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Exposure to total hydrocarbons (THC) and volatile organic compounds from air pollution is associated with risk of
coronary heart disease. THC exposure from oil spills might be similarly associated, but no research has examined
this. We assessed the relationship between THC exposure during the response and cleanup of the Deepwater
Horizon oil spill (Gulf of Mexico) and heart attack risk among 24,375 oil spill workers enrolled in the Gulf Long-Term
Follow-up Study. There were 312 first heart attacks (self-reported physician-diagnosed myocardial infarction, or
fatal coronary heart disease) ascertained during the study period (2010–2016). THC exposures were estimated
using a job-exposure matrix incorporating self-reported activities and personal air measurements. We used Cox
proportional hazards regression to estimate hazard ratios, with inverse-probability weights to account for confound-
ing and censoring. Maximum THC levels of ≥0.30 parts per million (ppm) were associated with heart attack risk,
with a 1.8-fold risk for exposure of ≥3.00 ppm versus <0.30 ppm (hazard ratio = 1.81, 95% confidence interval:
1.11, 2.95). The risk difference for highest versus lowest THC level was 10 excess cases per 1,000 workers. This is
the first study of the persistent health impacts of THC exposure during oil spill work, and results support increased
protection against oil exposure during cleanup of future spills.

coronary disease; myocardial infarction; occupational exposure; occupational health; petroleum pollution

Abbreviations: CHD, coronary heart disease; CI, confidence interval; GuLF Study, Gulf Long-Term Follow-up Study; HR, hazard
ratio; IP, inverse probability; MI, myocardial infarction; ppm, parts per million; SD, standard deviation; THC, total hydrocarbons.

Workers involved in the response and cleanup for the
2010 Deepwater Horizon oil spill faced exposures to a num-
ber of chemicals generated by crude oil, burning oil, and
cleanup activities. Some of these pollutants, including particu-
latematter, polycyclic aromatic hydrocarbons, and some volatile
organic compounds, have been associated with risk of coronary
heart disease (CHD) (1–4). Working in proximity to chemical
stressors and air pollutants might affect the risk of CHD among
oil spill response and cleanup workers, but to our knowledge no
previous study of oil spills has addressed this question.

Exposure to particulate matter and organic chemicals has
been shown to be associated with cardiovascular disease risk
(4–8). Short-term, 24-hour average increases in ambient particu-
late matter are associated with incidence of myocardial infarction
(2, 9). Air concentrations of particulates, polycyclic aromatic hy-
drocarbons, and total hydrocarbons (THC) varied spatially

and temporally over the course of the Deepwater Horizon oil
spill (10). Particulate matter concentrations might have ex-
ceeded typical ambient levels (11), which range from 0.02 to
1.00 μg/m3 in the Southern United States (12). It is unknown
whether these exposures, at levels present during the spill,
could have affected cardiovascular health and whether any
such effects would be acute or persistent.

Several studies have examined acute health outcomes asso-
ciated with oil spills, but there has been relatively little research
into longer-term health impacts following these events. Respi-
ratory symptoms persisted among fishermen involved in the
cleanup of the Prestige oil spill 5 years after the spill (13). In a
study of the Tasman Spirit oil spill, cleanupworkers had reduced
lung function 5months after the spill, comparedwith community
members not involved with cleanup (14). Although these studies
did not examine any specific spill-related chemical exposures,
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results are consistent with the hypothesis that short-term expo-
sures might elicit persistent biological changes.

The Gulf Long-Term Follow-up (GuLF) Study is the larg-
est study of the health impacts of oil spills and is, to our knowl-
edge, the first to assess heart disease among individuals exposed
to oil spills (15). We hypothesized that THC exposures occur-
ring during the Deepwater Horizon oil spill response and
cleanup increased the risk of coronary heart disease and as-
sessed whether these associations, if present, persisted over
time. We used information from 2 sequential GuLF Study in-
terviews and mortality data from the National Death Index to
examine relationships between THC exposure and risk of first
heart attack up to 5 years after the oil spill.

METHODS

Study population

Participants included individuals who completed mandatory
worker safety training in order to take part in the oil spill response
and cleanup, as well as government workers and oil industry pro-
fessionals (15). Study enrollment began 11 months after the start
of the oil spill and occurred from March 2011 to May 2013.
A total of 32,608 individuals enrolled in the cohort; this report
includes the 24,375 English- and Spanish-speaking participants
who worked on the oil spill for at least 1 day. Among these,
16,814 (69%) completed a second telephone interview in
2014–2016, 2–3 years after enrollment.

Exposuremeasures

We evaluated maximum andmedian levels of estimated THC
exposure as a general marker of total petroleum hydrocarbon
exposure during oil spill work. A job-exposurematrixwas devel-
oped using personal air measurements taken by passive dosi-
meters during the spill to assign estimated ordinal THC exposure
levels to exposure groups reflecting the study participants’
self-reported activities, locations, and dates of work (16). Par-
ticipants reported complex work patterns (e.g., performingmul-
tiple activities, sometimes at the same time) and were assigned
to multiple exposure groups.

We defined maximum THC exposure as workers’ highest
intensity exposure at any time during their oil spill work, across
all of his/her exposure groups. Maximum THC exposures were
categorized based on the distribution of the maximum exposure
group estimates as<0.30 parts per million (ppm), 0.30–0.99 ppm,
1.00–2.99 ppm, and ≥3.00 ppm. Median THC exposure was
defined as themedian exposure level across all exposure groups
before the oil well was capped on July 15, 2010, the period
when oil exposures were generally highest (16). Categories for
median THC exposure were: <0.10 ppm, 0.10–0.29 ppm,
0.30–0.99 ppm, and ≥1.00 ppm, based on the distribution of
the median exposure group estimates. Maximum THC was
estimated for all 24,375 workers; median exposures were
estimated for the 22,550 workers who initiated oil spill work
on or before July 15, 2010.

Outcomemeasure

The outcome of interest was the first occurrence of an inci-
dent heart attack, defined as either a self-reported physician-

diagnosed myocardial infarction (MI) or a fatal CHD event.
During the study interviews, participants were asked whether
they had ever received a diagnosis of a heart attack or MI and,
if so, the month and year of their first MI diagnosis. Deaths due
to CHDwere ascertained from the National Death Index, from
the date of enrollment through December 31, 2014, the latest
date for whichNational Death Index data were available. Deaths
with International Classification of Diseases, Tenth Revision,
codes in any position indicating ischemic heart disease as a
cause of death (codes I20–I25) were included.

Risk period for heart attack

To reduce potential bias due to left truncation, the risk period
for a nonfatal MI began at the initiation of oil spill work and
ended at the first of either the date of diagnosis of a first MI or
the date of the last GuLF Study interview that the participant
completed. The risk period for a fatal CHD event began at the
date of the enrollment interview, given that participants had
to be alive to enroll in the study, and continued until Decem-
ber 31, 2014. Fatal CHD events occurring after the initiation
of oil spill work but before study enrollment were therefore
truncated. Participants were followed until they had a CHD
event, died, or reached the end of follow-up. Only a participant’s
first reported MI or CHD event was counted. Participants who
reported a first MI prior to initiation of oil spill work (n = 452)
were excluded.

Among the 23,923 workers without MI prior to the oil spill,
there were 253 deaths during the study period, including 36
CHD-related deaths. Incident nonfatal MI was reported by 282
participants. Of the 36 CHD-related deaths, 6 were among in-
dividuals who had already reported an incident firstMI diagno-
sis. Thus, a total of 312 first heart attack cases were included in
this report.

Censoring and predictors of censoring

Self-reported MI might have been censored among partici-
pants who did not complete the second interview but were at
risk for a first MI. We compared distributions of factors plau-
sibly related with the outcome and nonresponse to the second
interview, including demographic factors, lifestyle and socio-
economic characteristics, factors related to health at enrollment,
and cleanupwork characteristics. We compared crude propor-
tions of censoring across levels of each predictor variable to
assess the ability of each variable to predict nonresponse.

To reduce the impact of potential selection bias, weweighted
the population that completed the second interviewwith respect
to predictors of censoring; this approach allowed us to estimate
associations that would be observed in the absence of censoring
(17). Inverse probability (IP)-of-censoring weights were esti-
mated frommodels conditional on predictors of censoring. The
variables (derived from information collected at the first inter-
view) included in the censoring weights model were determined
from a causal diagram (18): age at enrollment (in years: 20–29,
30–39, 40–49, 50–59, 60–64, ≥65); maximum educational
attainment (less than high school, high-school diploma/Gen-
eral Educational Development certificate, some college/2-year
degree, ≥4-year college graduate); cigarette smoking (current,
former, never); maximum THC exposure during cleanup work

Am J Epidemiol. 2019;188(5):917–927

918 Strelitz et al.



(<0.30 ppm, 0.30–0.99 ppm, 1.00–2.99 ppm, ≥3.00 ppm); and
residential proximity to the oil spill (“direct/indirect” defined as
living in or adjacent to a county with coastline oiled during the
spill vs. “away from the spill”). We grouped participants liv-
ing in and adjacent to counties that were oiled during the spill
because these areas were most likely to have faced the socio-
economic impacts of the oil spill; living in these areas was also
associated with adverse mental health symptoms (19). We cal-
culated stabilized IP-censoring weights by dividing the mar-
ginal probability of being observed at the second interview by
the conditional probabilities of being observed that were out-
put from the censoring weights model.

Time-to-heart-attack analyses

We assessed the associations between THC exposure and
time-to–incident first heart attack using Cox proportional haz-
ards models (20). Person-time was accrued from the start of an
individual’s oil spill work until the earlier of first MI event,
leaving the study, or administrative censoring at the end of
National Death Index follow-up.

We controlled for confounders using IP-exposure weights
(21). The adjustment set was determined using a directed acy-
clic graph (18) and included all variables from the censoring
weights models, with the addition of sex (male, female). We did
not adjust for body mass index or self-reported hypertension
because these were not associated with THC exposure. Stabi-
lized IP-exposure weights were obtained by fitting a multino-
mial logistic regressionmodel for the exposurewith confounders
as independent variables; the denominator of the weights was
based on the probability output from the model, and the numer-
ator was based on the marginal probability of exposure (17). In
sensitivity analyses, we controlled for confounders condition-
ally in the Cox models and adjusted for body mass index at
enrollment (calculated as height (m)/weight (kg)2, with cat-
egories of <25.0, 25.0–29.9, ≥30.0).

Cox proportional hazards models (20) with a robust variance
estimator were fitted to estimate hazard ratios and 95% confi-
dence intervals (21). We assessed whether each covariate met
the proportional hazards assumption by modeling a term for
interaction between the natural log of time and each covariate
(20). Tests of the proportional hazards assumption did not indi-
cate any departures from proportional hazards (P > 0.10 for
all; results not shown).

The National Death Index mortality data were censored on
December 31, 2014, before some participants had completed
their second interviews. Thus, fatal events after December 31,
2014, were missed. To account for this, we performed an analy-
sis excluding the 2,092 participants who gave their second
interview after December 31, 2014. We also assessed associa-
tions for nonfatal MI only; this analysis included the 282 inci-
dent nonfatal heart attacks reported during the interviews. In
separate analyses, we controlled for oil spill work duration to
assess confounding due to healthy-worker survivor bias, given
that healthier workers might have worked longer on the spill.
To assess the possible impact of heat stress during cleanup
work, we adjusted for whether a participant reported ever stop-
ping cleanup work activities due to the heat. In another analy-
sis, we excluded US Coast Guard and other federal employees
(n = 4,619), because these workers might have been more

physically fit and/or had more access to health-care services
compared with workers who were not federal employees.

Cumulative incidence of heart attack

To assesswhether associationswith heart attack changed across
the study period, we estimated cumulative risks of heart attack
at yearly intervals throughout follow-up.We generatedweighted,
cumulative conditional risk plots based on our proportional
hazards regression using the approach of Cole and Hernán (22).
This approach requires an estimate of the baseline hazard, which
we obtained using the Nelson-Aalen estimator (23), with months
since initiation of cleanup work as the time scale. We accounted
for confounders and predictors of censoring using the same IP
weights as were included in the Cox regression models (22).
Analyses were performed using SAS, version 9.4 (SAS Insti-
tute, Inc., Cary, North Carolina).

RESULTS

Participants who completed both study interviews, compared
with those who only completed the first, weremore likely to be
older, white, or nonsmokers; to have attended or graduated from
college; and to have a 2010 household income over $50,000
(Table 1). Distributions of demographic, health, and oil-spill ex-
posure characteristics according to heart attack status among
the 23,923 workers with no prevalent MI diagnosis are shown
in Table 2.

IP censoring and exposure weights

After excludingworkerswith prevalentMI, censoringweights
were determined separately for the full cohort (n = 23,923) and
for those who began cleanup work before July 15, 2010 (n =
22,550). For the full cohort, the mean, range, and standard devi-
ation of the stabilized censoring weights, exposure weights, and
final weights (exposure weight multiplied by censoring weight)
were as follows: 1.00 (range, 0.52–2.61; standard deviation (SD),
0.21), 1.00 (range, 0.32–7.05; SD, 0.48), and 1.00 (range,
0.25–13.40; SD, 0.55), respectively. For the 22,550 workers
who started cleanup work by July 15, 2010, the means, ranges,
and standard deviations of the stabilized censoring weights,
exposureweights, andfinalweightswere as follows: 1.00 (range,
0.55–2.68; SD, 0.21), 1.00 (range, 0.31–4.47; SD, 0.39), and
1.00 (range, 0.25–6.33; SD, 0.47), respectively.

Hazard ratios for THC exposure and heart attack

Hazard of heart attack was elevated for maximum THC ex-
posures of≥0.30 ppm (Table 3). Maximum THC exposure of
≥3.00 ppm (vs. <0.30 ppm) showed the strongest association
with heart attack (hazard ratio (HR) = 1.81, 95% confidence
interval (CI): 1.11, 2.95), although hazard ratios were also sig-
nificantly higher for exposure levels 0.30–0.99 ppm (HR = 1.66,
95% CI: 1.09, 2.53) and 1.00–2.99 ppm (HR = 1.62, 95% CI:
1.06, 2.47). There was no clear monotonic exposure-response
relationship across exposure groups. Results were robust to fac-
tors associated with nonresponse to the second interview—
hazard ratios without IP-censoring weights were not mean-
ingfully changed (for maximum THC exposure of≥3.00 ppm,
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Table 1. Demographic andOil-Spill Work Characteristics at Enrollment (ExceptWhere Noted) Among ThoseWho
Completed (n = 16,814) and Did Not Complete (n = 7,561) the Second Study Interview, Gulf Long-Term Follow-up
Study, United States, 2010–2016

Characteristic

Completed
Interview 2
(n = 16,814)

Did Not
Complete
Interview 2
(n = 7,561)

RD 95%CI

No. % No. %

Sex

Male 13,747 81.8 6,335 83.8 0 Referent

Female 3,067 18.2 1,226 16.2 0.0299 0.0149, 0.0448

Missing 0 0.0 0 0.0

Age category, years

20–29 2,936 17.5 2,063 27.4 −0.0489 −0.0673,−0.0306

30–39 3,745 22.3 2,141 28.4 0 Referent

40–49 4,245 16.8 1,726 7.6 0.0747 0.0579, 0.0915

50–59 4,018 16.8 1,188 5.5 0.1355 0.1188, 0.1523

60–65 1,071 4.6 256 1.3 0.1708 0.1463, 0.1954

≥65 753 3.4 153 0.9 0.1949 0.1676, 0.2222

Missing 46 0.3 34 0.4

Ethnicity

White 11,270 67.4 4,827 64.2 0 Referent

Black 3,767 22.5 1,859 24.7 −0.0306 −0.0447,−0.0164

Asian 132 0.8 87 1.2 −0.0974 −0.1626,−0.0322

Other/multiracial 1,554 9.3 743 9.9 −0.0236 −0.044,−0.0032

Missing 91 0.5 45 0.6

Hispanic

Yes 1,112 6.6 599 7.9 −0.0431 −0.0664,−0.0197

No 15,659 93.4 6,938 92.1 0 Referent

Missing 43 0.3 24 0.3

Education completed

Less than high school 2,446 14.6 1,376 18.3 −0.0129 −0.0317, 0.0059

High-school diploma/GED 4,673 27.9 2,485 33.0 0 Referent

Some college/2-year degree 5,032 30.0 2,269 30.1 0.0364 0.0211, 0.0517

≥4-year college graduate 4,618 27.5 1,408 18.7 0.1135 0.0982, 0.1289

Missing 45 0.3 23 0.3

2010 household income, $

≤20,000 3,960 25.9 2,114 31.3 −0.0208 −0.0370,−0.0045

20,001–50,000 4,748 31.1 2,310 34.2 0 Referent

>50,000 6,581 43.0 2,330 34.5 0.0658 0.0516, 0.0801

Missing 1,525 9.1 807 10.7

Residential proximity to the spilla

Direct/indirect 9,688 57.6 4,723 62.5 −0.0429 −0.0546,−0.0312

Away from the spill 7,126 42.4 2,838 37.5 0 Referent

Missing 0 0.0 0 0.0

Cleanup work duration, days

1–30 2,063 12.3 935 12.4 0 Referent

31–90 5,293 31.5 2,376 31.4 0.0021 −0.0175, 0.0216

91–180 5,735 43.8 2,628 44.2 −0.0024 −0.0217, 0.0170

>180 3,723 22.1 1,622 21.5 0.0084 −0.0122, 0.0291

Missing 0 0.0 0 0.0

Table continues
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Table 1. Continued

Characteristic

Completed
Interview 2
(n = 16,814)

Did Not
Complete
Interview 2
(n = 7,561)

RD 95%CI

No. % No. %

Worked before the well was capped

Yes 15,453 94.0 7,097 94.8 −0.0321 −0.0567,−0.0076

No 985 6.0 388 5.2 0 Referent

Missing 0 0.0 0 0.0

Maximum total hydrocarbon exposure, ppm

<0.30 3,864 23.0 1,579 20.9 0 Referent

0.30–0.99 5,519 32.9 2,465 32.6 −0.0186 −0.0344,−0.0029

1.00–2.99 5,094 30.3 2,382 31.5 −0.0285 −0.0446,−0.0125

≥3.00 2,313 13.8 1,132 15.0 −0.0385 −0.0583,−0.0187

Missing 24 0.1 3 0.0

Reported ever having had a nonfatal MI

Yes 416 2.5 126 1.7 0.0795 0.0434, 0.1155

No 16,350 97.5 7,413 98.3 0 Referent

Missing 48 0.3 22 0.3

First nonfatal MI/fatal CHD occurring after
initiation of oil spill work

Yes 250 1.5 62 0.8 0.1156 0.0710, 0.1603

No 16,125 98.5 7,392 99.2 0 Referent

Missing 439 2.6 107 1.4

Self-reported physician-diagnosed hypertension
before study enrollment

Yes 4,716 28.1 1,701 22.6 0.0613 0.0485, 0.0741

No 12,053 71.9 5,839 77.4 0 Referent

Missing 45 0.3 21 0.3

Perceived health

Excellent 2,689 16.1 1,279 17.0 −0.0130 −0.0308, 0.0048

Very good 5,383 32.2 2,350 31.3 0.0054 −0.0091, 0.0200

Good 5,352 32.0 2,397 31.9 0 Referent

Fair 2,471 14.8 1,132 15.1 −0.0049 −0.0232, 0.0135

Poor 841 5.0 360 4.8 0.0096 −0.0183, 0.0375

Missing 78 0.5 43 0.6

Tobacco smoking

Current 4,710 28.2 2,635 35.2 −0.0681 −0.0818,−0.0544

Former 3,713 22.2 1,452 19.4 0.0095 −0.0052, 0.0243

Never 8,300 49.6 3,401 45.4 0 Referent

Missing 91 0.5 73 1.0

Current alcohol use

Yes 12,852 76.9 5,677 75.7 0.0135 −0.0003, 0.0274

No 3,871 23.1 1,821 24.3 0 Referent

Missing 91 0.5 63 0.8

BMIb at enrollment

<25.0 4,365 26.2 2,140 28.7 0 Referent

25.0–29.9 6,911 41.5 3,078 41.3 0.0208 0.0063, 0.0354

≥30.0 5,365 32.2 2,236 30.0 0.0348 0.0195, 0.0501

Missing 173 1.0 107 1.4

Abbreviations: BMI, body mass index; CHD, coronary heart disease; CI, confidence interval; GED, General Educational
Development; MI, myocardial infarction; ppm, parts per million; RD, risk difference.

a Residential proximity to the spill is defined as living in, or adjacent to, a countywith coastline that was oiled during the spill.
b BMI defined as weight (kg)/height (m)2.
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Table 2. Demographic andOil Spill Work Characteristics at Enrollment Among CleanupWorkersWithout Prevalent
Heart Attack (n = 23,923), According to Incident Self-Reported Myocardial Infarction/Fatal Coronary Heart Disease,
Gulf Long-Term Follow-up Study, United States, 2010–2016

Characteristic No. of Cases (n = 312) % Total No. (n = 23,923) %

Sex

Male 284 91.0 19,667 82.2

Female 28 9.0 4,256 17.8

Missing 0 0.0

Age, years

20–29 6 1.9 4,985 21.0

30–39 30 9.6 5,850 24.6

40–49 94 30.1 5,865 24.7

50–59 118 37.8 5,012 21.1

60–64 37 11.9 1,245 5.2

≥65 27 8.7 793 3.3

Missing 173 0.7

Ethnicity

White 199 63.8 15,708 66.3

Black 77 24.7 5,543 23.4

Asian 5 1.6 213 0.9

Other/multiracial 31 9.9 2,232 9.4

Missing 227 0.9

Education

Less than high school 78 25.0 3,702 15.6

High-school diploma/GED 108 34.6 6,987 29.4

Some college/2-year degree 83 26.6 7,149 30.1

≥4-year college graduate 43 13.8 5,925 24.9

Missing 160 0.7

Household income, $

≤20,000 102 34.9 5,917 27.4

20,001–50,000 102 34.9 6,905 32.0

>50,000 88 30.1 8,748 40.6

Missing 2,353 9.8

Residential proximity to the oil spilla

Direct/indirect 231 74.0 14,019 58.8

Away from the spill 81 26.0 9,810 41.2

Missing 94 0.4

Duration of cleanup work, days

≤30 29 9.3 2,920 12.3

31–90 88 28.2 7,488 31.4

91–180 122 39.1 8,178 34.3

>180 73 23.4 5,243 22.0

Missing 94 0.4

Maximum THC exposure, ppm

<0.30 42 13.5 5,342 22.4

0.30–0.99 106 34.2 7,801 32.8

1.00–2.99 114 36.8 7,283 30.6

≥3.00 48 15.5 3,377 14.2

Missing 120 0.5

Table continues

Am J Epidemiol. 2019;188(5):917–927

922 Strelitz et al.



HR = 1.70 (95% CI: 1.05, 2.74) vs. HR = 1.81). Hazard ratios
for the associations of median THC exposure before the oil
well was capped and heart attack were attenuated compared
with the associations with maximum THC exposure (Table 4).

Associations were similar using the Cox models conditional
on confounders (Web Table 1, available at https://academic.
oup.com/aje) and after adjusting for body mass index (Web
Table 2).

Table 2. Continued

Characteristic No. of Cases (n = 312) % Total No. (n = 23,923) %

Median THC exposure, ppm

<0.10 41 14.0 4,460 19.9

0.10–0.29 106 36.3 7,792 34.7

0.30–0.99 128 43.8 9,035 40.2

≥1.00 17 5.8 1,173 5.2

Missing 1,463 6.1

Self-reported prevalent hypertension

Yes 199 64.4 6,092 25.6

No 110 35.6 17,689 74.4

Missing 142 0.6

Cigarette smoking

Current 120 38.8 7,140 30.2

Former 88 28.5 4,989 21.1

Never 101 32.7 11,547 48.8

Missing 247 1.0

BMIb at enrollment

<25 63 20.2 6,401 27.2

25–29.9 110 35.3 9,785 41.5

≥30 139 44.6 7,376 31.3

Missing 361 1.5

Abbreviations: BMI, body mass index; GED, General Educational Development; ppm, parts per million; THC, total
hydrocarbon.

a Residential proximity to the spill is defined as living in, or adjacent to, a countywith coastline that was oiled during the spill.
b BMI defined as weight (kg)/height (m)2.

Table 3. Marginal Hazard Ratios of the Association of MaximumTotal Hydrocarbon Exposure and Self-Reported
Myocardial Infarction/Fatal Coronary Heart Disease, Gulf Long-Term Follow-up Study, United States, 2010–2016

Max THCExposure, ppm Total Cases (n = 307) Total No.a (n = 23,520) HRb 95%CI

No censoring weights

<0.30 41 5,246 1.00 Referent

0.30–0.99 105 7,719 1.60 1.07, 2.41

1.00–2.99 114 7,209 1.45 0.96, 2.18

≥3.00 47 3,346 1.70 1.05, 2.74

IP-censoring weightedc

<0.30 41 5,215 1.00 Referent

0.30–0.99 105 7,682 1.66 1.09, 2.53

1.00–2.99 114 7,178 1.62 1.06, 2.47

≥3.00 47 3,334 1.81 1.11, 2.95

Abbreviations: CI, confidence interval; HR, hazard ratio; IP, inverse probability; ppm, parts per million; THC, total
hydrocarbons.

a Total n formodelswithout censoringweights is wheremaximumTHCexposure, sex, age, smoking, education, and res-
idential proximity to the spill are nonmissing; total n formodels with censoringweights is where ethnicity is also nonmissing.

b Models controlled for sex, age, smoking, education, and residential proximity to the oil spill using IP-exposure weights.
c Censoring weights accounted for age, ethnicity, education, residential proximity to the oil spill, smoking, andmaxi-

mum total hydrocarbon exposure.
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Sensitivity analyses that censored all participants on December
31, 2014—the last date of available National Death Index
data—showed slightly strengthened results across all levels of
maximum THC exposure; the hazard ratio for maximum THC
exposure of ≥3.00 ppm (vs. <0.30 ppm) was 2.01 (95% CI:
1.21, 3.34) (Web Table 3). Analyses that did not count fatal
events, but censored at date of CHD death, were slightly weak-
ened in magnitude but were overall not meaningfully different
from the results in Table 3 (Web Table 4). Hazard ratios adjust-
ing for self-reported heat stress during cleanup work were also
similar (results not shown).

Workers with maximum THC exposure<0.30 ppm had the
lowest cumulative risk of heart attack across follow-up (Table 5;
Figure 1). The risk differences for maximum THC exposure of

≥3.00 ppm (vs.<0.30 ppm) and heart attack showed elevated
risks from 4 excess cases per 1,000 workers at 12 months of
follow-up to 10 excess cases per 1,000 workers at 48 months
of follow-up (Table 5). The sensitivity analyses that censored
all participants on December 31, 2014, also yielded similar risk
differences (Web Table 5). The risk differences for median
THC exposure of ≥1.00 ppm (vs. <0.10 ppm) ranged from 3
excess cases per 1,000 workers to 6 excess cases per 1,000
workers (Table 6; Figure 2).

The sensitivity analyses excluding 4,619 federally employed
workers showed slightly increased hazard ratios for maximum
THC exposure of ≥0.30 ppm. The hazard ratio for maximum
THC exposure of ≥3.00 ppm (vs. <0.30 ppm) was 1.92 (95%
CI: 1.14, 3.23) (Web Table 6). In analyses that controlled for

Table 4. Marginal Hazard Ratios of the Association of Median Total Hydrocarbon Exposure Before the Oil Well Was
Capped and Self-Reported Myocardial Infarction/Fatal Coronary Heart Disease, Gulf Long-Term Follow-up Study,
United States, 2010–2016

Median THC Exposure, ppm Total Cases (n = 289) Total No.a (n = 22,200) HRb 95%CI

No censoring weights

<0.10 40 4,386 1.00 Referent

0.10–0.29 106 7,715 1.44 1.01, 2.06

0.30–0.99 126 8,940 1.27 0.89, 1.80

≥1.00 17 1,159 1.35 0.75, 2.43

IP-censoring weightedc

<0.10 40 4,363 1.00 Referent

0.10–0.29 106 7,682 1.58 1.04, 2.40

0.30–0.99 126 8,904 1.32 0.88, 2.00

≥1.00 17 1,154 1.47 0.78, 2.78

Abbreviations: CI, confidence interval; HR, hazard ratio; IP, inverse probability; ppm, parts per million; THC, total
hydrocarbons.

a Total n for models without censoring weights is wheremedian THC exposure, sex, age, smoking, education, and resi-
dential proximity to the spill are nonmissing; total n for modelswith censoringweights is where ethnicity is also nonmissing.

b Models controlled for sex, age, smoking, education, and residential proximity to the oil spill using inverse probabil-
ity of exposure weights.

c Censoring weights accounted for age, ethnicity, education, residential proximity to the oil spill, smoking, andmaxi-
mum total hydrocarbon exposure.

Table 5. Risk of Self-Reported Myocardial Infarction/Fatal Coronary Heart Disease According to MaximumTotal
Hydrocarbon Exposure and Time Since Initiating Oil Spill Work (n = 23,923), Gulf Long-Term Follow-up Study, United
States, 2010–2016

Max THC Exposure, ppm

Time Since Initiating Oil Spill Work

12Months 24Months 36Months 48Months

Riska RD Riska RD Riska RD Riska RD

<0.30 0.002 Referent 0.005 Referent 0.007 Referent 0.009 Referent

0.30–0.99 0.004 0.002 0.010 0.005 0.012 0.005 0.016 0.007

1.00–2.99 0.004 0.002 0.008 0.003 0.012 0.005 0.016 0.007

≥3.00 0.006 0.004 0.010 0.005 0.013 0.006 0.019 0.010

Abbreviations: ppm, parts per million; RD, risk difference; THC, total hydrocarbons.
a Risk estimates accounted for confounders (age, sex, education, smoking, and residential proximity to the spill)

and predictors of censoring (age, education, ethnicity, smoking, cleanup work duration, and residential proximity to
the spill) using inverse-probability weights.
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work duration, we also observed slightly strengthened asso-
ciations between THC exposure and heart attack (Web
Table 7).

DISCUSSION

This study ofDeepwater Horizon oil spill workers showed
62%–81% higher hazards for heart attack 5 years after the
spill among those with estimated maximum THC exposure
levels of≥0.30 ppm. Risk differences comparing those with the

highest to the lowest level of exposure were small in magnitude
but showed persistent associations across follow-up. Account-
ing for differences in characteristics of those who completed
the second interview using IP-censoring weights showed that
results were generally robust to censoring, although the mag-
nitudes of the observed associations were slightly attenuated
when the weights were not applied.

Associations betweenmedian THC exposures and heart attack
were weaker than associations with maximum exposure levels.
Maximum exposures were meant to capture highest daily THC
exposure while median exposure groups represented the typi-
cal exposures a worker experienced. Workers reported multi-
ple jobs representing a wide range of exposures, and the ordinal
exposure categories did not capture the full range of exposures
workers might have experienced, because workers within an
exposure category were all assigned the same value. Thus, the
range of exposures was narrower and the distribution of median
exposures was less variable than the distribution of maximum
exposures, making it more difficult to detect an association with
heart attack. We were unable to assess cumulative or continu-
ous THC exposures because the ordinal job-exposure matrix-
based estimates did not account for duration of oil-spill work
tasks.

We observed persistence of the association between maxi-
mum THC exposure and heart attack risk across the follow-
up period. Most studies of air pollutant exposures and heart
disease have focused on short temporal periods between ex-
posure and outcome (4, 24), and we are unaware of any stud-
ies that assessed persistent effects of short-term pollution exposures.
Our results are consistent with studies that identified persis-
tent respiratory symptoms 5 years after oil spill work (13),
although our study is the first, to our knowledge, to consider
persistence of heart disease risk among oil spill workers.

We evaluated the extent to which other factors, such as heat
stress associated with cleanup work, explained the observed
associations. Heat stress was common among workers (25),
and heat stress or other physical stress can increase risk of
heart attack (26, 27). Adjusting for self-reported heat stress
did not meaningfully change the associations between THC
exposure and heart attack. We were unable to account for any
heat stress–related fatalities occurring during the oil spill cleanup

Figure 1. Cumulative risk of self-reported myocardial infarction/fatal
coronary heart disease according to maximum total hydrocarbon
(THC) exposure (parts per million (ppm)) during cleanup work (n =
23,923), Gulf Long-Term Follow-up Study, United States, 2010–2016.
Risk estimates accounted for confounders (age, sex, education,
smoking, and residential proximity to the spill) and predictors of cen-
soring (age, education, ethnicity, smoking, cleanup work duration,
and residential proximity to the spill) using inverse probability weights.

Table 6. Risk of Self-Reported Myocardial Infarction/Fatal Coronary Heart Disease According to Median Total
Hydrocarbon Exposure and Time Since Initiating Oil Spill Work (n = 22,550), Gulf Long-Term Follow-up Study, United
States, 2010–2016

Median THC
Exposure, ppm

Time Since Initiating Oil Spill Work

12Months 24Months 36Months 48Months

Riska RD Riska RD Riska RD Riska RD

<0.10 0.003 Referent 0.006 Referent 0.009 Referent 0.010 Referent

0.10–0.29 0.004 0.001 0.009 0.003 0.012 0.003 0.017 0.007

0.30–0.99 0.004 0.001 0.008 0.002 0.011 0.002 0.015 0.005

≥1.00 0.006 0.003 0.009 0.003 0.014 0.005 0.017 0.006

Abbreviations: ppm, parts per million; RD, risk difference; THC, total hydrocarbons.
a Risk estimates accounted for confounders (age, sex, education, smoking, and residential proximity to the spill)

and predictors of censoring (age, education, ethnicity, smoking, cleanup work duration, and residential proximity to
the spill) using inverse-probability weights.
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or prior to the enrollment interviews, because participants had to
be alive at the time of enrollment. Truncation of deaths prior to
enrollmentmight have resulted in underestimation of heart attack
risk and underestimation of the associations between spill-related
exposures and heart attack, given that events were not observable
amongworkers who died before study enrollment.

Healthier or more physically fit workers might have been less
predisposed to heart attack compared with less fit workers and
might have worked longer durations or worked on higher-skilled
tasks with greater THC exposures, such as cleanup work on a
vessel. Although the majority of oil spill work was completed
in less than 1 year, these differences might have resulted in
healthy-worker survivor bias (28, 29).When we controlled for
work duration, we saw only a slight strengthening in the asso-
ciations between THC exposure and heart attack, which is con-
sistent with no appreciable healthy-worker survivor bias but
might not have captured this bias if exposure strongly predicted
retention in cleanup activities. If exposure resulted in higher
rates of leaving employment or caused workers to alter their
work tasks or behaviors to reduce exposure, then controlling
for work duration to account for healthy-worker survivor
bias might result in residual bias (29, 30). However, we do not
think the THC exposures (or correlates) at the levels observed
would have a strong effect on employment or work beha-
viors, and therefore the residual bias from adjusting for work
durationwould likely be very small (31).

In an analysis excluding the 4,619 federally employed work-
ers, the hazard ratios for maximum THC exposure were slightly
stronger comparedwith results in the full cohort. Federal workers

had lower prevalence of self-reported physician-diagnosed
hypertension compared with the remainder of the cohort (16%
vs. 29%) and generally had lower THC exposures compared
with other workers. These differences likely explain why as-
sociations strengthened when federal workers were excluded.
Unmeasured differences among workers regarding physical fit-
ness, diet, socioeconomic status, or underlying healthmight have
otherwise attenuated associations if healthier workers were more
likely to have higher THC exposures.

This study relied on self-reported information on nonfatal
MI, which is subject to errors in reporting. Self-reported MI
has shownmoderate sensitivity (61%) when compared against
adjudicator diagnosis (32). Recall of MI is also dependent on
the time period for which disease was ascertained, but the 5-
year period of this study is a relatively short period to recall a
serious event such as an MI. There is also the possibility for
competing risks (non-CHD death) to introduce bias in our con-
ditional risk estimates. The Cox model assumes that censoring
due to competing risks is noninformative, given the covariates
considered in the model. Non-CHD death was rare during the
study period (0.82% prevalence) and was not associated with
THC exposure, and therefore bias due to competing risks is
unlikely. Bias might occur if our models do not include con-
founders of the relationship between exposure and the com-
peting events (33), but we do not anticipate such bias would
be strong, given our adjustment set and our use of weights to
account for informative censoring.

In summary, the GuLF Study is the largest study of the health
impact of oil spills and is the first, to our knowledge, to investi-
gate the association between THC exposure and heart attack
risk among oil spill workers. Our study improves on exposure
assessment methods used in past studies of oil spills by utiliz-
ing job-exposure matrix–based estimates of THC exposure
derived from personal air measurements and detailed data on
oil spill–work activities. Our study showed positive associations
between the estimated maximum THC exposure during oil spill
work and risk of heart attack 5 years after the spill. Future stud-
ies can make use of planned subsequent follow-up interviews to
assess longitudinal changes in these associations and cumulative
exposure measures for THC that are currently being developed.
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