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Abstract

Introduction: The 2010 Deepwater Horizon (DWH) disaster exposed tens of thousands of oil 

spill response and cleanup (OSRC) workers to hydrocarbons and other hazardous chemicals. Some 

hydrocarbons, such as toluene and hexane, have been found to have acute adverse effects on the 

central nervous system in occupational settings. However, no studies have examined the 

association between oil spill exposures and neurobehavioral function.

Methods: We used data from the Gulf Long-term Follow-up Study, a cohort of adults who 

worked on the DWH response and cleanup. Total hydrocarbon (THC) exposure attributed to oil 

spill cleanup work was estimated from a job-exposure matrix linking air measurement data to 
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detailed cleanup work histories. Participants were also categorized into 6 job categories, or OSRC 

classes, based on their activity with the highest exposure. Neurobehavioral performance was 

assessed at a clinical exam 4–6 years after the spill. We used multivariable linear regression to 

evaluate relationships of ordinal THC levels and OSRC classes with 16 neurobehavioral outcomes.

Results: We found limited evidence of associations between THC levels or OSRC classes and 

decreased neurobehavioral function, including attention, memory, and executive function. Workers 

exposed to ≥3 ppm THC scored significantly worse (difference1.0–2.9ppm =−0.39, 95% confidence 

interval (CI)=−0.74, −0.04) than workers exposed to <0.30 ppm THC for the digit span forward 

count test. There was also a possible threshold effect above 1 ppm THC for symbol digit test total 

errors (difference1.0–2.9ppm =−0.56 (95% CI=−1.13, −0.003), difference≥3.0ppm =−0.55 (95% CI=

−1.20, 0.10)). Associations appeared to be stronger in men than in women. A summary latency 

measure suggested an association between more highly exposed jobs (especially support of 

operations workers) and decreased neurobehavioral function.

Conclusion: OSRC-related exposures were associated with modest decreases in neurobehavioral 

function, especially attention, memory, and executive function.
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INTRODUCTION:

The 2010 Deepwater Horizon (DWH) disaster was the largest marine oil spill by volume in 

history. The spill released nearly 5 million barrels of crude oil into the Gulf of Mexico and 

exposed tens of thousands of oil spill response and cleanup (OSRC) workers and residents to 

hydrocarbons, particulate matter, dispersants, and other potentially harmful chemicals(1). 

Several components of crude oil are classified as known or potential neurotoxins, but the 

exposure threshold for their neurotoxicity is unclear(2,3). Crude oil is a mixture of various 

hydrocarbons. Even if exposure to each constituent is below its occupational exposure limit, 

exposure may still cause harm to oil spill workers via additive or synergistic interactions 

among the chemicals(4).

During past oil spills, cleanup workers reported symptoms such as headaches and visual, 

cognitive, and memory disturbances(5). Crude oil contains hydrocarbons, which include 

benzene, toluene, ethylbenzene, xylene (known collectively as BTEX), and hexane, volatile 

chemicals that can be inhaled by OSRC workers. Inhalation of these chemicals is a concern 

because they are very lipophilic and readily enter the central nervous system, which can 

cause acute neurological effects at high airborne concentrations(6–13). Toluene has been the 

best characterized of these, and chronic toluene exposure has been linked to inattention, 

memory dysfunction, visuospatial impairment, cognitive impairment, decreased information 

processing speed, and dementia(8). Elevated blood benzene levels have also been associated 

with lower neurobehavioral performance(6). Hexane is a known peripheral neurotoxin in 

humans and has been found to cause toxicity in the peripheral and central nervous systems 

of rats(14).
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Ambient hexane concentrations were higher than those of BTEX during the response and 

cleanup effort following the DWH disaster because hexane makes up about the same 

percentage of crude oil (by weight) as the BTEX chemicals combined, but it is more volatile 

than the BTEX chemicals(15,16). The total hydrocarbon (THC) levels to which most 

Deepwater Horizon OSRC workers were exposed (including hexane), however, were at the 

lower end of levels typically encountered in occupational settings, but above levels typically 

experienced by the general population(17). Understanding oil spill exposures and their 

relationship to neurotoxic outcomes in humans is important to prevent central nervous 

system damage to workers and to people who live near future oil disasters, especially for 

sensitive populations in the community.

Previous studies have reported a variety of health symptoms following exposure from oil 

spills(18–23), but few studies have examined neurological symptoms or used 

neurobehavioral tests to assess cognitive function. The Gulf Long-term Follow-up Study 

(GuLF Study) enrolled Deepwater Horizon OSRC workers and comparison subjects to 

investigate the health consequences of exposures associated with this oil spill. In this 

analysis, we examine THC estimates as a marker of oil spill chemical exposure, as well as 

OSRC job classes(17). The THC estimate is a composite measurement of all oil-related 

volatile hydrocarbons, including BTEX, hexane, cyclohexane, heptane, and 

trimethylbenzenes(17). This study examines the association of THC concentrations and 

OSRC classes with neurobehavioral function among oil spill workers.

METHODS:

To examine the relationship between oil spill exposures and neurobehavioral function, we 

used data from the GuLF Study, a prospective cohort study of 32,608 adults, ≥21 years old at 

enrollment, who worked on the Deepwater Horizon OSRC or who received worker safety 

training but did not work on the spill(1). Phone interviews were conducted from March 2011 

to May 2013 to enroll participants and to obtain detailed demographic, health, and OSRC 

work-related information. Four to six years after the oil spill, cohort members who lived 

within 60 miles of research clinics in Mobile, AL or New Orleans, LA were invited to 

complete a clinical exam. A total of 3,401 persons (62% of those eligible) completed the 

exam (Figure A.1). The clinical exam included standardized neurobehavioral tests, which 

were completed by 3,291 participants.

Exposure assessment:

GuLF Study industrial hygienists linked detailed, participant-reported work information 

from the enrollment interview with exposure estimates derived from approximately 28,000 

personal air samples to estimate THC exposure by work activity, location, and dates(17). 

Many participants reported multiple activities, so an individual’s exposure was based on his 

or her highest exposed activity, expressed as an arithmetic mean. Ordinal maximum THC 

categories (<0.30 ppm, 0.30–0.99 ppm, 1.0–2.99 ppm, ≥3.00 ppm) were created using a 

pseudo-log scale based on the empirical exposure range of the means in the study population 

to allow for uncertainty in the estimates for individual workers(17).
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Six broad hierarchical OSRC classes were also created, based on the likelihood of exposure 

to oil spill-related chemicals, from the work activities in each class to assess the health risk 

for different types of work. A single class was assigned to each participant, based on the 

participant’s highest exposure job. From the highest to lowest expected exposure, the job 

classes were: response workers, who worked on rigs and other large vessels at the wellhead; 

support of operations workers, who worked mostly on land, handling oily waste; cleanup/
water workers, who worked on water away from the wellhead; decontamination workers, 

who removed oil from vessels, equipment, wildlife, and personnel; cleanup/land workers, 

who generally worked on beaches and marshes; and administrative support workers, who 

supported the overall response with a wide range of functions including food service, 

security, onsite and offsite transportation, and office work (Table A.1). The administrative 

support workers served as the reference group. All analyses were restricted to OSRC 

workers to ensure comparability within the study population, as participants who completed 

the worker safety training but did not work tended to have different demographics than the 

workers.

Outcome assessment:

Neurobehavioral function was evaluated using the Behavioral Assessment and Research 

System (BARS), a series of computerized tests with simple verbal instructions and graphics 

which uses a response keyboard with nine large buttons for ease of use(24). BARS is 

designed to measure neurobehavioral function in people with limited formal education, 

literacy, or computer skills. Tests used in the current study included a continuous 
performance test (CPT) that measures sustained visual attention and short-term memory, a 

digit span test (DST) that measures attention and memory, a match-to-sample test (MTS) 

that measures visual memory, a symbol-digit test (SDT) that measures executive function 

and coding, a simple reaction time test (SRT) that measures response speed, a finger tapping 
test (TAP) that measures response speed and coordination, and a progressive ratio test (PRT) 

that measures effort-related motivation (Table 1). Each test has one or more outcome 

measures, which assess factors such as response latency, error, and correct responses. For 

example, the continuous performance test measures correct response fraction (number of 

correctly identified targets over total number of targets), false alarm fraction (number of 

stimuli identified as targets incorrectly over total number of nontarget stimuli), false latency 

(number of milliseconds between stimuli and an incorrect response), and d prime (rate of 

correct hits minus rate of incorrect hits)(25,26).

Statistical analysis:

We examined separate multivariable linear regression models to assess the relationship 

between each of the 16 neurobehavioral outcome measures and OSRC exposures. We 

assessed neurobehavioral outcome associated with maximum THC exposure by comparing 

participants in the three higher exposure groups (0.30–0.99 ppm, 1.00–2.99 ppm, ≥3.00 

ppm) to those in the lowest exposure group (<0.30 ppm). We also analyzed OSRC classes, 

where each OSRC class was compared to administrative support workers, who had the 

lowest chemical exposure. We identified confounders (sex, age, race, education, tobacco use 

status, as described below), based on a directed acyclic graph and included covariates 

strongly associated with the outcome if they changed more than half of the 16 estimates by 
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more than 10%(27,28). We examined the associations in the entire analysis cohort as well as 

stratified by sex, as men and women perform differently on neurobehavioral tests, on 

average, and metabolism differences may modify the magnitude or nature of chemical 

effects(29–32). We also examined the relationship between oil spill-related exposures and 

neurobehavioral function stratified by tobacco use status because of the link between long-

term tobacco use and impaired neurobehavioral function and because oil spill exposure 

includes some of the same neurotoxic components contained in cigarette smoke(33). 

Additionally, we examined the effect of follow-up time on associations by creating an 

indicator variable for follow-up time based on the median split (≤1880 days, >1880 days) 

and including in the models this variable and a multiplicative interaction term of this 

variable and the exposure categories.

Recent (within 2 hours before the neurobehavioral exam) caffeine use (n=835), recent 

alcohol consumption (n=8), or recent tobacco use (n=786) did not significantly change 

estimates, so these were not included as covariates or considered as exclusion factors. Binge 

drinking (self-reported consumption of ≥5 drinks on one occasion ≥12 times in the year 

before the clinical exam, n=287) and passive smoking (living with regular smokers at 

enrollment, n=545) significantly changed estimates and were included in our final models. 

We also evaluated other thresholds for binge drinking and they yielded minimal changes in 

effect estimates. The final model controlled for age (continuous), sex (male, female), race 

(white, black, other), education (less than high school, high school graduate or equivalent, 

some college, college graduate), binge drinking (yes, no), smoking/tobacco use status 

(current daily tobacco user, former daily tobacco user, never daily tobacco user, as reported 

in the clinical exam interview), and passive smoking (living with a smoker, not living with a 

smoker). We changed the sign of neurobehavioral outcome measures where a higher value 

indicates worse neurobehavioral function (CPT false alarm fraction, CPT false latency, MTS 

average correct latency, SDT average correct latency, SDT total errors, SRT average correct 

latency, SRT total errors) so that all inverse associations between THC or OSRC class and 

neurobehavioral function measure signify adverse neurobehavioral effects.

We also created a summary measure for response latency (time between stimulus and 

reaction) to capture, in one overall outcome measure, how long a participant took to 

complete each of the tasks and to complete them correctly. This measure incorporated 

latency and tap rate measures from seven tests: SRT average correct latency, SDT average 

correct latency, MTS average correct latency, CPT false latency, tap rate with preferred hand, 

tap rate of alternating hands, and PRT tap rate. These measures were converted into z-scores 

and were summed to create an overall response latency measure. The response latency 

measures from CPT, MTS, SDT, and SRT were negated so a lower number would indicate 

worse performance to match the tapping rates (lower tapping rates indicate worse 

performance). Multivariable linear regression was used to estimate associations of THC 

level and OSRC class with the response latency summary measure. To contextualize the 

results, we also age-standardized the risk estimates by dividing the adjusted difference in the 

summary latency measure between administrative support workers and other OSRC workers 

(betas for risk factors) by the adjusted association of this outcome measure with a one-year 

difference in age (betas for age) from the model. This helps make the risk estimates more 
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interpretable by comparing the decrease in neurobehavioral function from OSRC exposure 

to the impact of aging on neurobehavioral function in this population.

RESULTS:

The final analysis sample of OSRC workers with neurobehavioral outcomes, exposure data, 

and covariates consisted of 2,819 participants (472 non-workers were excluded from 

analyses), with an average age of 45 years at enrollment, and over 98% completing the entire 

BARS exam. Most participants were men (78%) and male workers tended to be exposed to 

higher levels of THC. Workers exposed to higher levels of THC tended to have lower 

educational attainment and were more likely to smoke compared to those exposed to lower 

levels (Table 2a). People who worked in generally more highly exposed OSRC classes (e.g., 

response, operations) tended to have appreciably higher maximum THC levels than did 

people in the less exposed OSRC classes (e.g., administrative support, land cleanup) (Table 

2b). Participants who did not complete the entire BARS exam (n=44) generally had worse 

performance on individual tests compared to those who completed the entire exam (data not 

shown); however, completion of all tests in the exam was not associated with oil spill 

exposures, and excluding participants who completed only some of the BARS tests did not 

meaningfully change observed associations.

Overall, we found only limited evidence of associations between THC exposure or OSRC 

classes with neurobehavioral function. We observed significant associations between 

increased THC exposure and worse neurobehavioral function, as measured by DST forward 

count (adjusted difference in score between participants in the highest versus lowest THC 

exposure group=−0.39, 95% confidence interval (CI)=−0.74, −0.04). We also found a 

borderline significant association for SDT total errors for the 1.0–2.99 ppm THC group 

(difference1.0–2.99 ppm THC vs. <0.30 ppm THC =−0.56, 95% CI=−1.13, −0.003) and a non-

significant but suggestive, similar magnitude association in the ≥3 ppm group 

(difference≥3 ppm THC vs. <0.30 ppm THC =−0.55, 95% CI=−1.2, 0.1), indicating a possible 

threshold effect. We also observed suggestive exposure-response trends or threshold effects 

(albeit statistically non-significant) for DST reverse count, SDT average correct latency, and 

CPT d prime (Table 3).

In analyses of OSRC classes compared to administrative support workers, all OSRC classes 

were associated with significant deficits in DST forward count, ranging from −0.40 for 

operations workers to −0.68 for response workers (Table 4). Operations workers also showed 

significant deficits for SDT average correct latency (differenceoperations vs. admin = −189.38, 

95% CI=−355.05, −23.72) and PRT total taps (differenceoperations vs. admin =−21.66, 95% 

CI=−39.37, −3.94). In addition to DST forward count, land cleanup workers showed 

significant deficits in two other measures. This included the average number of taps with 

alternating hands (differenceland cleanup vs. admin =−5.07, 95% CI=−9.49, −0.64) and PRT 

total taps (differenceland cleanup vs. admin = −20.38, 95% CI=−39.15, −1.60). While there was 

no clear pattern of association by OSRC class, it is important to note that the OSRC classes 

differed not only by type of work and THC exposure, but also by other exposures, heat, 

education, and health insurance status.
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We found no association between higher THC levels and the summary response latency 

measure (Figure 1), but we observed significant inverse relationships between this summary 

measure and land cleanup, decontamination, and operations work compared to 

administrative support work, and suggestive inverse associations for water cleanup and 

response work (Figure 2). The magnitude of deficit in the summary response latency 

measure for these OSRC classes compared to administrative support workers is comparable 

to aging 4 to 9 years (9 years for land cleanup workers (95% CI=3, 15); 6 years for 

decontamination workers (95% CI=0, 12); 5 years for water cleanup workers (95% CI=−1, 

11); 8 years for operations workers (95% CI=2, 13); 4 years for response workers (95% CI=

−2, 10).

In sex-stratified analyses, we found generally stronger associations between oil spill 

exposures (measured both by THC and OSRC classes) and neurobehavioral function in men 

versus women (Tables A.3 and A.4). We observed apparent exposure-response trends and 

significant relationships among male workers for several of the neurobehavioral outcomes. 

For many of these neurobehavioral outcomes (e.g., CPT d prime, DST forward count, DST 

reverse count, SDT total errors), we had also observed relationships in the entire cohort, but 

we also observed some additional neurobehavioral outcomes that appeared to be associated 

with oil spill exposure only in males (e.g., CPT false latency, CPT hit fraction, MTS average 

correct latency). We saw a small, significant effect among female response workers for CPT 

correct response fraction and CPT false alarm fraction as well as female operations workers 

for PRT total taps, compared to administrative support workers. We observed no relationship 

between THC exposure and the summary latency measure in male or female workers (Figure 

A.2). Significant associations for the summary latency measure were seen for land cleanup 

workers and operations workers among both males and females, but an association with 

decontamination workers was observed only in males (Figure A.3). We observed no 

differences in effect when stratified by tobacco use.

DISCUSSION:

In this analysis, we found modest evidence of associations between THC levels and OSRC 

classes with neurobehavioral function. Compared to OSRC workers exposed to maximum 

THC <0.30 ppm, more highly exposed (THC ≥1 ppm) workers performed worse in multiple 

domains, with deficits observed in the digit span, symbol digit, and continuous performance 
tests. Compared to the generally least exposed workers—administrative support workers—

land cleanup workers and operations workers showed deficits in multiple tests, including the 

digit span, progressive ratio, finger tapping, and/or symbol-digit tests. Other OSRC classes 

(decontamination, water cleanup, and response) showed more limited evidence of 

association, with deficits observed only in the digit span test. These results suggest possible 

adverse effects of oil spill-related exposures on attention, memory, executive function, 

coding, response speed, coordination, and motivation. The evidence is strongest for 

attention, memory, executive function, and coding, as both higher THC levels and more 

exposed OSRC classes were associated with decreased function in the digit span and symbol 
digit tests.
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OSRC classes with higher overall oil spill-related exposures tended to have a worse 

summary latency measure compared to the least exposed OSRC class, i.e. administrative 

workers, but THC was not associated with this measure. The strongest associations for the 

summary latency measure and most consistent significant results were found for the land 

cleanup workers and support of operations workers. The significant results for the land 

cleanup workers is somewhat surprising as land workers were exposed to lower THC levels 

than other OSRC workers (aside from administrative support workers). Preliminary analysis 

of jobs prior to the spill did not indicate that a disproportionate number of land workers had 

previous jobs that might have resulted in reduced neurobehavioral function. Land workers 

were also no more likely than other OSRC classes to report stopping work due to heat. Land 

cleanup workers cleaned oil and tar from beaches and marshes. Support of operations 

workers refueled vehicles, moved hazardous materials (e.g., oily boom), and operated heavy 

equipment. The primary exposures the latter class was likely to have were gasoline and 

diesel fuel, oil and tar. In general, cleanup on land workers had some of the lowest 

neurobehavioral test performance before controlling for confounders and administrative 

support workers typically had the highest neurobehavioral test performance (Table A.6). 

Some associations may be due, in part, to baseline characteristics, as the administrative 

support workers had, on average, higher educational attainment and were less likely to 

smoke compared to other OSRC classes, although our models adjusted for the major 

differences between the OSRC classes, including age, sex, race, education, tobacco use, 

passive smoking, and binge drinking. We consider the administrative support workers 

(versus participants who were trained but not called to work) to be the most appropriate 

comparison group for these analyses because they worked on the oil spill, which reduces the 

likelihood of healthy worker bias, but were the workers least exposed to oil-related 

chemicals. We examined effects associated with both OSRC classes and maximum THC 

levels because OSRC classes can reflect spill-related exposures/experiences not captured by 

THC level. Thus, associations may be more apparent for OSRC classes than for THC levels 

due to possible non-THC chemical or non-chemical exposures experienced by some OSRC 

classes during the spill.

Our results also suggest that these oil spill chemical exposures may have had a stronger 

effect on men than women, especially for executive function, coding, and sustained visual 

attention. Animal research suggests that responses to chemicals, such as toluene, often differ 

by sex(30). Such differences, reported in the literature and found in our study, indicate that 

physiological differences between the sexes may cause males and females to respond 

differently to chemical exposures. Additionally, men and women perform differently on 

neurobehavioral tests, even in the absence of neuroactive chemical exposure(32,34–38). 

However, it is possible that our observed sex differences in neurobehavioral effects are due 

to different actual tasks performed (and thus exposures experienced) during the same activity 

or to patterns of personal protective equipment (PPE) use. For example, in our analysis 

cohort, male workers reported wearing respirators for an average of 8% of their tasks while 

female workers reported wearing respirators for 18% of their tasks (Table A.2). Additionally, 

this study cohort contained over three times as many male workers as female workers; the 

increased power in the male worker subgroup from the larger sample may explain, in part, 

the larger number of significant effects among men than women.
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To the best of our knowledge, no other studies have examined the association between oil 

spill exposures and neurobehavioral function in adults, but other studies have found 

associations between BTEX chemicals and attention, response speed, and memory. A recent 

occupational study of men in an automotive industry found that painters—exposed to BTEX 

chemicals from paint—had worse cognitive function than assembly workers, who were not 

exposed.(13) The association between exposure to higher levels of BTEX and worse 

memory and reaction time is similar to our results, and the BTEX levels among workers in 

that study are similar to the levels in our study. They conclude that BTEX affects cognitive 

functions even when levels are below occupational exposure limits.(13) Another study found 

an association of occupational exposure to petroleum-derived hydrocarbons with 

neurotoxicity and excessive sleepiness, based on self-reported symptoms(39). Kicinski et al. 

found that increased traffic exposure, measured with a benzene biomarker, was associated 

with decreased sustained attention(40). A study of the association between occupational 

solvent exposure and cognitive performance found that people with higher exposure to 

benzene had poorer cognitive performance than those with lower benzene exposure on the 

digit symbol substitution test, indicating poorer response speed, sustained attention, 

memory, and visual spatial skills(41). Our results that suggest an association, albeit modest, 

between OSRC exposure and sustained attention, response speed, and memory are 

consistent with literature that shows these aspects of neurobehavioral function are affected 

by benzene and toluene exposure(13,40,41); however, most other studies examined higher 

exposures to BTEX chemicals than those experienced by most GuLF Study OSRC workers.

Some studies have reported cognitive impairment, including reduced memory, concentration, 

and visual spatial function, associated with chronic occupational exposure to moderate-to-

low airborne concentrations of hydrocarbons(7,42). One study examining occupational 

exposure to low toluene concentrations found cognitive deficits after >12 years toluene 

exposure of <20 ppm and ≥4 years of >100 ppm toluene exposure (43). However, another 

study observed no neurobehavioral effects associated with long-term (mean: 21 years) 

toluene exposure below 50 ppm(44). Neurologic dysfunction and difficulty concentrating on 

tasks has been observed among workers with chronic occupational xylene exposure as low 

as 14 ppm(7,45). THC exposure guidelines depend on the type of total hydrocarbon being 

measured. The National Institute for Occupational Safety and Health (NIOSH) has a 

recommended level for petroleum distillates, the closest equivalent of THC measured as 

total petroleum hydrocarbons, of 500 ppm(46). This level is substantially higher than what 

most OSCR workers, even those in the >3 ppm THC category, were likely to have 

experienced. BTEX and hexane levels were also well below current regulations and 

guidelines.

A limitation of this study is that our measure of THC exposure only captures maximum 

exposure, as data on cumulative or time-weighted average exposure were not available. 

There may also be nondifferential exposure misclassification from using ordinal, instead of 

continuous, exposure estimates(47), but the ordinal estimates were used because of 

uncertainty in the individual exposure estimates, and maximum THC has been linked to 

other health outcomes in the GuLF Study(48). The THC estimates used for this study reflect 

a range of volatile oil-related chemicals and should generally reflect an individual’s cleanup 

experience(17), but they do not allow assessment of or inference related to individual 
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chemicals, which could be important because THC is a mixture of chemicals of varying 

toxicity. The THC concentrations found here are relatively low by occupational standards 

and are below regulatory limits for many of the chemical components. We estimate that 

approximately 30% of the THC air concentration measured during the oil spill comprised 

the more highly neurotoxic BTEX and hexane chemicals. The remaining 70% of THC 

concentrations were comprised of hundreds of other unmeasured volatile oil components, 

most of which have limited toxicity data. Additionally, tobacco smoke and oil spill-related 

exposures contain several of the same neurotoxic compounds, and although we adjusted for 

tobacco use, incomplete adjustment for this factor—possibly due in part to underreported 

smoking—could obscure a relationship between OSCR exposure and neurobehavioral 

function(49). Another limitation of this study is the range of follow-up times (4–6 years) 

between exposure and outcome assessment. In a sensitivity analysis that included a follow-

up term based on median split (1880 days) and a multiplicative interaction term of the 

follow-up term and exposure categories, we found similar patterns and associations as in our 

original analysis (Tables A.7 and A.8).

This study may also be susceptible to selection bias if participants with greater neurological 

symptoms were more motivated to participate in the exam or, alternatively, were less able to 

travel to the clinics for neurobehavioral testing. However, we believe there to be little 

selection bias based on neurobehavioral function because we found a similar prevalence of 

neurological symptoms reported during the enrollment interview (e.g., dizziness/

lightheadedness, numbness in extremities, tingling/numbness in extremities, frequently 

stumbling while walking) among cohort members eligible for the neurobehavioral exam 

(based on residential proximity to a clinic) who did not participate (N=2,165) and cohort 

members who completed the neurobehavioral exam (our analysis cohort, N=2,819)(Table A.

5). We also found no relationship between participants’ OSRC class and their ability to 

complete the entire BARS exam. Finally, some of the observed associations may be due to 

chance, as we examined a relatively large number of neurobehavioral outcome measures.

Strengths of this study include the large sample size, detailed data on important potential 

confounding factors, and comprehensive and objective neurobehavioral test data. By using 

estimated THC levels derived from personal monitoring data collected on OSRC workers 

during the oil spill cleanup, this study improves upon studies of previous oil spills, which 

used only nominal, cruder measures of cleanup-related exposure, such as days worked on 

the cleanup or distance of residence from the oil spill. Moreover, ours is the first oil spill 

study to include validated, objective neurobehavioral testing. Additionally, BARS, the 

neurobehavioral function test system used in this study, was specifically designed for a 

diverse population with limited computer skills and formal education. Furthermore, 

participants in this study engaged in a wide range of OSRC tasks at different times, and 

consequently had a wide range of exposures, increasing our ability to detect any adverse 

effects. Our study’s neurobehavioral exam also captures multiple domains of neurobehavior.

Conclusions:

We found modest associations between OSRC exposure (both OSRC classes and THC 

levels) and neurobehavioral function. We observed a moderate association between more 
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highly exposed OSRC classes and attention, memory, and executive function, compared to 

administrative support workers. This association appeared to be somewhat stronger in men 

than in women. Additional follow-up time and neurobehavioral testing of this cohort would 

help determine whether the observed associations persist beyond 4–6 years. Such research 

will improve our understanding of the long-term health risks associated with oil spills.

Supplementary Material

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

• Attention, memory, and executive function may be impaired by oil spill 

cleanup exposures

• Adverse association between job and executive function was strongest in 

operations workers

• Adverse associations tended to be slightly stronger in men than in women
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Figure 1. 
Summary latency measures and 95% confidence intervals (CI) in relation to maximum total 

hydrocarbons (THC) levels. The summary latency measure incorporates latency and tap rate 

measures from 7 neurobehavioral function tests. To create this summary measure, some 

component measures were negated so that an inverse relationship between exposure and the 

summary measure indicates an adverse effect of exposure. Each THC category is compared 

to workers exposed to THC <0.30 ppm (THC <0.30 ppm n=406; THC 0.03–0.99 ppm 

n=935; THC 1.0–2.99 ppm n=1090; THC ≥3 ppm n=388). Models are adjusted for age, sex, 

race, education, smoking status, passive smoking, and binge drinking.

Quist et al. Page 15

Environ Res. Author manuscript; available in PMC 2020 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Summary latency measures and 95% confidence intervals (CI) in relation to oil spill and 

response (OSRC) classes. The summary latency measure incorporates latency or tap rate 

measures from 7 neurobehavioral function tests. To create this summary measure, some 

component measures were negated so that a negative relationship between class and the 

summary measure indicates an adverse effect of exposure. Each OSRC class is compared to 

administrative workers (administrative support n=223; cleanup on land n=405; 

decontamination work n=558; cleanup on water n=469; operations n=658; response work 

n=506). Models are adjusted for age, sex, race, education, smoking status, passive smoking, 

and binge drinking. See Table A.1 for OSRC class details.
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Table 1.

Individual test descriptions and measured function of Behavioral Assessment and Research Systems.

Neurobehavioral Test Function 
Measured

Brief Test Description Outcome Variables

Continuous Performance 
Test (CPT)

Sustained visual 
attention

Press key when a certain target is presented, but do not 
press key when other stimuli are presented.

Correct response fraction, d 
prime, false alarm fraction, 
false latency, hit fraction

Digit Span (DST) Attention, memory Press the numbers shown on the screen in the same order 
or reverse order. Number of digits increases until failure 
criterion is met.

Forward count, reverse 
count

Match-to-Sample (MTS) Visual memory Matrix of blocks is displayed with 3 matrices below 
Participant matrix that matches the above matrix.

Average correct latency, 
number of correct responses

Symbol Digit (SDT) Executive 
function, coding

Digits are paired with symbols in a matrix. Matrix at 
bottom has symbols but no digits. Participant types 
correct numbers that correspond with the symbols.

Average correct latency, 
total errors

Simple Reaction Time 
(SRT)

Response speed Press button as quickly as possible after seeing a stimulus. Average correct latency, 
total number of errors

Tapping (TAP) Response speed, 
coordination

Press button(s) as rapidly as possible using index finger of 
one or both hands on 1 or 2 buttons

Alternative hands average 
number of taps, average 
number of taps with 
preferred hand

Progressive Ratio Test 
(PRT)

Effort-related 
motivation

Tap 10 times to receive a reward (smiling face). Then tap 
20 times to get the reward, and then 30 times, etc.

Total taps
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