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Abstract

Background Long-term neurological health risks associated with oil spill cleanup exposures are largely unknown. We
aimed to investigate risks of longer-term neurological conditions among U.S. Coast Guard (USCG) responders to the
2010 Deepwater Horizon (DWH) oil spill.

Methods We used data from active duty members of the DWH Oil Spill Coast Guard Cohort Study (N=45224). Self-
reported oil spill exposures were ascertained from post-deployment surveys. Incident neurological outcomes were
classified using International Classification of Diseases, 9th Revision, codes from military health encounter records up
to 5.5 years post-DWH. We used Cox Proportional Hazards regression to calculate adjusted hazard ratios (aHR) and
95% confidence intervals (Cl) for various incident neurological diagnoses (2010-2015). Oil spill responder (1=5964)
vs. non-responder (n= 39260) comparisons were adjusted for age, sex, and race, while within-responder comparisons
were additionally adjusted for smoking.

Results Compared to those not responding to the spill, spill responders had reduced risks for headache (aHR=0.84,
95% Cl: 0.74-0.96), syncope and collapse (aHR=0.74, 95% Cl: 0.56-0.97), and disturbance of skin sensation (aHR=0.81, 95%
Cl: 0.68-0.96). Responders reporting ever (h=1068) vs. never (h=2424) crude oil inhalation exposure were at increased
risk for several individual and grouped outcomes related to headaches and migraines (aHR range: 1.39-1.83). Crude oil
inhalation exposure was also associated with elevated risks for an inflammatory nerve condition, mononeuritis of upper
limb and mononeuritis multiplex @HR=1.71, 95% Cl: 1.04-2.83), and tinnitus (@aHR=1.91, 95% Cl: 1.23-2.96), a condition
defined by ringing in one or both ears. Risk estimates for those neurological conditions were higher in magnitude
among responders reporting exposure to both crude oil and oil dispersants than among those reporting crude oil
only.

Conclusion |In this large study of active duty USCG responders to the DWH disaster, self-reported spill cleanup expo-
sures were associated with elevated risks for longer-term neurological conditions.
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Background

On April 20, 2010, the semi-submersible offshore oil
drilling rig Deepwater Horizon (DWH) experienced an
explosion near the coast of Louisiana that killed 11 work-
ers and injured 15 others [1, 2]. This disaster caused the
largest marine oil spill in U.S. history. After 87 days of
fresh crude oil flowing into the Gulf of Mexico, the well
was effectively capped on July 15%, 2010 [1]. It has been
estimated that a total of 185 to 210 million gallons, or
approximately 4.4 to 5 million barrels of crude oil, were
discharged into the Gulf over the course of the spill [1-5].
In addition, approximately 1.8 million gallons of chemical
oil dispersants COREXIT 9500 and 9527A were applied
on the water surface and subsea, in an effort to rapidly
disperse the spilled oil [1]. Many federal agencies were
involved in the spill cleanup efforts, led by the U.S. Coast
Guard (USCG), which deployed nearly 9000 of its own
service members [1]. The USCG responders, along with
tens of thousands of other cleanup workers and volun-
teers, as well as Gulf coast residents, were potentially
exposed to various harmful chemicals, including crude
oil and chemical dispersants, which may have adversely
affected their health.

Crude oil is a complex mixture of thousands of chemi-
cal compounds including volatile organic compounds
(VOCs), polycyclic aromatic hydrocarbons (PAHs),
hydrogen sulfide, and heavy metals [6]. Several crude
oil constituents, including VOCs, hydrogen sulfide, and
heavy metals, have been found to affect both the central
nervous system (CNS) and the peripheral nervous sys-
tem (PNS). For instance, exposure to the VOC chemicals
benzene, toluene, ethylbenzene, and xylenes (commonly
referred to as BTEX) has been linked to adverse neuro-
logical effects, such as headaches, dizziness, cognitive
impairment, and vision and hearing damage [7-13].
Hydrogen sulfide exposure has been associated with
acute and chronic CNS symptoms including headaches,
poor memory, poor attention span, and poor motor func-
tion [14]. Heavy metals present in crude oil, including
copper and lead, have also been linked to adverse CNS
and PNS effects [15, 16]. Additionally, repeated or exces-
sive exposure to 2-butoxyethanol, a constituent of oil dis-
persant COREXIT 9527A, has been associated with CNS
depression and headaches [17, 18]. Because of the neuro-
toxic properties of crude oil and dispersant constituents,
understanding the relationship between oil spill expo-
sures and neurological health is of crucial importance for
preventing neurological damage among people who will
be involved in cleanup of future oil spills and those resid-
ing in the proximity of future oil spill disasters.

Even though oil spills continue to occur worldwide
and to disturb environmentally sensitive areas that are
already threated by climate change, the adverse health
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effects among exposed response workers, volunteers,
and affected communities, in particular long-term health
effects, are largely unknown. The majority of studies
that assessed health effects among those involved in oil
spill disasters have been cross-sectional and have largely
focused on acute physical and mental health symptoms
[19, 20]. While most frequently reported acute physical
symptoms among oil spill-exposed workers/volunteers
and affected residents have been related to the respira-
tory system [21-41], several cross-sectional studies
have also reported acute neurological symptoms such as
headaches, migraines, nausea, dizziness, difficulty con-
centrating, blurred/impaired vision, memory loss, con-
fusion, and numbness and tingling [21, 22, 24-26, 28,
30-34, 36-40, 42, 43]. Headaches were the most com-
monly reported acute neurological symptom across stud-
ies, however, many also observed elevated prevalence
of symptoms consistent with both CNS (e.g., dizziness,
nausea) and PNS impairments (e.g., numbness/tingling,
impaired walking).

While studies of acute neurological symptoms have
consistently observed positive associations with various
measures of oil spill exposure (e.g., duration of cleanup,
crude oil exposure), to our knowledge, only two stud-
ies to date, both conducted after the DWH oil spill, have
evaluated longer-term neurological outcomes two to
six years following participation in oil spill cleanup [40,
44]. In the Deepwater Horizon Oil Spill Coast Guard
(DWH-CG) Cohort Study, Rusiecki et al. investigated
associations between oil spill exposures and incident
neurological conditions up to two years post-DWH using
objective military health encounter records [40]. Com-
pared to active duty USCG responders who reported no
exposure to crude oil via any route, the crude oil-exposed
responders had a non-significantly elevated risk of head-
aches and migraines (adjusted risk ratio=1.35, 95% CL:
0.95-1.92). In a recent investigation of the Gulf Long
Term Follow-up (GuLF) Study, Quist and colleagues
[44] assessed neurobehavioral performance at a clini-
cal exam four to six years after the DWH spill response
and cleanup. Overall, the GuLF Study investigators found
that cleanup jobs with higher oil spill exposures, as well
as higher estimated total hydrocarbon exposure levels,
were modestly associated with impaired neurobehavioral
function including impairments in attention and mem-
ory, executive function, working memory, effort-related
motivation, and response speed/coordination [44].

Because longer-term neurological health effects asso-
ciated with exposure to oil spill chemicals, such as
crude oil and dispersants, are understudied and largely
unknown, but biologically plausible, the aim of our
study was to further investigate these associations pro-
spectively among USCG responders to the DWH oil
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spill in a well-established cohort study, the DWH-CG
Cohort Study [40]. Specifically, we aimed to assess risks
of longer-term neurological conditions in relation to the
spill response and self-reported exposures to crude oil
and dispersants, using post-deployment survey expo-
sure data and objective military health encounter data
up to five and a half years post-spill. Although our previ-
ous study examined associations between oil spill expo-
sures (i.e., the oil spill response and exposure to crude
oil via any route) and incident neurological conditions
in the DWH-CG Cohort, that investigation was limited
to two years of follow-up and two broad categories of
neurological outcomes based on military health records:
headaches and migraines, and neurological conditions
excluding headaches/migraines [40]. In the present study,
we expand upon our previous investigation by including
longer follow-up (5.5 years), a range of neurological dis-
eases and symptoms, and more specific exposure metrics,
including crude oil inhalation and combined exposure to
crude oil and dispersants.

Methods

Study population and study design

The DWH-CG Cohort has been described in detail
elsewhere [40]. Briefly, this cohort was established with
an aim of examining associations between the DWH
oil spill response and both acute health symptoms and
longer-term health conditions. The DWH-CG Cohort
consists of 8696 USCG members who responded to the
DWH oil spill for at least one day (i.e., responders) and
44823 USCG personnel who were either on active duty
or in the Selected Reserve for at least one day during the
main operational phase of the cleanup (April 20, 2010 —
December 17, 2010 [1]), but who did not deploy to the
spill (i.e., non-responders). For the current prospective
study, we were able to include only active duty respond-
ers (n=5964, 68.6%) and non-responders (n=39260,
87.6%) because only active duty military personnel, and
not the Select Reservists, have comprehensive medical
coverage through the Military Health System (MHS) and,
thus, ongoing health encounter data available for query-
ing neurological diagnoses. Detailed information about
the benefits of MHS, a healthcare system designed for
equal access, was previously published [45].

This study was approved by the Institutional Review
Boards (IRB) of the Uniformed Services University
(USU), the U.S. Coast Guard, and the University of North
Carolina, Chapel Hill. A waiver for informed consent was
approved by the USU IRB.

Exposure assessment
Our first exposure metric included the spill response
work comparing all active duty responders (n=5964)
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to non-responders (#=39260). The rest of the oil spill
related exposures were applicable to responders only.
For the within-responder comparisons, we relied on self-
reported exposures to crude oil/oily water (henceforth
referred to as “crude oil”) and oil dispersants (henceforth
referred to as “dispersants”) that were ascertained from
two, previously described [40], post-deployment surveys.

Briefly, Survey 1 was launched on June 25, 2010 and
Survey 2 on November 1, 2010. The questions on the
two surveys were similar, however, Survey 1 assessed
self-reported exposures to crude oil via different routes
(i.e., inhalation, direct skin contact, ingestion, and sub-
mersion) on a binary scale (never, ever), while Survey 2
evaluated these crude oil exposures on a 5-point Likert
scale (never, rarely, sometimes, most of the time, and all
of the time). Self-reported exposure of coming into con-
tact with dispersants, also on a 5-point Likert scale, was
ascertained only on Survey 2. There were 3492 active
duty responders who completed at least one of the two
surveys, however, 390 active duty responders completed
only Survey 1, and therefore had no information on
dispersants.

For the within-responder analyses, we used several
survey-based exposure metrics: 1) crude oil exposure via
any route (i.e., inhalation, direct skin contact, ingestion,
or submersion), 2) crude oil exposure via inhalation, 3)
crude oil exposure via direct skin contact, 4) crude oil
exposure via submersion, and 5) combined crude oil/
dispersants exposure. For the crude oil exposure via any
route and via submersion (#=3492), we combined self-
reported data from both post-deployment surveys and
created the following exposure metrics: ever (combin-
ing "ever" from Survey 1 and “rarely,” "sometimes," "most
of the time,” or "all of the time" from Survey 2) vs. never
(combining "never" from Survey 1 and "never" from Sur-
vey 2). For analyses relating to crude oil exposure via
inhalation and via direct skin contact (#=3492), we com-
bined self-reported data from both surveys and created
the following exposure metrics: ever (combining "ever"
from Survey 1 and "sometimes," "most of the time,” or "all
of the time" from Survey 2) vs. never (combining "never"
from Survey 1 and "never" or "rarely” from Survey 2). We
combined the responses of “rarely” and “never” for the
crude oil exposures via inhalation and via direct skin con-
tact metrics because these two exposures were the most
commonly reported.

For the combined crude oil/dispersants exposure met-
ric, we created the following exposure groups: “Nei-
ther” (i.e., reported “never” exposure to crude oil via any
route and “never” exposure to dispersants); “Oil only”
(i.e., reported “ever” exposure to crude oil via any route
and “never” exposure to dispersants); and “Both” (i.e.,
reported “ever” exposure to crude oil via any route and
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exposure to dispersants of “rarely’, “sometimes,” “most of
the time,” or “all of the time”). For this comparison, the
“Neither” group was the referent category. Because there
were only 20 responders who reported any exposure
to dispersants (i.e., “rarely” or greater) but no exposure
to crude oil (i.e., “never” exposure to crude oil via any
route), we did not create a “Dispersants only” exposure
category.

Outcome assessment

We ascertained neurological outcomes from the Military
Health System Data Repository (MDR), a medical health
encounter data repository maintained by the military [40,
45, 46]. The MDR contains data from inpatient and out-
patient health encounters obtained in both military treat-
ment facilities and clinics (“direct care”) and in civilian
treatment facilities for which care is billed to the military
(“purchased care”). For all active duty cohort members,
we obtained full medical health encounter coverage for
a period between October 1, 2007 (i.e., ~ two and a half
years before the DWH spill) and September 30, 2015 (i.e.,
five and a half years post-spill) by combining MDR data
from four major sources: 1) inpatient direct/military care,
2) outpatient direct/military care, 3) inpatient purchased/
civilian care, and 4) outpatient purchased/civilian care.
For the time period we queried, health encounter MDR
diagnoses were coded using the International Classifica-
tion of Diseases, 9™ Revision (ICD-9) codes. We focused
on chronic neurological diseases and symptoms classified
by three-, four-, or five-digit ICD-9 codes. We considered
individual and grouped ICD-9 codes for various neuro-
logical conditions including migraines and headaches,
conditions impairing memory, signs and symptoms
involving cognition, peripheral nerve disorders, visual,
hearing, and disturbance of skin sensation, as well as con-
ditions affecting balance/gait. A full listing of individual
and grouped diseases and symptoms that we evaluated,
along with the corresponding ICD-9 codes, is provided in
Supplemental Table 1.

The incident case definition for classifying neurologi-
cal outcomes included at least one inpatient encounter
or two outpatient encounters for a specific individual
neurological disease/symptom or a group of neurological
diseases/symptoms. We only retained outcomes with at
least 10 cases among all responders and 10 cases among
all non-responders, in order to avoid data sparsity issues.
Prevalent cases among the responders and non-respond-
ers who had a pre-existing neurological condition docu-
mented in MDR before the spill (October 1, 2007 - April
20, 2010), ascertained via the same case definition as a
post-DWH incident case, were excluded from all analyses
of that particular neurological outcome.
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Statistical analyses

For our main analyses, we included ICD-9 codes in any
diagnostic position. We conducted multivariable Cox
Proportional Hazards regression analyses to model asso-
ciations between the oil spill exposures described above
and risk of neurological diseases/symptoms by calculat-
ing adjusted hazard ratios (aHRs) and 95% confidence
intervals (95% CI). The within-responder comparisons
(ever vs. never crude oil exposure metrics and combined
crude oil/dispersants comparisons) were adjusted for age
at baseline (years), sex (male, female), race (white, Black,
other/unknown), and smoking status (never, former, cur-
rent, unknown) based on prior literature [40, 44]. The
responder vs. non-responder models were adjusted only
for age, sex, and race because smoking information was
not available for non-responders or for responders who
did not complete a post-deployment survey (n=2472).
We calculated p-values for linear trend (p-trend) for the
combined oil/dispersants exposure treating it as a con-
tinuous variable in the Cox regression models.

For the responder vs. non-responder comparison, the
start of follow-up time for all cohort members was the
later of April 20, 2010 or the USCG entry date. Respond-
ers contributed events and person-time as non-respond-
ers until the first day of their spill deployment. Because
responders may have sought care outside of the MHS
during the DWH spill deployment, their health encoun-
ters may have not been recorded in a systematic way. To
account for this potential issue, we excluded responder
events and person-time during deployment from the
study observational period. From the day after their
deployment ended, responders contributed events and
person-time to the responder group. For the within-
responder comparisons, the start of follow-up time for
all responders was the day after the last day of their spill
deployment. The end of follow-up time for all study com-
parisons was the earliest of 1) the date of becoming a case
of a particular neurological condition, 2) the end of fol-
low-up period, i.e., September 30, 2015, or 3) the USCG
exit date.

We tested the assumption of proportionality of hazards
across the entire follow-up period (April 20, 2010/end of
deployment through September 30, 2015) by evaluating
Pearson correlations between Schoenfeld residuals and
follow-up time. A p-value < 0.05 for the corresponding
Pearson correlation coefficient suggested non-propor-
tionality of hazards. In the cases where the proportional-
ity assumption was violated, we calculated aHRs and 95%
Cls for two approximately equal-length time periods:
April 20, 2010/end of deployment —December 31, 2012
(i.e., the earlier period) and January 1, 2013 —September
30, 2015 (i.e., the later period).
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Sensitivity analyses
To evaluate the robustness of the main associations, we
performed four sensitivity analyses. First, we refined inci-
dent case definitions by restricting the relevant ICD-9
codes to either the first or the second diagnostic position
instead of to any diagnostic position. For the second sen-
sitivity analysis, we excluded cohort members who were
potentially exposed to occupational hazards and, there-
fore, under more intensive periodic medical surveillance
through enrollment in the Coast Guard’s Occupational
Medical Surveillance and Evaluation Program (OMSEP)
from before the DWH oil spill through the end of the
study follow-up period. USCG members with occupa-
tions with a high likelihood for occupational exposure to
known or suspected toxins (e.g., benzene) require enroll-
ment in OMSEP and are followed more closely through
baseline and periodic physical examinations in accord-
ance with the Occupational Safety and Health Adminis-
tration (OSHA) requirements [47]. We excluded OMSEP
enrollees who were in the program due to occupational
exposures to benzene, chromium compounds, lead, pes-
ticides, and/or solvents because these cohort members
could be a higher risk group for developing neurological
conditions due to their usual occupational exposures and
could, therefore, bias our risk estimates for neurologi-
cal conditions. Because tobacco smoke contains some of
the same constituents as crude oil (i.e., benzene, PAHs,
heavy metals) [48], for our third sensitivity analysis, we
restricted the within-responder comparisons for the
ever/never crude oil exposure via inhalation to those
responders who reported never smoking. This restriction
allowed us to rule out any potential residual confounding
by smoking. Lastly, to assess exposure-response relation-
ships between increasing levels of self-reported crude oil
inhalation exposure and neurological outcomes, we per-
formed a sensitivity analysis restricted to spill responders
with Survey 2 data (n=3102).

All analyses were performed in SAS Version 9.4 (SAS
Institute, Cary, NC, USA).

Results

Baseline population characteristics

Table 1 depicts baseline characteristics of all active duty
DWH-CG Cohort members stratified into four groups:
1) all non-responders (n= 392630), 2) all responders
(n=5964), 3) responders with survey data (n=3492), and
4) responders without survey data (n=2472). The mean
baseline age was approximately 30 years regardless of the
response status or the survey completion status. Cohort
members were predominantly male and white. The pro-
portion of males and white individuals among responders
(87.8% and 77.6%, respectively) was slightly higher than
among non-responders (85.4% and 76.9%, respectively).
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Responders without survey data had a slightly higher
proportion of males and white members (89.4% and
78.0%, respectively) than responders who completed a
post-deployment survey (86.7% and 77.4%, respectively).
The proportion of junior enlisted cohort members was
the highest among non-responders (56.5%). Respond-
ers who did not complete a survey had a slightly higher
proportion of junior enlisted members (53.6%) than
responders with survey data (48.6%). The majority of
cohort members were high school educated. A higher
proportion of non-responders (69.8%) than responders
(65.3%) and responders without a survey (66.8%) than
responders with survey data (64.2%) had been educated
through high school. Smoking information was available
only for responders who completed a post-deployment
survey. The majority (54.1%) reported never smoking,
14.9% reported being former smokers, 22.5% were cur-
rent smokers, while smoking status of the remaining 8.5%
was unknown. The median follow-up time was 5.5 years
for non-responders and 5.1 years for responders.

Responder vs. non-responder comparisons

The adjusted hazard ratios (aHRs) for incident neuro-
logical diseases/symptoms following the DWH oil spill,
comparing all active duty responders to non-responders
after adjustment for age, sex, and race, are presented in
Table 2. The proportionality of hazards assumption over
the study follow-up period (2010-2015) was violated for
one of the outcomes (nerve root and plexus disorders),
as evidenced by a Schoenfeld residual p-value of <0.05.
Therefore, we conducted the analyses for this particular
outcome separately in the earlier (2010-2012) and in the
later time period (2013-2015) (Table 2 footnote). The risk
for nerve root and plexus disorders comparing responders
to non-responders was higher in the earlier time period
(aHR=1.29, 95% CI: 0.73-2.29) than in the later time
period (aHR=0.75, 95% CI: 0.39-1.45), however neither
association reached statistical significance. In the overall
follow-up period where the proportionality of hazards
assumption was not violated, we found reduced risks for
headache (aHR=0.84, 95% CI: 0.74-0.96), a fainting con-
dition syncope and collapse (aHR=0.74, 95% CI: 0.56-
0.97,) and disturbance of skin sensation (aHR=0.81, 95%
CI: 0.68-0.96) among the responders. The associations
between the DWH oil spill response status and all of the
other neurological conditions we evaluated were not sta-
tistically significant — the general pattern suggested null
or reduced risks for responders.

In the sensitivity analysis where we refined the neu-
rological case definitions by restricting cases to those
with ICD-9 codes in either the first or the second diag-
nostic position, instead of in any diagnostic position, we
observed similar patterns and magnitudes of associations
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Table 1 Characteristics of active duty members of the Deepwater Horizon Oil Spill Coast Guard (DWH-CG) Cohort

Characteristic Non-responders Responders Responders with Responders with no
(N=39260) (N =5964) survey data survey data
(N =3492) (N =2472)
Age (years)
Mean (SD) 3038.2) 30.7 (7.6) 309 (7.6) 305 (7.6)
Sex, n (%)
Male 33517 (85.4%) 5238 (87.8%) 3028 (86.7%) 2210 (89.4%)
Female 5743 (14.6%) 726 (12.2%) 464 (13.3%) 262 (10.6%)
Race, n (%)
White 30209 (76.9%) 4630 (77.6%) 2703 (77.4%) 1927 (78.0%)
Black 2183 (5.6%) 304 (5.1%) 167 (4.8%) 137 (5.5%)
Asian/Al/AN/NH/PI 1541 (3.9%) 240 (4.0%) 153 (4.4%) 87 (3.5%)
Other 2111 (5.4%) 300 (5.0%) 178 (5.1%) 122 (4.9%)
Unknown 3216 (8.2%) 490 (8.3%) 91 (8.3%) 199 (8.1%)
Military rank, n (%)
Junior enlisted (E1-E5) 22191 (56.5%) 3020 (50.6%) 1696 (48.6%) 1324 (53.6%)
Senior enlisted (E6-E10) 10106 (25.7%) 1454 (24.4%) 868 (24.9%) 586 (23.7%)
Officer (O1-010, W2-W4) 6963 (17.8%) 1490 (25.0%) 928 (26.5%) 562 (22.7%)
Highest education, n (%)
High school or less 27401 (69.8%) 3893 (65.3%) 2242 (64.2%) 1651 (66.8%)
Some college or higher? 10862 (27.7%) 1990 (33.4%) 1203 (34.5%) 787 (31.8%)
Other or not indicated 997 (2.5%) 81 (1.3%) 47 (1.3%) 34 (1.4%)
Smoking status, n (%)
Never - - 1888 (54.1%) -
Former - - 21 (14.9%) -
Current - - 786 (22.5%) -
Missing - - 297 (8.5%) -
Follow-up time (years)
Median 55 5.1 5.1 52

2 Some college or higher includes technical school, bachelors, masters, and doctoral degree

Abbreviations Al American Indian, AN Alaska Native, NH Native Hawaiian, P/ Pacific Islander

for most of the outcomes (Supplemental Table 2). While
the estimates for syncope and collapse and disturbance
of skin sensation were similar to the original estimates in
Table 2, they were no longer significantly reduced in this
sensitivity analysis.

After exclusion of 1169 (3.0%) non-responders and
242 (4.1%) responders who were enrolled in the Coast
Guard’s surveillance program OMSEP during the follow-
up period (Supplemental Table 3), the patterns of risk did
not change.

Within-responder comparisons: crude oil inhalation
For all of the within-responder comparisons, we present
a smaller number of neurological outcomes for which
there were at least nine cases per exposure group in the
overall follow-up period (2010-2015).

In Table 3 we show age-, sex-, race-, and smoking-
adjusted HRs and 95% ClIs, comparing active duty

responders who reported ever exposure to crude oil
via inhalation to those responders who reported never
crude oil inhalation exposure. In the overall follow-up
period, where the proportionality of hazards assumption
was not violated, we observed elevated risks for several
individual and grouped outcomes related to headaches
and migraines, including headache (aHR=1.47, 95% CI:
1.07-2.04), other headache syndromes (aHR=1.83, 95%
CIL: 1.03-3.25), a grouped set of conditions headaches/
migraines combined (aHR=1.41, 95% CI: 1.08-1.84), and
headaches/migraines combined excluding wmenstrual
migraine and persistent migraine aura with cerebral
infarction (aHR=1.39, 95% CIL: 1.06-1.81). There was
also a suggestion of an elevated risk for migraine with
aura (aHR=2.22, 95% CI: 0.98-5.01). Crude oil inhala-
tion exposure was also associated with elevated risks for
an inflammatory nerve condition mononeuritis of upper
limb and mononeuritis multiplex (aHR=1.71, 95% CI:
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Table 2 Risk of neurological conditions comparing active duty DWH-CG Cohort responders to non-responders, 2010-2015

Condition (ICD-9 code)

Responder
(N=5964)

Non-responder
(N=39260)

N Person Years N Person Years HR?(95% Cl)

Migraine (346) 156 25629 1181 172292 0.97 (0.82-1.14)
Migraine with aura (346.0) 30 26462 181 177225 1.15(0.78-1.70)
Migraine without aura (346.1) 22 26465 234 176852 0.66 (0.43-1.03)
Migraine, unspecified (346.9) 130 25812 933 173573 1.03 (0.86-1.24)

Migraine excl. menstrual migraine and persistent migraine aura with cerebral infarction 145 25704 1097 172660 0.97 (0.81-1.15)

(346.1-346.3, 346.5, 346.7-346.9)

Headache (784.0) 245 25244 2047 167802 0.84 (0.74-0.96)

Other headache syndromes (339) 81 26313 557 176064 0.99 (0.79-1.26)

Headaches/migraines combined (339, 346, 784.0) 371 24383 2926 163050 0.91 (0.82-1.01)

Headaches/migraines combined excl. menstrual migraine and persistent migraine aura 366 24438 2872 163325 0.92 (0.82-1.02)

with cerebral infarction (339, 346.1-346.3, 346.5, 346.7-346.9, 784.0)

Memory loss (780.93) 21 26538 154 177431 0.88 (0.55-1.38)

Signs and symptoms involving cognition (799.5) 13 26564 65 177742 1.24 (0.68-2.25)
Attention or concentration deficit (799.51) 10 26570 52 177757 1.19(0.61-2.34)

Essential and other specified forms of tremor (333.1) 10 26565 56 177618 1.19(0.60-2.33)
Restless legs syndrome (333.94) 27 26499 200 177262 0.89 (0.59-1.33)

Facial nerve disorders (351) 15 26511 83 177474 1.23(0.71-2.14)

Nerve root and plexus disorders (353) 24 26488 159 177262 1.00 (0.65-1.53)°

Mononeuritis of upper limb and mononeuritis multiplex (354) 123 26135 808 174996 1.02 (0.84-1.23)
Carpal tunnel syndrome (354.0) 81 26309 519 176051 1.06 (0.83-1.34)

Mononeuritis of lower limb (355) 74 26397 470 176353 1.03 (0.80-1.31)

Peripheral neuropathy (356.4, 356.8, 356.9, 357.89) 17 26520 143 177384 0.78 (0.47-1.30)

Visual disturbances (368) 87 26200 647 175307 0.90 (0.72-1.13)
Subjective visual disturbances (368.1) 21 26512 114 177400 1.27 (0.79-2.02)

Hearing loss (389) 292 25461 1734 171674 1.10 (0.97-1.24)

Tinnitus (388.3) 131 26198 948 175226 0.89 (0.74-1.07)

Syncope and collapse (780.2) 57 26298 531 175386 0.74 (0.56-0.97)

Dizziness and giddiness (780.4) 146 25950 996 173680 1.00 (0.84-1.19)

Abnormality of gait (781.2) 66 26326 395 176294 1.09 (0.84-1.42)

Disturbance of skin sensation (782.0) 146 26025 1197 173279 0.81(0.68-0.96)

@ Models adjusted for age, sex, and race

b Because of the proportionality of hazards assumption violation for nerve root and plexus disorders during 2010-2015 (Schoenfeld p<0.05), results from sub-period
analyses were: 2010-2012: Ny¢gponder=14 Nnon-responder=79, HR=1.29, 95% Cl: 0.73-2.29 and 2013-2015: N,esponder =10, Nnon-responder =80, HR=0.75, 95% ClI: 0.39-1.45.

Bold indicative of statistical significance

1.04-2.83), and tinnitus (aHR=1.91, 95% CI: 1.23-2.96), a
condition defined by a ringing or buzzing noise in one or
both ears. For one of the neurological conditions, syncope
and collapse, the proportionality of hazards assumption
was violated, as evidenced by the Schoenfeld p-value of
<0.05, thus, we performed period-specific analyses. We
had insufficient number of syncope and collapse incident
cases in the earlier time period to meaningfully evaluate
the association, nonetheless, the risk for syncope and col-
lapse was suggestively elevated (aHR=2.35, 95% CI: 0.98-
5.63) in the later time period (Table 3 footnote).

In the sensitivity analysis restricting neurological cases
to ICD-9 codes in either the first or the second diag-
nostic position (Supplemental Table 4), patterns of risk
remained generally similar to the main analysis presented
in Table 3, with an exception for the neurological out-
come tinnitus for which the proportionality of hazards
assumption was violated in the overall time period. There
was an insufficient number of tinnitus cases in the earlier
time period to evaluate the aHR (Supplemental Table 4
footnote), while the risk was elevated in the later time
period (aHR=2.15, 95% CI: 1.17-3.96) among responders
reporting oil inhalation exposure.
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Table 3 Risk of neurological conditions among active duty DWH-CG Cohort responders reporting ever vs. never exposure to crude oil

inhalation, 2010-2015

Oil inhalation ever

Oil inhalation never

(N=1068) (N=2424)
Condition (ICD-9 code) N Person Years N Person Years HR? (95% Cl)
Migraine (346) 37 4711 65 10426 1.41(0.93-2.13)
Migraine with aura (346.0) 1 4874 14 10787 2.22(0.98-5.01)
Migraine, unspecified (346.9) 26 4762 60 10490 1.05 (0.66-1.68)
Migraine excl. menstrual migraine and persistent migraine aura 34 4725 60 10454 1.38(0.90-2.11)
with cerebral infarction (346.1-346.3, 346.5, 346.7-346.9)
Headache (784.0) 62 4616 100 10259 1.47 (1.07-2.04)
Other headache syndromes (339) 21 4831 30 10731 1.83(1.03-3.25)
Headaches/migraines combined (339, 346, 784.0) 90 4444 157 9906 1.41 (1.08-1.84)
Headaches/migraines combined excl. menstrual migraine and 88 4456 156 9922 1.39(1.06-1.81)
persistent migraine aura with cerebral infarction
(339, 346.1-346.3, 346.5, 346.7-346.9, 784.0)
Mononeuritis of upper limb and mononeuritis multiplex (354) 27 4805 42 10675 1.71 (1.04-2.83)
Carpal tunnel syndrome (354.0) 16 4851 28 10727 1(0.80-2.84)
Mononeuritis of lower limb (355) 15 4871 30 10761 1.22 (0.65-2.30)
Visual disturbances (368) 18 4814 38 10674 1 (0.62-1.96)
Hearing loss (389) 52 4679 123 10383 1.05 (0.75-1.46)
Tinnitus (388.3) 37 4825 50 10680 1.91 (1.23-2. 96)
Syncope and collapse (780.2) 13 4858 29 10699 2(0.57-2.19)°
Dizziness and giddiness (780.4) 20 4829 68 10536 0.73 (0.44-1.22)
Abnormality of gait (781.2) 13 4860 24 10736 1.17 (0.59-2.32)
Disturbance of skin sensation (782.0) 31 4804 61 10598 1.13(0.73-1.76)

2 Models adjusted for age, sex, race, and smoking; ® Because of the proportionality of hazards assumption violation for syncope and collapse during 2010-2015
(Schoenfeld p<0.05), results from sub-period analyses were: 2010-2012: N inhat ever=3+ Noit inhat never=17, HR=0.41, 95% Cl: 0.12-1.42 and 2013-2015: N innat ever =10,

N =12, HR 2.35,95% Cl: 0.98-5.63.

Bold indicative of statistical significance

oil inhal never

The sensitivity analysis excluding 152 (4.4%) responders
enrolled in OMSEP during the study follow-up period (Sup-
plemental Table 5) was largely similar to the main analysis,
with the exception of other headache syndromes for which the
adjusted HR (95% CI) estimate attenuated to 1.68 (0.93-3.05).

In a separate sensitivity analysis restricted to 54.1% of
responders who reported never smoking (Supplemental
Table 6), patterns of risks in the overall follow-up period
were generally similar to the main analysis, however, the
associations with most headaches and migraines out-
comes attenuated (i.e., headache aHR=1.36, 95% CI:
0.85-2.17, other headache syndromes aHR=1.74, 95% CI:
0.74-4.12, headaches/migraines combined aHR=1.35,
95% CI: 0.94-1.94, and headaches/migraines combined
excluding menstrual migraine and persistent migraine
aura with cerebral infarction aHR=1.35, 95% CI: 0.93-
1.94), except for migraine with aura for which the asso-
ciation strengthened and became statistically significant
(aHR=2.71, 95% CI: 1.06-6.91). The risk for mononeuritis
of upper limb and mononeuritis multiplex also strength-
ened (aHR=2.08, 95% CI: 1.04-4.18). Additionally, the
proportionality of hazards assumption was violated for

tinnitus. While there was not a sufficient number of
tinnitus cases in the earlier time period to evaluate the
association, the risk for tinnitus was elevated in the later
time period (aHR=3.37, 95% CI: 1.58-7.18).

In the last sensitivity analysis, restricted to the 3102
responders with Survey 2 data, we examined associations
between the crude oil inhalation exposure assessed on a
5-point Likert scale and, due to statistical power, a lim-
ited number of neurological conditions (Supplemental
Table 7). Increasing levels of crude oil inhalation expo-
sure were associated with increasing risks for headache
(aHR =1.11, aHR __ cimes vs. never=1.28, aHR
most of the time vs. never=1'62’ aHR all of the time vs. never— =1 97
p-trend=0.02), headaches/migraines combined (aHR
1 13 aHR sometimes vs. never 1 35 aHR most
of the time vs. never=1'57’ aHR all of the time vs. never=2'05’
p-trend=0.003), mononeuritis of upper limb and monon-
euritis multiplex (aHR oy s never=1.41, aHR
=1.44, aHR most of the time vs. never=2‘18’ aHR all of the time
vs. never=3-84, p-trend=0.008), and tinnitus (aHR
=1'48’ aHR =2‘52' aHR most of the time vs.
=1.93, aHR =2.51, p-trend=0.004).

rarely vs. never

rarely vs. never—

sometimes vs.
never
rarely vs.
never sometimes vs. never

never all of the time vs. never
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Within-responder comparisons: other crude oil exposures
The results for the ever vs. never crude oil exposure via
any route (i.e., inhalation, direct skin contact, ingestion,
or submersion) metric are presented in Supplemental
Table 8. The patterns and magnitudes of these associa-
tions were generally similar to the crude oil inhalation
results presented in Table 3. The results for the crude oil
exposure via direct skin contact and via submersion were
also similar (data not shown).

Within-responder comparisons: combined crude oil

and dispersants exposure

The age-, sex-, race-, and smoking-adjusted associa-
tions of self-reported exposures to “Oil only” and to both
crude oil and dispersants (“Both”) compared to neither
exposure are presented in Table 4. The proportionality of
hazards assumption was not violated for any of the out-
comes in the overall follow-up period. The associations
for all of the neurological conditions, except for the dis-
turbance of skin sensation, followed the same trend of
greater magnitude of risk among responders reporting
exposure to both crude oil and dispersants (vs. neither)
than among responders reporting “Oil only” (vs. neither)
exposure. The risk for headache in the overall follow-up
period was significantly elevated for the exposure to both
crude oil and dispersants (aHR=1.63, 95% CI: 1.03-2.57),
but non-significantly elevated for the “Oil only” expo-
sure (aHR=1.12, 95% CIL: 0.77-1.62, p-trend=0.06). We
observed a similar trend of elevated risks for headaches/
migraines combined (aHR | q vs neither = 169, 95% CIL:
1.17-2.45; aHR 4 ol vs. neither =120, 95% CI: 0.89-1.62,
p-trend=0.008), headaches/migraines combined exclud-
ing menstrual migraine and persistent migraine aura
with cerebral infarction (aHR i vs. neither = 1-70, 95% CIL:
1.17-2.47; aHR G ol vs. neither =125, 95% CI: 0.93-1.68,
p-trend=0.006), mononeuritis of upper limb and mon-
oneuritis multiplex (aHR |y vs neither = 2.71, 95% CI:
1.34-5.49; aHR 4 ol vs. neither =161, 95% CI: 0.89-2.91,
p-trend=0.006), and tinnitus (aHR | vs. neither = 2-22,
95% CI: 1.14-4.31; aHR =1.65, 95% CI: 0.96-
2.82, p-trend=0.01).

oil only vs. neither

Discussion

In this prospective study of young and generally healthy
active duty U.S. Coast Guard service members with
comprehensive military healthcare coverage, we found
that self-reported exposures to crude oil inhalation and
to combined crude oil and dispersants during the spill
cleanup were associated with increased risks for diag-
noses of several neurological conditions during the
five and a half years following the Deepwater Horizon
oil spill. Compared to non-exposed responders, those
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Table 4 Risk of neurological conditions among active duty
DWH-CG Cohort responders reporting exposure to oil only
(N=1351), both crude oil and dispersant (N=448) vs. neither
exposure (N=1283),2010-2015

Condition (ICD-9 N
code)

Person Years HR® (95% Cl) p-trend

Migraine (346)

Neither 36 559 1.00

Oil only 39 5886 1.12(0.71-1.78)

Both 19 1939 1.74(0.99-3.05)  0.08
Migraine, unspecified (346.9)

Neither 32 5641 1.00

QOil only 33 5930 1.07 (0.65-1.75)

Both 15 1960 1.55(0.83-2.89) 0.22

Migraine excl. menstrual migraine and persistent migraine aura
with cerebral infarction
(346.1-346.3, 346.5, 346.7-346.9)

Neither 32 5614 1.00

Qil only 40 5898 1.29 (0.80-2.06)

Both 16 1948 1.63(0.89-299) 0.10
Headache (784.0)

Neither 54 5492 1.00

Oil only 62 579 1.12(0.77-1.62)

Both 29 1920 1.63 (1.03-2.57) 0.06
Headaches/migraines combined (339, 346, 784.0)

Neither 83 5327 1.00

Qil only 97 5580 1.20 (0.89-1.62)

Both 44 1850 1.69 (1.17-2.45) 0.008

Headaches/migraines combined excl. menstrual migraine and
persistent migraine aura with cerebral infarction
(339, 346.1-346.3, 346.5, 346.7-346.9, 784.0)

Neither 81 5336 1.00

Oil only 98 5593 1.25(0.93-1.68)

Both 43 1852 1.70(1.17-2.47) 0.006
Mononeuritis of upper limb and mononeuritis multiplex (354)

Neither 19 5723 1.00

QOil only 28 6010 1.61(0.89-2.91)

Both 14 2007 2.71(1.34-5.49) 0.006
Hearing loss (389)

Neither 64 5560 1.00

Qil only 64 5814 1.02 (0.72-1.45)

Both 25 1970 1.23(0.77-197) 046
Tinnitus (388.3)

Neither 22 5709 1.00

Oil only 36 6060 1.65 (0.96-2.82)

Both 15 2002 2.22(1.14-4.31) 0.01
Disturbance of skin sensation (782.0)

Neither 36 5645 1.00

Qil only 39 5997 1.01 (0.64-1.59)

Both 11 2004 0.89(045-1.75)  0.79

@ Models adjusted for age, sex, race, and smoking; Bold indicative of statistical
significance
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who reported a crude oil inhalation exposure were at
approximately 40 to 80% increased risk for developing
different headache- and migraine-related conditions.
Responders with reported crude oil inhalation expo-
sure were also at 70% elevated risk for being diagnosed
with an inflammatory nerve condition, mononeuritis
of upper limb and mononeuritis multiplex, and at 90%
increased risk for a diagnosis of tinnitus, a condition
characterized by ringing in one or both ears. Risk esti-
mates for those neurological conditions were higher
in magnitude among responders reporting exposure
to both crude oil and dispersants compared to those
reporting neither exposure than among responders
reporting exposure to crude oil only (vs. neither expo-
sure). Patterns of risks remained robust across a range
of sensitivity analyses, and evidence of an exposure-
response trend was found for several of the conditions
with sufficient statistical power for categorizing by five
levels of crude oil inhalation exposure. Compared to
not responding to the spill, a crude measure of expo-
sure of responding to the spill was associated with
decreased risks of being diagnosed with headache, syn-
cope and collapse, and disturbance of skin sensation.
Our finding of elevated risks for headache- and
migraine-related conditions is in agreement with prior
findings from cross-sectional studies of acute symptoms
during or shortly after oil spill cleanup participation
[28, 30, 32-34, 36-40]. For instance, in a comprehen-
sive cross-sectional study conducted among the USCG
responders to the DWH oil spill, increasing frequency
of self-reported crude oil exposure via inhalation (rarely,
sometimes, most/all times vs. never) was associated with
increased reports of headaches (adjusted prevalence
ratio, aPR o /all vs. never=1.80, 95% CI: 1.61-2.01, p-trend
<0.01) [42]. Additionally, in agreement with our prospec-
tive findings, prevalence of headaches was higher in mag-
nitude among responders with reported exposure to both
crude oil and dispersants (vs. neither) than among those
who were exposed to crude oil, but not to dispersants (vs.
neither exposure) [42]. To our knowledge, there has only
been one other study to date, also conducted by our study
team, that evaluated risk of headaches/migraines up
to two years post-DWH spill among active duty USCG
responders [40]. In that study, compared to responders
who reported no exposure to crude oil via any route, the
crude oil-exposed responders had a non-significantly ele-
vated risk for headaches and migraines diagnoses (ICD-9
codes 339, 346; aRR=1.35, 95% CI: 0.95-1.92) [40]. In the
present study, we expanded upon our previous investiga-
tion by including a longer follow-up of 5.5 years, more
headache- and migraine-related outcomes, and more
specific exposure metrics including crude oil inhalation
and a combined crude oil and dispersants exposure, and

Page 10 of 14

observed significantly elevated risks for several headache
and migraine diagnoses. Of note, although not reaching
statistical significance, spill responders reporting crude
oil inhalation exposure had an elevated risk for migraine
with aura (aHR=2.22, 95% CI: 0.98-5.01) in the overall
analysis (Table 3) and the association strengthened and
reached statistical significance (aHR=2.71, 95% CI: 1.06-
6.91) in the sensitivity analysis restricted to never-smok-
ers (Supplemental Table 6). Given that headaches have
been associated with exposure to crude oil constituents
(e.g., VOCs [7-11, 13] and hydrogen sulfide [14]) and to
2-butoxyethanol [17, 18], a constituent of oil dispersant
COREXIT 9527A, our findings are plausible.

To our knowledge, the only other study that evalu-
ated longer-term neurological outcomes in relation to oil
spill cleanup exposures was recently conducted among
the GuLF Study participants four to six years after their
DWH oil spill response [44]. In that study, Quist et al.
compared 16 neurobehavioral function scores assessing
attention, memory, executive function, response speed,
coordination, and effort-related motivation across dif-
ferent cleanup jobs (i.e., cleanup on land, decontamina-
tion, cleanup on water, operations, and response work
vs. administrative support) and across estimated total
hydrocarbon (THC) exposure levels (0.30-0.99, 1.0-
2.99, and >3 vs. <0.30 ppm) [44]. Both cleanup jobs with
higher oil spill exposure opportunities (compared to
administrative support work), and higher estimated THC
levels (compared to lower levels) were modestly associ-
ated with impairments in attention and memory, execu-
tive function, working memory, effort-related motivation,
and response speed/coordination [44]. While our study
did not assess neurobehavioral function, we did observe
associations between self-reported crude oil and dis-
persant exposures and increased risk of mononeuritis of
upper limb and mononeuritis multiplex, a type of periph-
eral neuropathy that can also potentially impair perfor-
mance on the symbol digit test and response speed/
coordination due to a loss of sensation or weakness in
one or more upper limb nerves. In fact, in our previous
cross-sectional study of acute symptoms experienced
during the oil spill response, increasing frequency of self-
reported crude oil inhalation exposure was associated
with increased reports of a numbness/tingling sensation
(@PRost/all vs. never =3-32, 2.19-5.05, p-tend<0.01) [42]. In
a different study conducted among a convenience sample
of 690 Gulf residents enrolled in the GuLF Study, blood
BTEX concentrations were measured two to three years
after the DWH cleanup participation and associations
between BTEX levels and a cluster of PNS symptoms,
including tingling and numbness in the extremities,
blurred vision, and stumbling while walking, were exam-
ined [43]. In an analysis restricted to non-smokers and
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adjusted for chemical co-exposures, the highest quartile
of toluene exposure was significantly associated with
multiple PNS symptoms (aPR=3.11, 95% CI: 1.13-8.52,
p-trend<0.05) [43]. While the participants’ blood BTEX
levels were unlikely to be due to their DWH spill cleanup
response work (due to the short biological half-lives of
BTEX), but rather to the background petrochemical
industry exposures among the Gulf residents [43], the
GuLF Study participants also had an opportunity to be
exposed to the BTEX chemicals via crude oil exposures
during the spill cleanup response work.

Our finding of approximately two-fold increased risk
of tinnitus among responders reporting crude oil inhala-
tion and among responders reporting both crude oil and
dispersant exposure is novel. While we are not aware of
any other studies in the oil spill literature investigating
tinnitus, we believe that our finding is plausible given the
potential mechanism of ototoxicity related to exposure to
VOC chemicals toluene [8] and ethylbenzene [11]. Ring-
ing in the ears, or tinnitus, may be one of the first signs
of ototoxicity, which may eventually progress to hearing
loss. While we also investigated risk of hearing loss, the
association with crude oil exposure was not significant.
Occupational noise exposure is one of the main risk fac-
tors for tinnitus. Because exposure to noise is one of the
reasons for enrolling in the Coast Guard’s occupational
surveillance program OMSEP, we investigated whether
the association between crude oil inhalation exposure
and risk of tinnitus was modified by OMSEP enrollment
status due to occupational noise exposure. Among 791
(22.7%) responders who were enrolled in the OMSEP
hearing protection program due to occupational noise
exposure, the self-reported crude oil inhalation exposure
was non-significantly associated with elevated risk of tin-
nitus (aHR=1.81, 95% CI: 0.78-4.20). Among the remain-
ing 2701 responders who were not in the OMSEP hearing
protection program, the association between crude oil
inhalation and tinnitus was similar and statistically signif-
icant (@aHR=1.77, 95% CI: 1.06-2.94, p-interaction=0.94).
Therefore, we did not find that the association between
crude oil inhalation exposure and elevated risk of tinni-
tus was modified by the responders’ occupational noise
exposure during their career in the Coast Guard.

In the age-, sex, and race-adjusted analyses based on
the more crude exposure metric of spill response status
(responder vs. non-responder), we found that oil spill
response was associated with reduced risks for headache,
syncope and collapse, and disturbance of skin sensation.
However, in the within-responder analyses, which were
further adjusted for smoking and based on a more spe-
cific exposure metric of crude oil inhalation, the risk for
headache was significantly elevated among the exposed.
There was also a suggestion of elevated risk for syncope
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and collapse in the later time period (Table 3 footnote),
and a non-significantly elevated risk for disturbance
of skin sensation in the overall time period among the
exposed. This paradox could be due to a healthy worker
effect (i.e., a healthy deployer bias) in the responder vs.
non-responder analyses. At the time of the DWH oil spill,
the USCG did not have a centralized database of person-
nel who were not fit for deployment due to different rea-
sons including injury, pregnancy, or awaiting medical
clearance for various conditions. We were therefore not
able to exclude any non-responders who may have been
medically unfit for deployment. This could have affected
up to 10% of our non-responder comparison popula-
tion based on recent U.S. military estimates [49], a figure
likely similar to the USCG estimates of personnel not fit
for deployment (personal communication with Dana L.
Thomas on March 14, 2021). It is also possible that the
reduced risks we observed could have been a result of
a bias arising from inclusion of both exposed and non-
exposed individuals among spill responders.

Our study has several strengths. The large sample size
of our cohort allowed us to assess the robustness of our
findings through various sensitivity analyses. We used
several metrics of exposure, including crude oil inhala-
tion and a combined crude oil and dispersants exposure,
to further elucidate human health effects associated
with realistic exposure scenarios of oil spill cleanup par-
ticipation. To our knowledge, our study was the first to
ascertain the incidence of longer-term neurological out-
comes from an objective and comprehensive database of
health encounters, thus decreasing the potential for recall
errors in disease ascertainment. Being part of a univer-
sal healthcare system designed for equal access and cov-
erage likely also reduced the potential for selection bias
and differential loss to follow-up. Because we had access
to health information before the DWH oil spill, we were
able to exclude USCG members with pre-existing con-
ditions and evaluate incident neurological disease and
symptoms. Since our cohort consisted of young and rela-
tively healthy active duty service members, the likelihood
of existing co-morbidities was low.

One of the main limitations of our study is related to
the lack of individual-level occupational monitoring data.
Our main exposure metrics were based on self-reported
survey data which are prone to recall errors. However,
the DWH responders completed exit surveys relatively
shortly after end of deployment (i.e., a median of one
day for Survey 1 and 153 days for Survey 2) [40] and any
potential recall error is likely to be non-differential. The
average age of our generally healthy population at the
beginning of the five and a half year follow-up period was
approximately 30 years. This follow-up duration was not
long enough for young people to develop neurological
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disorders with a long latency period, such as neuro-
degenerative conditions including Parkinson’s disease.
Therefore, a large part of our investigation was limited
to evaluating relatively non-specific outcomes including
headaches, syncope and collapse, dizziness and giddiness,
and abnormality of gait. Some of the conditions we evalu-
ated were also not necessarily neurological in nature (e.g.,
visual disturbance, disturbance of skin sensation), but
could be symptoms of neurological disturbances. Never-
theless, some of these outcomes and symptoms may be
risk factors for, or precursors to, more severe neurologi-
cal diseases as our cohort ages. Studies with a long-term
follow-up are needed to evaluate associations between
oil spill exposures and neurological diseases with a long
latency period. Because we carried out multiple com-
parisons across a few exposures and several neurological
outcomes, some of our results may be statistically signifi-
cant due to chance, although most of our significant find-
ings were confirmed in sensitivity analyses. Additionally,
given the paucity of research on longer-term neurologi-
cal impacts of oil spill response exposures, our primary
goal was to evaluate patterns of association rather than
to test any specific hypothesis. While our neurological
outcomes were defined using objectively ascertained mil-
itary health encounter data, ICD coding may be suscepti-
ble to classification inaccuracies such as coder errors and
differences in electronic medical records across facilities
[50]. Nonetheless, ICD coding is generally a reliable indi-
cator of disease/symptoms diagnoses when interpreted
with caution, and as a result has been used widely in epi-
demiological research [50] and military surveillance [51].
In order to increase diagnostic accuracy of ICD-9 coding
classifications in our own analyses, our incident case defi-
nitions required one inpatient or two outpatient visits. To
further refine case definitions, we additionally conducted
sensitivity analyses limiting the ICD-9 codes to the first
or second diagnostic position. Finally, because our study
population was largely white, male, young, and generally
healthy, our findings may not be generalizable to all oil
spill responders.

Conclusions

In this large study of active duty USCG personnel with
universal military healthcare coverage, we found that
Deepwater Horizon cleanup exposures were moderately
associated with increased risks for longer-term neuro-
logical conditions. As aggressive expansion of deepwater
exploration and drilling continues [2, 52] and offshore
drilling regulations become more lax [2], oil spill disas-
ters will continue to occur and affect the ecosystem, wild-
life, and human health. Given the frequency and volume

Page 12 of 14

of oil spill disasters, their frequent occurrence in environ-
mentally sensitive areas already under threat by climate
change, as well as our limited knowledge of long-term
health consequences of oil spills, it is of critical public
health importance to continue studying potential long-
term adverse health outcomes of oil spill response work-
ers and individuals residing in communities affected by
oil spills. Our study findings may inform disaster prepar-
edness officials of potential preventative and mitigation
strategies needed to support responders to future oil spill
disasters.
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