workers sampled on Day 2 reported showering
or bathing between Day 1 and Day 2, suggesting either
incomplete BPA removal with showering/bathing and/or
possible contact with BPA residues on surfaces/objects
in homes or vehicles. In the hand model with all 74
participants, fewer determinants were associated with
hand exposure than with air exposure; however, when
the two participants with the highest hand levels were
excluded from the model, additional task-related deter-
minants emerged. The two participants with the highest
BPA hand levels did not have air samples with unusually
high concentrations.

Working �50% of the shift in production areas as
compared to offices/control rooms was associated with
increased hand exposure, a finding consistent with signif-
icantly higher BPA levels on surface/objects in production
areas than in non-production areas. The association of
smoking during work with increased hand exposure in
the hand model was likely driven by the two participants
with the highest end-shift BPA hand levels as this asso-
ciation did not remain when the two participants were
excluded from the model. Smoking during work was not
associated with increased urinary BPA concentrations
among these workers.[20]

In vitro studies have shown that BPA can be absorbed
into the skin, generally in the range of 9–13%.[27–29] Using
the end-shift BPA hand level, a 10% dermal absorption
factor,[30] and skin contact durations of 2-, 4-, 8-, and
12-hr, plus actual shift duration, dermal doses were esti-
mated for workers in our study (hand wipe level in µg ×
0.1 absorption factor × fraction of 24-hr day exposed)
(Supplemental Table SIII). Dermal dose estimates (n =
74) ranged from 0.0053–160 µg/day (GM = 0.22 µg/day)
for a contact duration of 2 hr; 0.032–950 µg/day (GM =
1.3 µg/day) for 12 hr. If body parts other than the hands
were also exposed, computed values would underestimate
dermal exposure.

Rough estimates of inhalation intake (µg/day) were
computed as follows: BPA air concentration (µg/m3) ×
inhalation rate (m3/hr) × actual shift duration (h/day)
× lung absorption factor. Estimates were computed
for inhalation rates of 1.2 m3/hr (light activity) and
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0.45 m3/hr (resting state),[31] with an absorption factor of
1 (100% absorption)[32, 33] Inhalation exposure away from
work was assumed to be negligible. Inhalation intake esti-
mates (n= 146) ranged from 0.16–13,300 µg/day (GM=
49.0 µg/day) for an inhalation rate of 1.2 m3/hr and from
0.06–4890 µg/day (GM = 18.4 µg/day) for an inhalation
rate of 0.45 m3/hr. On average, GM inhalation intake esti-
mates were about 10–30 times higher than the GM der-
mal intake estimate for a 12-hr day, suggesting that for
these workers BPA intake by inhalation was substantially
greater than by dermal absorption. By contrast, in the only
other study with hand wipe, air and urine samples, BPA
exposure to children was estimated to be almost entirely
due to ingestion.[34]

Surface wipe results indicated that BPA transfer from
production to non-production areas (i.e., eating areas,
offices/control rooms) was likely; however, BPA levels by
surface/object were in an encouraging direction, with the
lowest levels in eating and office areas and the highest lev-
els in production areas. BPA was recovered at a high level
from the surface of solidified BPA-filled wax, although the
sample size was small (n = 3). Those in the job of work-
ing with solid wax, however, had the second lowest uri-
nary BPA concentrations of seven jobs evaluated.[19] The
efficiency of BPA transfer from the wax to the hand and
the efficiency of BPA removal from the hand using IPA-
moistened swabs are unknown. Low efficiency of wax-
to-skin transfer and/or slow dermal uptake of BPA could
reduce or delay the appearance of BPA in urine. We are
not aware of published reports of BPA levels on work-
place surfaces or objects. Median BPA levels in surface
wipe samples from study workplaces were 3–4 orders
of magnitude higher than levels reported for wipe sam-
ples from windows, floors, and food preparation areas in
homes.[34, 35]

Some study limitations should be noted. The inhalable
aerosol fractionwas collected anticipating that large parti-
cles would result from handling raw BPA; therefore, it was
not possible to determine if respirable-sized particles were
associated with jobs involving molten BPA-filled wax.
End-shift hand wipes do not provide a cumulative (shift-
long) measure of BPA hand exposure nor information on
skin residence time. Skin hydration and condition, fac-
tors not evaluated in this study, could also influence der-
mal uptake, as well as ambient temperature and humid-
ity. In computing dermal dose estimates, a fixed fractional
absorption factor was used that does not account for cer-
tain conditions that might affect estimates.[36] Therefore,
hand wipe data should be used cautiously as an indicator
of potential BPA dermal exposure. Finally, surface wipe
data are difficult to relate to individual exposure without
information on contact frequency and duration; however,

surface wipe datamay indicate where housekeeping inter-
ventions should be targeted.

Conclusion

Air, hand wipe, and surface wipe sampling for BPA in
industries that make BPA or BPA-containing products
indicated workers were exposed to BPA by both inhala-
tion and dermal routes, with intake estimates suggesting
that inhalation, on average, was the dominant exposure
route for these workers. Full-shift worker exposures to
BPA in air were all <1 mg/m3, well below current Euro-
pean OELs of 2–10 mg/m3. As found previously for uri-
nary BPA among these workers, workers in industries
or jobs involving molten BPA-filled wax had, on aver-
age, the highest BPA air and hand exposures. Tasks that
generated BPA aerosols and spending most of the work
shift in production areas were important determinants
of BPA air exposure. Determinants of BPA hand expo-
sure were influenced by high values for twoworkers; how-
ever, in general, tasks involving direct contact with BPA-
containing materials and a higher proportion of the shift
spent in production areas were associated with increased
BPA hand exposure. Surface wipes indicated potential
BPA exposure in non-production areas although at lower
levels than in production areas. Because BPA air concen-
trations in this study were similar to those of manufac-
turing workers in China where male reproductive health
effects were reported, additional health studies are needed
among BPA-exposed workers.

Disclaimer
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of any company or product does not constitute endorsement by
the National Institute for Occupational Safety and Health.

Acknowledgments

We gratefully acknowledge the contributions of DonnaOlsen to
recruitment efforts, Donald Fleming, Kevin L. Dunn, Belinda
Johnson, Deborah Sammons, Kenneth Sparks, Donald Booher,
Kevin Moore, and Jonathan Slone to field support and data
preparation, and Cheryl Estill and Steven Schrader to protocol
development.We especially appreciate the contributions of par-
ticipating workers, companies and unions.

Funding

This study was supported in part by an interagency agreement
between the National Institute for Occupational Safety and

D
ow

nl
oa

de
d 

by
 [

St
ep

he
n 

B
. T

ha
ck

er
 C

D
C

 L
ib

ra
ry

] 
at

 0
6:

31
 1

9 
O

ct
ob

er
 2

01
7 



896 C. J. HINES ET AL.

Health and the National Institute of Environmental Health Sci-
ences (AES12009) as a collaborative National Toxicology Pro-
gram research activity.

References

[1] Brunelle, D.J.: Polycarbonates. In Kirk-Othmer
Encyclopedia of Chemical Technology, New York,
NY: John Wiley & Sons, Inc., 2014. pp. 1–30. DOI:
10.1002/0471238961.1615122502182114.a01.pub3.

[2] Pham, H.Q., and M.J. Marks: Epoxy Resins. In Kirk-
Othmer Encyclopedia of Chemical Technology, New York,
NY: John Wiley & Sons, Inc., 2004. pp. 1–125. DOI:
10.1002/0471238961.0516152407011414.a01.pub2.

[3] Kopf, P.W.: Phenolic Resins. In Kirk-Othmer Ency-
clopedia of Chemical Technology, New York, NY:
John Wiley & Sons, Inc., 2003. pp. 1–54. DOI:
10.1002/0471238961.1608051411151606.a01.pub2.

[4] Mack, A.G.: Flame Retardants, Halogenated. In Kirk-
Othmer Encyclopedia of Chemical Technology, New York,
NY: John Wiley & Sons, Inc., 2004. pp. 1–30. DOI:
10.1002/0471238961.0801121516052020.a01.pub2.

[5] Carney, C.: Investment Casting. In Comprehensive Mate-
rials Processing, Vol. 5, Chapter 5.03 Advanced Casting
Methodologies, Saleem Hashmi (ed.). Amsterdam, The
Netherlands: Elsevier, 2014. pp. 40–47.

[6] United States Environmental Protection Agency
(USEPA): Bisphenol A Alternatives in Thermal Paper.
Final Report, 2014. Available at http://www2.epa.gov/
sites/production/files/2014-05/documents/bpa_final.pdf
(accessed December 22, 2016).

[7] National Toxicology Program (NTP): NTP-CERHR
Monograph on the Potential Human Reproductive and
Developmental Effects of Bisphenol A. NIH Pub. No.
08–5994, 2008. Available at http://ntp.niehs.nih.gov/
ntp/ohat/bisphenol/bisphenol.pdf (accessed December
22, 2016).

[8] Dodds, E.C., and W. Lawson: Synthetic oestrogenic
agents without the phenanthrene nucleus.Nature 137:996
(1936).

[9] European Union: Risk Assessment Report: 4,4′-
isopropylidenediphenol (Bisphenol-A), Part 2, Human
Health, European Commission, Joint Research Centre,
Institute for Health and Consumer Protection, Ispara,
Italy, 2008. p. 69.

[10] World Health Organization (WHO): Toxicological and
Health Aspects of Bisphenol A. Report of Joint FAO/WHO
Expert Meeting, November 2–5, 2010 and Report of
Stakeholder Meeting on Bisphenol A 1 November 2010,
Ottawa, Canada. Section 6.2 Epidemiological Stud-
ies, Geneva, Switzerland, 2011. pp. 31–34. Available
athttp://apps.who.int/iris/bitstream/10665/44624/1/978
92141564274_eng.pdf?ua=1 (accessed December 22,
2016).

[11] Cantonwine, D.E., R. Hauser, and J.D. Meeker: Bisphe-
nol A and human reproductive health. Expert. Rev. Obstet.
Gynecol. 8:329–335 (2013).

[12] Rochester, J.R.: Bisphenol A and human health: a review
of the literature. Reprod. Toxicol. 42:132–155 (2013).

[13] LaKind, J.S., M. Goodman, and D.R. Mattison: Bisphe-
nol A and indicators of obesity, glucose metabolism/type
2 diabetes and cardiovascular disease: a systematic review

of epidemiologic research. Crit. Rev. Toxicol. 44:121–150
(2014).

[14] Peretz, J., L. Vrooman, W.A. Ricke, et al.: Bisphenol
A and reproductive health: update of experimental and
human evidence, 2007–2013. Environ. Health Perspect.
122:775–786 (2014).

[15] Rezg, R., S. El-Fazaa, N. Gharbi, and B. Mornagui:
Bisphenol A and human chronic diseases: current evi-
dences, possible mechanisms, and future perspectives.
Environ. Int. 64:83–90 (2014).

[16] Ren, D.-S., C.-H. Wu, X.-L. Chang, and Z.-J. Zhou:
Exposure levels of bisphenol a among workers in a resin
factory. J. Environ. Occup. Med. 29:269–273 (2012). [In
Chinese].

[17] He, Y., M. Miao, C. Wu, et al.: Occupational exposure
levels of Bisphenol A among Chinese workers. J. Occup.
Health 51:432–436 (2009).

[18] Li, D., Z. Zhou Z, D. Qing, et al.:Occupational exposure
to Bisphenol-A (BPA) and the risk of self-reported male
sexual function. Hum. Reprod. 25:519–527 (2010).

[19] Heinälä, M, K. Ylinen, T. Tuomi, et al.: Assessment
of occupational exposure to Bisphenol A in five differ-
ent production companies in Finland. Ann. Work Expo.
Health. 1:44–55 (2017).

[20] Hines, C.J., M.V. Jackson MV, J.A. Deddens, et al.: Uri-
nary Bisphenol A (BPA) concentrations among workers
in industries that manufacture and use BPA in the USA.
Ann. Work Expo. Health 2:164–182 (2017).

[21] United States Environmental Protection Agency
(EPA): Toxic Release Inventory, TRI Explorer, Release
Reports, 2016. Available at http://iaspub.epa.gov/
triexplorer/tri_release.chemical (accessed December 22,
2016).

[22] Hornung, R.W., and L.D. Reed: Estimation of average
concentration in the presence of non-detectable values.
App. Occup. Environ. Hyg. 5:46–51 (1990).

[23] Staples, C.A., P.B. Dorn, G.M. Kleck, S.T. O’Block, and
L.R. Harris: A review of the environmental fate, effects,
and exposures of Bisphenol A. Chemosphere 10:2149–
2173 (1998).

[24] Rhodes, V.L., G. Kriek, N. Lazear, et al.: Development
of emission factors for polycarbonate processing. J. Air
Waste Manage. Assoc. 52:781–788 (2002).

[25] European Commission (EC): Recommendation from
the Scientific Committee onOccupational Exposure Lim-
its for Bisphenol-A, SCOEL/SUM/113. European Com-
mission, Brussels, Belgium, 2014.

[26] Institut für Arbeitsschutz der Deutschen Gesetzlichen
Unfallversicherung (IFA):GESTIS – International Limit
Values for Chemical Agents. 2015. Available at http://
www.dguv.de/ifa/GESTIS/GESTIS-Stoffdatenbank/
index-2.jsp (accessed December 22, 2016).

[27] Demierre, A.-L., R. Peter, A. Oberli, and M. Bourqui-
Pittet:Dermal penetration of Bisphenol A in human skin
contributes marginally to total exposure. Toxicol. Lett.
213:305–308 (2012).

[28] Kaddar, N., C. Harthe, H. Déchaud, E. Mappus, andM.
Pugeat:Cutaneous penetration of BisphenolA in pig skin.
J. Toxicol. Environ. Health, Part A 71:471–473 (2008).

[29] Mørck, T.J., G. Sorda, N. Bechi, et al.: Placental trans-
port and in vitro effects of Bisphenol A. Reprod. Toxicol.
30:131–137 (2010).

D
ow

nl
oa

de
d 

by
 [

St
ep

he
n 

B
. T

ha
ck

er
 C

D
C

 L
ib

ra
ry

] 
at

 0
6:

31
 1

9 
O

ct
ob

er
 2

01
7 

https://doi.org/10.1002/0471238961.1615122502182114.a01.pub3
https://doi.org/10.1002/0471238961.0516152407011414.a01.pub2
https://doi.org/10.1002/0471238961.1608051411151606.a01.pub2
https://doi.org/10.1002/0471238961.0801121516052020.a01.pub2
http://www2.epa.gov/sites/production/files/2014-05/documents/bpa_final.pdf
http://ntp.niehs.nih.gov/ntp/ohat/bisphenol/bisphenol.pdf
http://apps.who.int/iris/bitstream/10665/44624/1/97892141564274_eng.pdf?ua=1
http://iaspub.epa.gov/triexplorer/tri_release.chemical
http://www.dguv.de/ifa/GESTIS/GESTIS-Stoffdatenbank/index-2.jsp


JOURNAL OF OCCUPATIONAL AND ENVIRONMENTAL HYGIENE 897

[30] European Food Safety Authority (EFSA): Scientific
opinion on the risks to public health related to the pres-
ence of Bisphenol A (BPA) in foodstuffs: Executive sum-
mary. EFSA J. 13(1):3978 (2015).

[31] United States Environmental ProtectionAgency (EPA):
Exposure Factors Handbook. 2011 Edition. National Cen-
ter for Environmental Assessment, Washington, DC;
EPA/600/R-09/052F, 2011. Ch. 6, pp. 6–64.

[32] Chapin, R.E., J. Adams, K. Boekelheide, et al.: NTP-
CERHR expert panel report on the reproductive and
developmental toxicity of Bisphenol A. Birth Defects Res.
B Dev. Reprod. Toxicol. 83:157–395 (2008).

[33] European Union: Risk Assessment Report; 4,4′-
isoproplylidenediphenol (Bisphenol-A), Human Health,
Ispara, Italy: European Commission, Joint Research
Centre, Institute for Health and Consumer Protection,
2008. Ch. 4, p. 67.

[34] Wilson, N.K., J.C. Chuang, M.K. Morgan, R.A.
Lordo, and L.S. Sheldon: An observational study
of the potential exposures of preschool children
to pentachlorophenol, Bisphenol-A, and nonylphe-
nol at home and daycare. Environ. Res. 103:9–20
(2007).

[35] Clifton, M.S., J.P. Wargo, W.S. Weathers, M. Colón,
D.H. Bennett, and N.S. Tulve: Quantitative analy-
sis of organophosphate and pyrethroid insecticides,
pyrethroid transformation products, polybromi-
nated diphenyl ethers and Bisphenol A in residen-
tial surface wipe samples. J. Chromatog. A. 1273:1–11
(2013).

[36] Frasch, H.F., G.S. Dotson, A.L. Bunge, et al.:Analysis of
finite dose dermal absorption data: implications for der-
mal exposure assessment. J. Expo. Sci. Environ. Epidemiol.
24:65–73 (2014).

D
ow

nl
oa

de
d 

by
 [

St
ep

he
n 

B
. T

ha
ck

er
 C

D
C

 L
ib

ra
ry

] 
at

 0
6:

31
 1

9 
O

ct
ob

er
 2

01
7 


	Abstract
	Introduction
	Methods
	Company and participant recruitment
	Sample collection
	Sample analysis
	Other information collected
	Statistical analysis

	Results
	Participants
	Companies
	Air sample results
	Hand wipe results
	Surface wipe results
	Air and hand wipe exposure determinant modeling
	Discussion

	Conclusion
	Disclaimer
	Acknowledgments
	Funding
	References

