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ARTICLE INFO ABSTRACT

Keywords: Rationale: The 2010 Deepwater Horizon (DWH) oil spill response and cleanup (OSRC) workers were exposed to
Asthma airborne total hydrocarbons (THC), benzene, toluene, ethylbenzene, o-, m-, and p-xylenes and n-hexane (BTEX-
BTEX-H

H) from crude oil and PM 5 from burning/flaring oil and natural gas. Little is known about asthma risk among oil
spill cleanup workers. Objectives: We assessed the relationship between asthma and several oil spill-related
exposures including job classes, THC, individual BTEX-H chemicals, the BTEX-H mixture, and PMy 5 using
data from the Gulf Long-Term Follow-up (GuLF) Study, a prospective cohort of 24,937 cleanup workers and
7,671 nonworkers following the DWH disaster.

Methods: Our analysis largely focused on the 19,018 workers without asthma before the spill who had complete
exposure, outcome, and covariate information. We defined incident asthma 1-3 years following exposure using
both self-reported wheeze and self-reported physician diagnosis of asthma. THC and BTEX-H were assigned to
participants based on measurement data and work histories, while PM 5 used modeled estimates. We used
modified Poisson regression to estimate risk ratios (RR) and 95% confidence intervals (CIs) for associations
between spill-related exposures and asthma and a quantile-based g-computation approach to explore the joint
effect of the BTEX-H mixture on asthma risk.

Results: OSRC workers had greater asthma risk than nonworkers (RR: 1.60, 95% CI: 1.38, 1.85). Higher estimated
THC exposure levels were associated with increased risk in an exposure-dependent manner (linear trend test p <
0.0001). Asthma risk also increased with increasing exposure to individual BTEX-H chemicals and the chemical
mixture: A simultaneous quartile increase in the BTEX-H mixture was associated with an increased asthma risk of
1.45 (95% CI: 1.35,1.55). With fewer cases, associations were less apparent for physician-diagnosed asthma
alone.

Conclusions: THC and BTEX-H were associated with increased asthma risk defined using wheeze symptoms as
well as a physician diagnosis.
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1. Introduction

Following the 2010 Deepwater Horizon (DWH) disaster, which
released ~ 4.9 million barrels of crude oil into the US Gulf of Mexico,
concerns were raised for the short- and long- term health of the tens of
thousands of oil spill response and cleanup (OSRC) workers who aided in
cleanup efforts on land and on water. OSRC workers were exposed to
airborne contaminants, including volatile and non-volatile petroleum
hydrocarbons, directly from the leaking crude oil and from the com-
bustion of crude oil stemming from removal efforts of burning/flaring
oil and natural gas. Observational epidemiologic studies of health effects
following other oil spill exposures have found that cleanup workers are
at higher risk of adverse respiratory health effects (Aguilera et al., 2010).
However, most studies have not had quantitative measures of oil spill
exposures, and none have assessed specific chemical components related
to respiratory disease.

Volatile components of liquid crude oil are commonly referred to as
total hydrocarbons (THC). We follow here this naming convention,
although our measurements represent measured total petroleum hy-
drocarbons (TPH). TPH includes only those hydrocarbons commonly
found in crude oil that are liquids in their pure state at ambient tem-
peratures (NIOSH, 1994a; NIOSH, 1994b; NIOSH, 1994c). This chemical
mixture can contaminate the environment through the production and
use of petroleum products. Additionally, the general population can be
exposed to THC from cigarette smoke (Wallace et al., 1987), traffic
pollution (Cozzarelli and Baehr, 2003), and from off-gassing of building
materials, paint, and furniture in indoor environments (Dehghani et al.,
2019; Baltrénas et al., 2011; Wallace, 1989; Wallace et al., 1989). While
health effects of THC are variable and depend on dose, duration, and the
specific chemicals comprising THC, some studies suggest that inhalation
exposures to certain THC mixtures may lead to adverse respiratory
health outcomes (Agency for Toxic Substances and Disease Registry.
Toxicological profile for total petroleum hydrocarbons (TPH)., 1999).

The THC volatiles DWH OSRC workers were exposed to included
benzene, toluene, ethylbenzene, o0-, m-, and p-xylenes, and n-hexane,
collectively referred to here as BTEX-H. These chemicals have been
classified as hazardous air pollutants according to the US Clean Air Act.
BTEX-H chemicals have been linked with adverse health outcomes
including cancer and lung disease (Loomis et al., 2017; Bolden et al.,
2015). Some studies suggest BTEX-H exposure can lead to adverse res-
piratory health outcomes such as asthma (Noh et al., 2019), reduced
lung function (Arif and Shah, 2007), lung inflammation (Greenwald
et al., 2013), adverse respiratory symptoms (Chen et al., 2018), and
emergency department visits for asthma (Lemke et al., 2014). However,
findings on the link between BTEX-H and respiratory health are mixed
and no studies have assessed this in the context of oil spill cleanup work-
related exposures. A systematic review of the effects of volatile organic
compounds (which included BTEX-H chemicals) on asthma develop-
ment and exacerbation found an equal number of studies showing
increased risks of adverse outcomes as studies showing no adverse ef-
fects (Nurmatov et al., 2015). Authors of that review highlighted the
limited quality of existing studies, citing inadequate personal air sam-
pling as well as a lack of adjustment for confounders. Further, no prior
studies have considered the total effect of BTEX-H as a mixture, which is
of increasing interest in exposure-health assessments due to their typical
co-occurrence in the environment (Taylor et al., 2016). In addition to
crude oil, these OSRC workers were exposed to PM; 5, a US EPA criteria
air pollutant and well-established risk factor for asthma (Li et al., 2018).
PM, 5 is thought to induce pro-inflammatory effects in the respiratory
tract (Nel et al., 2001). Evidence linking PMy 5 to asthma has been
demonstrated in both general population studies of the ambient envi-
ronment (Fann et al., 2012; Hwang et al., 2017) and in occupational
settings (Toskala and Kennedy, 2015; Personal and Pm2., 2004; Holt
et al., 2021). However, asthma risks linked to PMy5 vary by its
composition (Lavigne et al., 2021; Kurai et al., 2016). Consequently,
despite established links in other settings, little is known about asthma
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risks associated with the PMy 5 generated from DWH burning/flaring
activities.

To address gaps in the literature on asthma following oil spill cleanup
work-related exposures, we evaluated the primary inhalation hazards
experienced by OSRC workers following the DWH disaster, including job
class, THC, individual BTEX-H chemicals, BTEX-H as a mixture, and
PM; 5 from the burning/flaring oil and gas.

2. Methods
2.1. Study design and participants

We analyzed data from the Gulf Long-term Follow-Up Study (GuLF
Study), which included 32,608 adults > 21 years of age who partici-
pated in oil spill response and cleanup work (OSRC workers n = 24,937)
and those who were trained but not hired (non-workers n = 7,671)
(Kwok et al., 2017). Participants enrolled by completing a computer-
assisted telephone interview between March 2011 and March 2013.
Interviews collected detailed information on OSRC work histories, de-
mographics, health, and lifestyle characteristics.

Of the 32,608 potentially eligible for inclusion in the analysis, we
excluded participants who completed only a brief questionnaire for
Vietnamese only speakers (n = 999); those who reported an asthma
diagnosis prior to April 20, 2010, the onset date of the disaster (n =
2,886); and those with missing critical analysis variables (did not report
asthma status (n = 103), did not report the date of asthma diagnosis (n
= 403), or reported a diagnosis in 2010 but did not report information
on the month in which they were diagnosed (n = 30)). We also excluded
participants with missing information on factors applied to asthma
classification (for participants not identified as having asthma using any
of the criteria): bronchitis (N = 105), emphysema (N = 61), smoking
status (N = 387), or wheeze at either time point (N = 407). The overlap
among these variables resulted in 916 participants being excluded. We
further excluded an additional 2,668 participants missing other expo-
sure and covariate information (85% of whom were missing information
on smoking pack-years). This number included 152 workers who had
missing DWH job/activity information. The final analytic sample
comprised N = 24,603 (19,018 workers; 5,585 nonworkers). Except for
an analysis comparing workers to nonworkers, the primary analytic
sample comprised the 19,018 OSRC workers, who had clean-up work-
related exposure estimates and had not been diagnosed with asthma
prior to the oil spill. This study was approved by the Institutional Review
Board of the National Institute of Environmental Health Sciences
(NIEHS). All study participants provided informed consent.

2.2. Asthma classification

During the enrollment interview, participants who reported a
physician diagnosis of asthma were asked the month and year of, or age
at, first diagnosis. Participants were similarly asked about physician
diagnoses of bronchitis and emphysema. Participants were also asked
whether they experienced wheeze while working on the oil spill, and
separately, within 30 days of the enrollment interview. Reponses
included “All of the time”, “Most of the time”, “Sometimes”, “Rarely”,
and “Never”. We considered a response of “All of the time” or “Most of
the time” as being positive for wheeze in line with asthma.

Due to concerns of possible underreporting of asthma diagnoses
among participants (attributed to lack of health care access), we chose to
characterize asthma using both self-reported wheeze and self-reported
physician diagnosis of asthma. This choice was supported by
comparing demographic and socioeconomic characteristics between
those reporting wheeze only and those reporting an asthma diagnosis.
On average, compared to those with diagnosed asthma, those reporting
wheeze only were slightly younger (40 years vs 42 years); had lower
educational attainment (<high school/equivalent 67% vs 50%); and
were more likely to self-identify as Black (40% vs 31%).



K.G. Lawrence et al.

We defined three groups of incident asthma cases to maximize
identification of cases following methods previously reported (Young
et al., 2014). First, incident asthma cases were identified if participants
reported “yes” to “Has a doctor ever told you that you have asthma?”
with a date of first diagnosis after April 20, 2010 and “no” to “Has a
doctor ever told you that you have emphysema?” and “no” to “Has a
doctor ever told you that you have bronchitis?” (N = 127). Second, to
identify potential undiagnosed cases, we included participants who: 1)
reported wheeze all or most of the time at the time of the spill or within
30 days prior to enrollment; 2) were never smokers; and 3) did not
report ever having a doctor diagnosed chronic bronchitis or emphysema
(N = 826). Finally, because asthma, bronchitis, and emphysema can co-
occur, we included a group of participants who reported a physician-
diagnosis of incident asthma and either bronchitis or emphysema if
they were never smokers (N = 30). The non-cases comprised those who
did not report incident asthma or wheeze all or most of time at the time
of the spill or within 30 days prior to enrollment. Using this definition,
we identified 983 individuals with asthma representing incident cases
arising between the spill and the date of interview (1-3 years after the
DWH disaster).

2.3. Work status and job classification

Participants were classified as OSRC workers (yes/no) based on
whether they worked > 1 day on oil spill cleanup efforts as reported at
the enrollment interview (Stewart et al., 2018). Since participants re-
ported working multiple DWH jobs, participants were classified hierar-
chically by the type of work performed such that they were assigned to
one of six job classes that had the highest approximate exposure to THC
based on industrial hygienist review of self-reported job histories and
external information on THC exposures during the clean-up effort. Of
note, job classes with lower average THC exposure could have had other
relevant respiratory exposures. The six job categories (ordered from
highest to lowest exposed) were: response, operations, cleanup on
water, decontamination, cleanup on land, and support work (Stewart
et al., 2018).

2.4. Total hydrocarbons and BTEX-H exposure estimates

THC and BTEX-H exposure estimates were derived from > 28,000
full-shift personal air samples taken with passive organic vapor dosim-
eters at the time of OSRC efforts and analyzed for THC (measured as
total petroleum hydrocarbons in ppm-days) and BTEX-H (in ppb-days).
A full description of the exposure assessment can be found elsewhere
(Stewart et al., 2018) and in the Supplement.

2.5. Burning/flaring oil and natural gas and modeled PM3 5

During the spill, mitigation efforts included 3 activities that gener-
ated exposures to crude oil combustion byproducts: 1) Burning/flaring
oil and natural gas at the wellhead (referred to as the ‘hot zone’, 2) in situ
burning of oil, and 3) diesel fuel exhaust from vessel and mechanical
equipment engines on water and land. Industrial hygienists character-
ized in ordinal categories workers’ potential exposure to the former two
based on geographic areas of work in relation to burning/flaring activ-
ities. Workers were considered to have ‘high’ exposure if they worked on
a vessel in the hot zone during the time that flaring occurred; ‘medium’ if
they worked on a vessel within approximately 5 nautical miles of the hot
zone (‘source’ area) and reported seeing burning, and ‘low’ if they
worked on a vessel that burned or helped burn oil in situ (Stewart et al.,
2018). Due to the inability to assign diesel exhaust exposures, the third
PM; 5 source was not considered. In addition to ordinal categories of
potential burning/flaring oil/gas exposures we also considered modeled
PM, 5 (pg/m3—days) exposure estimates. A detailed account of modeled
PM, s data is described elsewhere (Pratt et al., 2020) and in the
Supplement.
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2.6. Covariates

We selected covariates using a directed acyclic graph (Greenland
et al.,, 1999). The covariates used were the minimally sufficient adjust-
ment set identified by the DAG (Supplemental Fig. 1). Detailed infor-
mation on covariates can be found in the Supplement.

2.7. Statistical analysis

We generated descriptive statistics for characteristics of workers in
the analytic sample as well as for workers compared to nonworkers. We
also calculated Pearson coefficients for correlations between cumulative
exposure metrics of 1) individual BTEX-H chemicals and 2) cumulative
exposure metrics Cumly,x THC and the individual BTEX-H chemicals
where, as described in the Supplement, Cumly,x is the sum of
maximum daily job/activity-specific exposures across the time-period
worked. We used multivariable modified Poisson regression with
robust error variance to calculate risk ratios (RR) and 95% confidence
intervals (CIs) for associations between individual oil spill exposures
(work status, job class, THC, BTEX-H, ordinal burning/flaring oil/gas
categories, and PMy5) and incident asthma. Modified Poisson was
chosen over log binomial regression due to model convergence issues
(Zou, 2004). Primary models adjusted for all covariates, while second-
ary models investigating exposure to THC and BTEX-H additionally
adjusted for exposure to burning/flaring oil/gas and models of either the
ordinal burning/flaring oil or quantitative PMys5 exposures were
adjusted for THC. Models using information on either ordinal burning/
flaring of oil and gas or PM5 5 did not include N = 389 participants due
to missing information on this exposure. For BTEX-H chemicals, we
assessed both 5 single chemical models as well as the mixture of all 5
BTEX-H chemicals using modified Poisson regression and quantile-based
g-computation (see Supplement for details on method) to estimate a
joint exposure-response for all chemicals in the mixture effects (Keil
et al., 2020). To complement reporting of risks with specific oil spill
components we conducted a linear trend test with p < 0.05 as the
threshold for statistical significance. We performed descriptive analyses
and individual BTEX-H chemical analyses using SAS version 9.4 (SAS
Institute, Inc., Cary NC). We carried out the mixtures analysis using R
version 3.5.2 with R package ‘qgcomp’.

In sensitivity analyses we restricted to workers with no exposure to
burning/flaring oil/gas (N = 16,880) due to the small number of
workers exposed. We also tested associations using an alternative THC
exposure metric (Cum2,y,), which summed the average of the exposure
estimates of multiple tasks within a day across the entire work period, to
assess a different exposure mechanism. We additionally conducted an-
alyses excluding subjects reporting wheeze only at the time of the spill
(N = 18,320) because it is possible that irritation or other stressors at
time of cleanup work led people to conflate other respiratory symptoms
with wheeze. Finally, we repeated associations with asthma defined
only as physician-diagnosed asthma after the spill (N = 127) (i.e.,
without consideration of wheeze reporting).

3. Results

Select characteristics of workers in the analytic sample are summa-
rized in Table 1. Characteristics comparing workers versus nonworkers
are summarized in Supplemental Table 1. Workers were on average 42
years old and predominantly White (66%), non-Hispanic (93%) and
male (83%) with highest educational attainment of some college/2-year
degree or less (75%). While 53% of workers were never-smokers, the
average pack-years among ever smokers was 16 (SD:18). At the enroll-
ment interview, a small percentage reported having had a physician
diagnosis of bronchitis (5%) or emphysema (1%). Some participants had
worked on other oil spill cleanup efforts (13%) or had previous experi-
ence in the oil industry (16%).

Pearson correlation coefficients of Cumlpy,x THC and individual
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Table 1
Characteristics workers in analytic sample (N = 19,018).

Characteristic Mean(SD) or N(%)
Mean(SD)
Age, years 42(12)
Pack-years (among smokers) 16(18)
N(%)
Gender
Female 3,300(17)
Male 15,718(83)
Race
White 12,629(66)
Black 4,448(23)
Other 1,941(10)
Hispanic ethnicity
Hispanic 1,290(7)
Non-Hispanic 17,728(93)
Highest educational attainment
Less than high school/equivalent 2,924(15)
High school diploma/GED 5,639(30)
Some college/2-year degree 5,681(30)
4-year college graduate or more 4,774(25)
Lifetime smoking quantity
Heavy current 2,036(10)
Light current 3,935(21)
Former 2,979(16)
Never 10,068(53)
Self-reported physician diagnosis of bronchitis
Yes 925(5)
No 18,093(95)
Self-reported physician diagnosis of emphysema®
Yes 176(1)
No 18,841(99)
Previous oil cleanup work
Yes 2,433(13)
No 16,585(87)
Previous oil industry work
Yes 2,990(16)
No 16,028(84)

2Excluding all workers with self-reported physician’s diagnosis of asthma prior
to oil spill date.

>N = 1 missing information on self-reported physician diagnosis of emphysema
(but included in complete case analysis based on asthma classification).

BTEX-H chemicals were high (r = 0.72 to 0.86) (Supplemental
Table 2a). Among BTEX-H chemicals, correlations were also generally
high (r = 0.49 to 0.96) (Supplemental Table 2b). Distributions of
quantitative exposure metrics are shown in Table 2. All chemical dis-
tributions demonstrated a right skew, whereby the median value was
less than the mean value for each chemical.

Associations of asthma with work status, hierarchical job class, and
Cum1,,x THC are shown in Tables 3a and 3b. We found that working on
the oil spill cleanup effort in any capacity was associated with a higher
risk of incident asthma (adjusted RR: 1.60, 95% CI: 1.38, 1.85).
Compared with support workers, asthma risk was increased in all other
hierarchal job classes, with the highest risks seen for “operations” (RR:
4.29; 95% CI: 3.16,5.82) and “response” (RR: 3.80, 95% CI: 2.42,5.99).
Compared to the lowest THC quintile, those in the highest THC quintile
had an increased risk for asthma of 2.95 (95% CI: 2.33, 3.74). A linear

Table 2
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Table 3a
Associations between oil spill response and cleanup work status (workers vs non-
workers) and incident asthma among GuLF Study participants(N = 24,603)"

Asthma n(% total Risk Ratiocrupg Risk Ratioyopgr1(95%

cases) (95% CI) cn®
Non- 196(17) Referent Referent
worker
Worker 983(83) 1.47(1.26,1.71) 1.60(1.38,1.85)

# Excluding all workers with self-reported physician’s diagnosis of asthma
prior to oil spill date OSRC = Oil spill response and cleanup.

> Model 1: age, gender, race, ethnicity, smoking status, pack-years, previous
oil spill cleanup work, previous oil industry experience, education.

Table 3b
Associations between hierarchical job classes, total hydrocarbons, and incident
asthma among workers (N = 19,018).

Exposure Asthma  Risk Ratiocrupg Risk Risk
cases n (95% CI) RationopEeL1 Rationoper2
(%) (95% CI) (95% CI)
Hierarchical job class
Support 47(5) Referent Referent Referent
Land cleanup 122(12) 3.43(2.47,4.79) 2.40(1.72,3.35) 2.41(1.73,3.37)
Decontamination 136(14) 4.08(2.94,5.66) 3.13(2.26,4.35) 3.15(2.27,4.36)
Water cleanup 152(16)  2.22(1.60,3.06) 2.39(1.74,3.30) 2.42(1.75,3.34)
Operations 368(37) 5.15(3.81,6.95) 4.29(3.16,5.82) 4.29(3.16,5.82)
Response 158(16) 5.23(3.80,7.21) 4.44(3.22,6.11) 3.80(2.42,5.99)
Total hydrocarbons (Cumlmax; ppm-days)
Quintile 1 97(10) Referent Referent Referent
Quintile 2 160(16) 1.65(1.29,2.11) 1.48(1.16,1.89) 1.50(1.17,1.92)
Quintile 3 184(19) 1.90(1.49,2.42) 1.74(1.36,2.21) 1.76(1.38,2.25)
Quintile 4 230(23) 2.37(1.88,2.99) 2.18(1.72,2.75) 2.15(1.70,2.72)
Quintile 5 312(32) 3.22(2.57,4.02) 2.99(2.37,3.76) 2.95(2.33,3.74)

p-trend<0.0001

Model 1: age, gender, race, ethnicity, smoking status, pack-years, previous oil
spill cleanup work, previous oil industry experience, education.
Model 2: Model 1 + burning/flaring oil/gas (ordinal categories).

trend was observed for increasing THC across quintiles, with p < 0.0001
for the fully adjusted model (Model 2).

Associations between asthma and individual BTEX-H and burning/
flaring oil/gas exposures are shown in Table 4. In fully adjusted models
for each individual BTEX-H chemical, the highest versus lowest quartile
was associated with increased risk for asthma in an exposure-dependent
manner (p-test for linear trend < 0.0001 for each chemical), even after
adjustment for ordinal categories of burning/flaring oil/gas.

In addition, participants with the highest potential exposure to
burning/flaring oil/gas based on industrial hygiene review had an
elevated risk (RR: 1.67, 95% CI: 1.16, 2.40) for asthma compared with
the unexposed workers prior to adjustment for THC but risk was atten-
uated after adjustment (RR: 1.37 95% CI:0.94,1.96) (Table 4). We saw
increased asthma risk associated with the maximum 12-hour PMj 5
exposure (RR: 1.37,95% CI: 1.12, 1.68) prior to THC adjustment (Model
1). After adjustment for THC, the risk was attenuated to 1.16 (95% CI:
0.95,1.42) (Model 2).

Distributions of total hydrocarbons and BTEX-H cumulative quantitative exposure estimates (N = 19,018)"

Exposure (units) Mean SD Min 25" percentile 50" percentile 75" percentile Max

Total hydrocarbons, ppm-days 101.43 135.74 0.01 11.79 50.40 135.44 1243.76
Benzene, ppb-days 360.66 489.99 0.01 44.07 184.52 492.44 7744.08
Toluene, ppb-days 1271.01 1538.86 0.14 155.25 724.24 1886.73 18067.89
Ethylbenzene, ppb-days 276.23 367.81 0.005 37.43 152.69 380.84 8225.82
Xylenes, ppb-days 1748.60 1734.43 2.35 550.24 1240.47 2402.48 24413.06
n-Hexane, ppb-days 1214.47 3405.28 0.06 73.31 294.80 1167.89 62438.68

# Cumulative quantitative exposure estimates were generated by summing over maximum daily exposure estimates (i.e. when individuals had multiple jobs/ac-
tivities in a given day, the estimate for the exposure group with the highest estimated exposure).
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Table 4
Associations of BTEX-H, burning/flaring oil/gas, PM, s with incident asthma among GuLF Study workers (N = 19,018).
Exposure Asthma cases n (%) Risk Ratiocryupe Risk Ratioyopgr; (95% CI) Risk
(95% CI) RatioyopeL2

(95% CD?*

Benzene (ppb-days)

Quartile 1 129(13) Referent Referent Referent

Quartile 2 231 (24) 1.79(1.45,2.21) 1.60(1.30,1.98) 1.60(1.30,1.98)

Quartile 3 267(27) 2.07(1.68,2.54) 1.97(1.60,2.40) 1.91(1.55,2.35)

Quartile 4 356(36) 2.76(2.26,3.36) 2.71(2.22,3.32) 2.67(2.17,3.28)
p-trend< 0.0001

Toluene (ppb-days)

Quartile 1 130(13) Referent Referent Referent

Quartile 2 214(22) 1.65(1.33,2.04) 1.50(1.22,1.85) 1.49(1.21,1.84)

Quartile 3 248(25) 1.91(1.55, 2.35) 1.86(1.51,2.29) 1.80(1.46,2.23)

Quartile 4 391(40) 3.01(2.48,3.65) 3.01(2.47,3.68) 2.99(2.44,3.66)
p-trend< 0.0001

Ethylbenzene (ppb-days)

Quartile 1 132(13) Referent Referent Referent

Quartile 2 225(23) 1.70(1.38,2.10) 1.53(1.24,1.89) 1.55(1.26,1.91)

Quartile 3 279(28) 2.11(1.72,2.59) 1.91(1.56,2.34) 1.91(1.56,2.34)

Quartile 4 347(35) 2.63(2.16,3.20) 2.69(2.20,3.28) 2.66(2.16,3.27)
p-trend< 0.0001

Xylenes (ppb-days)

Quartile 1 151(15) Referent Referent Referent

Quartile 2 194(20) 1.28(1.04,1.58) 1.24(1.01,1.51) 1.25(1.02,1.53)

Quartile 3 252(26) 1.67(1.37,2.03) 1.56(1.29,1.90) 1.56(1.28,1.90)

Quartile 4 386(39) 2.56(2.13,3.07) 2.62(2.18,3.15) 2.62(2.16,3.17)
p-trend< 0.0001

n-Hexane (ppb-days)

Quartile 1 125(13) Referent Referent Referent

Quartile 2 248(25) 1.98(1.61,2.45) 1.66(1.34,2.05) 1.66(1.34,2.05)

Quartile 3 272(27) 2.18(1.77,2.68) 2.08(1.69,2.56) 2.08(1.69,2.56)

Quartile 4 338(34) 2.70(2.21,3.31) 2.79(2.27,3.43) 2.71 (2.19,3.37)
p-trend< 0.0001

Potential exposure to burning oil/gas (ordinal categories)

No 822(83) Referent Referent Referent

Low/Medium 123(13) 1.62(1.35,1.95) 1.48(1.25,1.77) 1.08(0.90,1.29)

High 21(2) 2.22(1.47,3.35) 1.67(1.16,2.40) 1.36(0.94,1.96)

PM2.5 (ug/m®)

Non-water workers 546(56) 1.12(0.98,1.29) 0.87(0.76,1.00) 1.18(1.02,1.37)

Low-exposed water workers and In situ (10 pg/mg) 306(31) Referent Referent Referent

Source (29 pg/mB) and Hot zone (97 pg/m3) 131(13) 1.73(1.41,2.13) 1.37(1.12,1.68) 1.16(0.95,1.42)

Model 1: age, gender, race, ethnicity, smoking, pack-years, previous oil spill cleanup work, previous oil industry experience, highest educational attainment.
Model 2: Model 1 + potential exposure to burning/flaring crude oil for THC analyses (or THC for ordinal categories of burning/PM2.5 analyses).
@ Models with ordinal burning/flaring oil/gas are missing N = 389 participants due to lack of information on this exposure.

The overall BTEX-H mixture was associated with an estimated forty
five percent increase in asthma risk per quartile (RR per quartile: 1.45,
95% CI: 1.35-1.55). Table 5 shows the joint effects of the BTEX-H
mixture on asthma risk for each higher quartile compared to the
lowest quartile. Of the chemicals positively weighted in the overall
mixture effect, the largest positive weight was for toluene while of those
negatively weighted, the largest negative weight was for ethylbenzene
(Fig. 1).

Secondary analyses excluding those with exposure to burning/flar-
ing oil/gas exposures showed no substantive differences (reflected in
similar point estimates and confidence intervals) for associations be-
tween asthma with both THC and BTEX-H (Supplemental Tables 3
and4). Sensitivity analyses assessing an alternative THC exposure
metric, Cum2,ye, also showed associations similar to those in the pri-
mary analysis (Supplemental Table 5). Additional sensitivity analyses
restricting to those who did not report wheeze at the time of the spill also
showed similar associations seen in the primary analysis (Supplemental
Tables 6 and 7).

In analyses where asthma was defined based only on a physician’s
diagnosis associations between asthma and oil spill exposures were
largely attenuated and exposure-responses were no longer apparent for
any associations. Sample sizes in this analysis were much smaller
compared to the primary analysis (Supplemental Table 8).

4. Discussion

In this study, we assessed the relationship between asthma incidence
and oil spill exposures among OSRC workers following the DWH
disaster. We observed increased risk of asthma—

where asthma was defined either by wheeze and or a physician’s
diagnosis—associated with exposures to THC and individual BTEX-H
chemicals, even after adjusting for exposure to burning/flaring oil/
gas. We also observed that exposure to PMy 5 from burning/flaring,
estimated both ordinally and quantitatively, was associated with
increased asthma risk.

Table 5
Joint effects of BTEX-H mixture on asthma risk among GuLF Study workers (N =
19,018).

BTEX-H Mixture (ppb-days) Risk Ratio (95% CI)*

Quartile 1 Referent

Quartile 2 1.45(1.36,1.54)
Quartile 3 2.10(1.86,2.38)
Quartile 4 3.05(2.53,3.67)

Overall average per quartile increase 1.45(1.35,1.55)

# Adjusted for age, gender, race, ethnicity, smoking, pack-years, previous oil
spill cleanup work, previous oil industry experience, highest educational
attainment.



K.G. Lawrence et al.

a)
0.104
== MSM fit
—_ == Pointwise 95% CI
W
2= 0.03
=
o
Model confidence band
0.014

0.00 0.25 0.50 075 1.00
Joint exposure quantile

Environment International 167 (2022) 107433

b)

Toluene
Ethylbenzene
Benzene
Xylene
N-Hexane
075 050 025 0.25 0.50 075
Mixture Weights

Fig. 1. Results from quantile g-computational BTEX-H mixture analysis with asthma risk. a) Shows the marginal structural model (MSM) fit (dark gray) for the
association between increasing mixture exposure quartiles and asthma risk. The x-axis represents quartiles of the BTEX-H mixture and the y-axis represents the log
odds of asthma. b) Weights representing relative contribution to the mixture effect of each chemical component. When all components are considered together, the
relative contribution of toluene, xylene, and n-hexane have the greatest contribution to the mixture effect. Coefficients for each chemical component from the
underlying model are as follows: Benzene (Beta:-0.07, SE:0.08, p-value:0.36), Toluene (Beta:0.34, SE:0.08, p-value:1.60 x 10), Ethylbenzene (Beta:-0.11, SE:0.09,
p-value: 0.23), Xylene (Beta:0.19, SE:0.08, p-value:0.02), n-Hexane (Beta:0.08, SE:0.06, p-value:0.20).

In sensitivity analyses that included only those with physician-
diagnosed asthma, associations between asthma and THC or the BTEX-
H chemicals, were largely attenuated. This difference in findings sug-
gests that the observed associations may be driven largely by wheeze
symptoms rather than asthma per se, or may reflect both differences
between those with and without access to medical care, and a true
undercounting of clinical asthma in this population.

The literature on respiratory health effects of specific oil spill
chemicals is limited. We were able to find only one study of oil spill-
related BTEX exposures and asthma, which focused on asthma among
children living near the Hebei oil spill (14). While the physiology of
disease differs between children and adults, and there were likely dif-
ferences in exposure levels and duration (including possible dermal
exposure), our results generally agreed (both in direction and magnitude
of association) with the Hebei Spirit study findings, in which the highest
versus lowest BTEX-exposed children were 1.9 (95% CI: 1.1-3.1) times
as likely to develop asthma.

Epidemiologic studies in other occupational settings also generally
support the link between BTEX-H and indicators of asthma (Delfino,
2002). In occupational settings, researchers have observed respiratory
impairment (measured as respiratory symptoms and objective measures
of lung function) linked with BTEX-H among paint manufacturing
workers (Ojo et al., 2017; Zailina et al., 2013). In the general population,
studies have found increased asthma and wheeze (Noh et al., 2019;
Gordian et al., 2010), reduced lung function (Arif and Shah, 2007), lung
inflammation (Greenwald et al., 2013), and emergency department
visits for asthma (Lemke et al., 2014) associated with higher levels of
various BTEX chemicals compared to lower levels. Other studies found
insufficient evidence of a link between some BTEX exposures and
physician diagnosed asthma or symptoms of asthma (Nurmatov et al.,
2015; Gordian et al., 2010) or reduced pulmonary function (Elliott et al.,
2006). Discrepancies in findings across studies may be attributable to
differences in study populations, limited exposure measures, and limited
control for confounding factors.

There is also support for this link from animal studies, which have
shown that exposure to toluene, for example, can induce an inflamma-
tory response (Tin-Tin-Win-Shwe et al., 2007), as well as activate im-
mune functions including CD4 + T cells and neurotrophin production
(Fujimaki et al., 2009). Other animal studies suggest oxidative stress
mechanisms may also be involved (Fujimaki et al., 2007; Wang et al.,
2012; Wang et al., 2013).

We employed a g-computation approach to estimate a joint expo-
sure-response for all chemicals in the BTEX-H mixture. Results from this
approach can be interpreted as a generalized linear regression model

(here, a log-binomial model) with a coefficient that in our case corre-
sponds to the expected change in the log-odds outcome per simultaneous
single quartile increase in all exposures. We assumed linearity and
additivity on the log-odds scale.

The g-computation method we used quantifies which components
contribute either more, or less to the total observed mixture risk relative
to the other components evaluated. In our case, weights showed that
toluene had the largest positive weight while benzene showed the
largest negative weight. In the underlying model, coefficients for sin-
gular components suggest that toluene (Beta: 0.34, SE:0.08, p-value =
1.60 x 10™°) was a significant contributor, while benzene (Beta: —0.07,
SE:0.08, p-value = 0.36) and ethylbenzene (Beta: —0.11, SE:0.09; p-
value = 0.23) were not.

One explanation for this is that, based on the air monitoring data
from the time of cleanup, toluene was shown to be higher by weight and
by volume than benzene in the crude oil mixture (Stenzel et al., 2022.).
This could mean that in the g-computation model, a one-quartile in-
crease in benzene does not contribute greatly to asthma as compared to
toluene, due to the larger absolute increase in exposure level repre-
sented by toluene. It is also possible the difference is due to an artefact of
the proportions of measurements below the limit of detection for ben-
zene and ethylbenzene (which are higher than that of toluene) used in
the exposure prediction model (Stenzel et al., 2021). This could lead to
greater measurement uncertainty. It is also possible that, if there is a true
dose-response association between benzene, the g-computation method
may smooth benzene’s potential effect at the highest level of exposure
due to the skew in the exposure distribution. Finally, the discrepancy in
results between these approaches may be a result of the high correlation
between chemicals which is one motivation behind using mixture ana-
lyses. Notably, ethylbenzene and xylene, both individually associated
with asthma risk, were very highly correlated in our sample (r = 0.96)
but had opposite contributions due to much smaller contribution of
ethylbenzene to THC compared to xylene. The high correlation is ex-
pected because both chemicals have the same molecular weight and
virtually the same vapor pressure.

4.1. Strengths

This study has several strengths. Of note, our study estimated re-
lationships between asthma risk and a BTEX-H mixture, which to our
knowledge has not been assessed in prior studies. Assessment of health
effects related to mixtures has been identified as being crucial in un-
derstanding realistic exposure scenarios given the oftentimes high cor-
relation chemicals in the environment or workplace; it is thought to
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identify risk factors more accurately for diseases with environmental
origins (Taylor et al., 2016; Keil et al., 2020) and single pollutant models
can be misleading (Keil et al., 2020). Another strength is the statistical
power afforded by the large study sample and detailed covariate data,
which increased our ability to detect differences in asthma risk and
control for numerous potential confounders. The exposure metrics were
based on air monitoring data at the time of exposure which improves
upon exposure definitions found in other oil spill studies (Aguilera et al.,
2010; Laffon et al., 2016). It is also important to note that exposure
assessment methods used in this study are consistent with the state-of-
the-art industrial hygiene approaches and the amount of exposure
monitoring data used to inform estimates is unprecedented. Finally, our
asthma characterization evaluated incidence which is preferred over
prevalence estimates.

4.2. Limitations

While our study reports novel associations of oil spill cleanup work-
related exposures with respect to asthma risk, this same attribute limits
the generalizability of our study results to other THC or BTEX-H expo-
sure situations. The generalizability of our findings may be limited due
to the unique exposures faced by the GuLF Study workers, though job-
related health risks may inform future targeted interventions to
further protect cleanup workers in a similar scenario. The character-
ization of asthma employed the use of both self-reported wheeze and
self-reported physician diagnosis of asthma. Though similar approaches
have been used in other studies (Young et al., 2014; Carnes et al., 2017;
Hoppin et al, 2009), this asthma definition may suffer from
misclassification.

A large majority of those defined as having asthma in our study (87%
(856/983) of identified cases) did not have a physicians’ diagnosis. This
definition may have overestimated the incidence of true asthma in our
population. On the other hand, asthma incidence based on a physician’s
diagnosis would underestimate the true asthma incidence, given this
cohort’s limited access to healthcare and likely differential access
among participants to that care. While, we do not have external vali-
dation of our case definition, we have previously shown in a subset of
this population that those with high versus low THC exposure had
suggestively lower lung function in line with obstructive lung disease
patterns (Gam et al., 2018).

Self-reported cigarette smoking was also used in analyses and while
proven valid (Patrick et al., 1994), may still contribute to bias from
residual confounding by those misrepresenting lifestyle behaviors. Our
study could also suffer bias from unmeasured confounding (such as from
lack of information on environmental smoking exposure, a primary
source of BTEX-H) that could explain the larger effect sizes seen in our
study compared to other studies that were able to account for environ-
mental tobacco exposure. Effect magnification has also been raised as a
concern for novel associations when exposures are rare, and sample sizes
are small (Ioannidis, 2008) — although these concerns probably don’t
apply to our study.

Limitations of THC and BTEX-H exposure characterization include
lack of individual monitoring results for many persons in our study.
Although the > 28,000 samples were collected on the DWH OSRC
workers, the numbers of measurements were insufficient to develop
participant-based exposure estimates. Therefore, the measurements
were grouped based on oil spill job or activity via a job-exposure matrix
and assigned to study participants based on their self-reported jobs/
activities (Stewart et al., 2018; Stenzel et al., 2022). As a result, we
expect some measurement error/uncertainty in our estimates, but not
likely bias (Stewart et al., 2018). For THC and BTEX-H exposures we
reported p-values < 0.0001 associated with a linear test for trend. We
conducted a linear test for trend specifically, based on initial monotonic
patterns displayed by the effect estimates. We recognize that this does
not necessarily mean that a dose-response truly exists but believe this is
supportive evidence in favor of such a relationship. For PM; 5 exposures,
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we did not observe an exposure-response pattern with effect estimates
for the asthma outcomes. This may be explained by limited power to
detect differences in the high category, or by the fact that those exposed
to burning/flaring may also have been the healthiest prior to the spill
(healthy worker effect). Performing a complete-case analysis of partici-
pants excluded on missing data that are not missing at random could
induce selection bias. However, characteristics of those included in the
analysis did not differ substantively compared to characteristics of those
without full covariate information.

5. Conclusions

We assessed asthma risk among OSRC workers exposed to THC,
BTEX-H and PM; 5 following the 2010 DWH disaster. We observed that
THC, the individual BTEX-H chemicals, and the BTEX-H mixture were
each associated with increased risk of asthma in an exposure-dependent
manner. Our study provides the first evidence of increased asthma risk
associated with exposures to individual crude oil components and the
BTEX-H mixture.
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