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Abstract

Objectives: Our objectives were to (i) determine correlations between measurements of THC and of 
BTEX-H, (ii) apply these linear relationships to predict BTEX-H from measured THC, (iii) use these 
correlations as informative priors in Bayesian analyses to estimate exposures.
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Methods: We used a Bayesian left-censored bivariate framework for all 3 objectives. First, we modeled 
the relationships (i.e. correlations) between THC and each BTEX-H chemical for various overarching 
groups of measurements using linear regression to determine if correlations derived from linear re-
lationships differed by various exposure determinants. We then used the same linear regression rela-
tionships to predict (or impute) BTEX-H measurements from THC when only THC measurements were 
available. Finally, we used the same linear relationships as priors for the final exposure models that used 
real and predicted data to develop exposure estimate statistics for each individual exposure group.
Results: Correlations between measurements of THC and each of the BTEX-H chemicals (n = 120 for 
each of BTEX, 36 for n-hexane) differed substantially by area of the Gulf of Mexico and by time 
period that reflected different oil-spill related exposure opportunities. The correlations generally 
exceeded 0.5. Use of regression relationships to impute missing data resulted in the addition of  
>23 000 n-hexane and 541 observations for each of BTEX. The relationships were then used as priors
for the calculation of exposure statistics while accounting for censored measurement data.
Conclusions: Taking advantage of observed relationships between THC and BTEX-H allowed us to
develop robust exposure estimates where a large amount of data were missing, strengthening our
exposure estimation process for the epidemiologic study.
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Introduction

The National Institute for Environmental Health Science 
(NIEHS) is conducting the Gulf Long-term Follow-up 
STUDY (GuLF STUDY) to investigate possible adverse 
health effects among workers involved in the response 
and clean-up efforts of the Deepwater Horizon (DWH) 
oil spill in 2010. We needed to quantify airborne ex-
posures to a variety of chemicals to evaluate possible 
exposure–response relationships among workers in 
the study.

A total of 26 161 air samples that met study in-
clusion criteria were taken on oil spill response and 
clean-up (OSRC) workers during the performance of 
various OSRC activities. The goal of the exposure as-
sessment was to use these measurements, along with 
other information available on the OSRC activities, to 
develop exposure statistics that could be linked through 
job-exposure matrices (JEM) to the study participants 
through their work activities reported in the study inter-
views. Although measurements were available for total 
hydrocarbons (THC), benzene, toluene, ethylbenzene, 
xylene, and n-hexane (BTEX-H), they were sometimes 
insufficient to adequately characterize exposures in cer-
tain jobs/activities/tasks, locations, time periods, and 
vessel/vessel type. First, n-hexane was not measured 
during the initial period of the response and clean-up 
when exposures generally were higher, or on land, where 
thousands of participants worked. Second, we had pre-
viously developed THC personal estimates from VOC 
area direct-reading measurements on several vessels 

where there were gaps (coverage of days worked) in 
the sampling strategy and wanted to incorporate the 
corresponding BTEX-H values into the estimation pro-
cess (Groth et al., 2021; Ramachandran, 2021). Third, 
many of the exposure statistics associated with exposure 
groups were based on a small number of measurements 
and/or a large number of censored measurements [below 
the limit of detection (LOD) of the analytical method] 
that needed to be incorporated in the calculation of the 
statistics.

Using the methods in Groth et al. (2017, 2018), our 
objectives were to apply a Bayesian linear regression 
model that accounted for measurements below the LOD 
while: (i) developing and describing the linear relation-
ships (correlations) between measurements of THC and 
each of the BTEX-H chemicals (the basis of these rela-
tionships is provided in the Supplementary Material, 
available at Annals of Occupational Hygiene online) 
for various overarching groups of measurements defined 
by a high level set of exposure determinants, (ii) predict 
BTEX-H levels when THC measurements were available 
but BTEX-H measurements were not (we call this im-
putation) using regression parameters, and (iii) incorp-
orate these same regression coefficients as informative 
priors (i.e. additional information used in the analysis) 
to calculate parameter estimates [e.g. arithmetic means 
(AMs)] for our exposure groups.

Here, after describing the oil spill, we briefly describe 
the underlying basis for a Bayesian approach and the 
need for priors identified as overarching groups. Next, we 
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discuss the statistical background and the regression ana-
lyses performed to develop linear relationships that were 
used in achieving our three objectives. Finally, we present 
the different relationships and the impact of imputing 
missing measurements on the GuLF STUDY data.

Inhalation exposure estimates developed for THC and 
BTEX-H using these relationships for the GuLF STUDY 
are described in Stewart, Groth et al. (2021); Stenzel, 
Groth, Huynh et al. (2021); Stenzel, Groth, Banerjee 
et al. (2021); Huynh et al. (2021a,b,c); Ramachandran 
et al. (2021); Groth et al. (2021). Estimation of expos-
ures to other airborne substances are described else-
where: dispersants (Arnold et al., 2021; Stenzel, Arnold 
et al., 2021), PM2.5 (Pratt et al., 2021), oil mist (Stewart, 
Groth et al., 2021); dermal exposures to THC, BTEX-H 
and dispersants are also discussed (Gorman Ng et al., 
2021; Stewart, Gorman Ng et al., 2021).

Background

Oil began leaking on 22 April 2010, as soon as the 
DWH sank, severing the riser pipe that connected it to 
the well's damaged blowout preventer (BOP) near the 
floor of the Gulf of Mexico. Response vessels arrived 
within hours to rescue survivors, search for missing per-
sonnel, and extinguish the fire. Rig vessels began arriving 
in the area within two weeks of the oil release. A large 
number of marine vessels supported the rig vessels, 
including marine vessels piloting remotely operated ve-
hicles (ROV vessels). The well was mechanically capped 
on 15 July 2010 with the installation of a functioning 
BOP. In addition to the capping operation, thousands 
of other large and small vessels were deployed to per-
form other support operations and clean-up of the re-
leased oil. On 15 September 2010, the first relief well 
intersected the original well, and the well was sealed 
on September 19, 2010. Vessels started being decon-
taminated of oil and released from service. Land oper-
ations over this entire period included cleaning beaches 
and marshes, deploying boom, and, at ports and docks, 
decontaminating vessels and other equipment, and sup-
porting of all the operations.

THC, measured as total petroleum hydrocarbons, 
is a composite measure of the volatile chemicals in the 
crude oil, including the BTEX-H chemicals. The pro-
portion of these chemicals in THC at any given time or 
location was a function of oil weathering, that is, the 
chemical and physical change in the oil when exposed 
to the Gulf water, the elements, or dispersants (NOAA 
Office of Response and Restoration, 2020).

It was known that weathering affected the com-
position of the leaking oil from the DWH wellhead 

differentially when the fresh oil contacted the subsea Gulf 
water due to the oil chemicals' differing solubilities in 
water and when it reached the water surface by evapor-
ation due to the chemicals' different vapor pressures and 
other natural processes. The weathering process is very 
complicated, and factors such as time since the crude oil 
surfaced or the presence of dispersants can affect which 
of the many weathering processes are important under 
various conditions, and can, therefore, affect the rela-
tionships between THC and BTEX-H (Liu et al., 2012). 
A detailed discussion of the effect of weathering and 
how it impacted our identification of exposure determin-
ants is provided elsewhere (Supplementary Material of 
Stenzel, Groth, Huynh et al., 2021).

Bayesian methods and overarching groups
The unit of estimation for the GuLF STUDY was the 
exposure group (EG), with each EG comprising a set of 
measurements on workers who were expected to have 
had comparable distributions of exposure based on their 
having the same exposure determinant characteristics 
(Stenzel, Groth, Huynh et al., 2021). The specific exposure 
determinants considered in this paper are displayed in 
Table 1 and described in detail in the Supplementary 
Material (available at Annals of Occupational Hygiene 
online). The EGs were then normalized through a JEM 
to make them compatible with the work history question-
naires. We identified 3420 EGs that needed consideration 
for linkage to our study participants through their work 
histories. For 24% of the EGs actually estimated (2786), 
we had ≥100 measurements for each chemical of interest, 
but for 44% we had n = 5–20. Model-based estimates de-
veloped for many of the EGs, therefore, could have been 
unstable. In addition, our measurement data were charac-
terized by high censoring (i.e. below the LOD; 11–83%, 
depending on the substance). Inclusion of censored data 
is important because if we omit these left-censored data, 
we introduce bias into our exposure estimates (as the es-
timates would be biased high). Furthermore, there may 
be additive or synergistic effects between these substances 
even at these low levels. If these measurements are not 
accounted for, we are not able to study these effects in the 
epidemiologic study.

We had previously reviewed various estimation 
methods that accounted for censoring and found that 
most estimation methods resulted in higher bias and im-
precision than we desired (Huynh et al., 2014, 2016). 
Given the characteristics of our measurement data, we 
found that Bayesian methods resulted in a low amount 
of bias and imprecision while providing credible inter-
vals (CI, similar to confidence intervals).
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Further research by Groth et al. (2017) identified that 
it is possible to gain additional information about each 
of the BTEX-H exposures by using ln(THC) as a pre-
dictor in a linear regression setting (with the natural log 
of the BTEX-H chemical as the response). Groth et al. 
(2017, 2018) developed a Bayesian linear regression-
based framework that accounts for censoring in both the 
predictor and response chemical and allows the estima-
tion of exposures to BTEX-H in the same model frame-
work. We chose THC as the predictor in our regression, 
as it had the lowest amount of censoring and could 
therefore provide the most information to inform the ex-
posure estimates of each of the BTEX-H chemicals.

Posterior inference is the output of the model. To de-
velop estimates of uncertainty around each estimated 
regression parameter (which includes regression coef-
ficients and variance terms), we generated numerous 
plausible values using Markov Chain Monte Carlo 

(MCMC) methods. This process provides a distribution
for a large number of values (all observations are re-
tained after a period of burn-in to ensure convergence.
Burn-in is the period the model uses to discard the first
set of samples that may be biased. Convergence means
that the model agrees on a solution with an appropriate
uncertainty level) for each parameter of interest that
can be used to develop estimates of the AM, geometric
mean (GM), geometric standard deviation (GSD), etc.
(see, e.g. Gilks et al., 1996; Marin and Robert, 2007;
Carlin and Louis, 2008; Gelman et al., 2013; Brooks
et al., 2011 for more information on Bayesian statistical
methods).

Bayesian methods require the use of priors, that is, 
expected statistical characteristics of the parameters 
being estimated, for example, means, variances, regres-
sion coefficients, etc., to inform the analysis. Bayesian 
methods incorporate this information along with (in 

Table 1. Determinants used to Develop Overarching Groups used as Bayesian Priors.

Determinant Determinant value Definition and description

Time period TP1a 22 April–14 May 2010. Fresh oil leaking; first relief well started being drilled.

TP1b 15 May–15 July 2010. Fresh oil leaking, dispersant being applied, 2 relief wells were 

being drilled. The well was successfully capped on 15 July 2010. Beach cleanup work 

started. 

TP2 16 July–10 August 2010. Relief well work continued. Beach cleanup work continued.

TP3 11 August–30 September 2010. The relief well was successfully sealed. 

Decontamination of vessels started. Beach cleanup work continued.

TP4 1 October–31 December 2010. Water operations essentially ended. Beach cleanup 

work continued.

TP5 1 January–31 March 2011. Beach work continued, although with decreasing numbers 

of personnel.

TP6 1 April–30 June 2011. Daily temperatures started rising; beach work being done with 

fewer people.

Areaa Hot zone Within 1 nmi (1.8 km) radius of the wellhead.

Source Within 5 nmi (9 km) radius of the wellhead excluding the hot zone.

Offshore >5 nmi of the wellhead and >3 nmi (5.6 km) from land.

Near shore <3 nmi of the shoreline.

Beaches and marshes Shoreline where cleanup of oil and tar balls occurred.

Ports and docks Manmade structures for incoming and outgoing vessels. Site of vessel and boom de-

contamination; administration support.

Other Miscellaneous. 

Vessel type Rigs 4 large rig ships located in the hot zone charged with stopping the oil leak and drilling 

relief wells.

ROV vessels 14 vessels piloting remotely operated vehicles (ROVs) that supported the rig vessels.

MVs Unknown number of marine vessels supporting the rig vessels.

Other vessels Thousands of smaller vessels performing cleanup: skimming, burning, boom work, etc.

Location on rig Inside Inside the rig vessel: living and office quarters.

Outside Outside the rig vessel: deck and other indoor areas, such as engine rooms.

ROV Vessels: Vessels operating remotely operated vehicles; MVs: Marine Vessels; Other Vessels: A group comprised of research vessels, and vessels other than 

marine vessels, rig vessels, and ROV vessels.
aDistances are approximate.



our case) measurement data to develop the output, 
called posterior inference. Here, to use the methods of 
Groth et al. (2017), priors were needed on the regres-
sion parameters (including the regression coefficients 
and variance terms) that relate ln(THC) to ln(BTEX-H).

Ideally, the measurements of each EG would pro-
vide information to the model to predict or impute the 
missing data (while we use the word imputation/impute, 
this approach was a Bayesian model-based prediction 
method and should not be confused with multiple im-
putation). Using a large number of very specific priors 
would have resulted in many priors having small meas-
urement numbers, which would have provided little 
information to the model, such that a Bayesian regres-
sion analysis would have provided results, for example, 
means, that were little different than simply calculating 
means. As almost half our EGs were associated with 
limited numbers of measurements, little information 
would be provided to the Bayesian model, resulting in 
wide credible intervals. Alternatively, because our data 
appeared to contain multiple exposure distributions, 
using a single broad prior for the regression parameters 
to represent all 3420 EGs could have resulted in severe 
misclassification. The misclassification, in particular, 
would occur among the EGs that lay outside the central 
part of the distribution, as it would move the EGs on 
the extreme ends of the distribution closer to the overall 
mean, reducing exposure contrast among the EGs and 
making it more difficult to find an association, should 
one exist. Thus, a balance was needed between the large 
heterogeneity that would have been associated with a 
single prior and use of too many priors, that would lead 
to limited additional information being provided and 
greater modeling complexity overall. In addition, many 
of our EGs had a large number of censored observations, 
and priors based on a limited number of larger groups 
of measurements that would aid in the estimation of 
these measurements below the LOD so that reasonable 
exposure estimates of each EG could be developed ac-
counting for censored observations.

We, therefore, applied a Bayesian linear regression 
analysis (described in Groth et al., 2017) with inform-
ative priors to increase the stability of the regression 
parameters by using the linear relationships present in 
overarching groups. Overarching groups refer to large 
sets of measurements that meet particular characteris-
tics that were deemed to be important for differentiating 
the many EGs', exposure levels, as defined by sets of 
high-level determinants. The assumption for using 
overarching groups is that, among the measurements as-
signed to an overarching group, the major source of the 
exposure (i.e. the oil) was roughly similar in composition 

for all EGs within the group, and therefore, the rela-
tionship of THC to each of the BTEX-H chemicals was 
similar. [A second source of THC and BTEX-H that af-
fected a small number of EGs was gasoline or diesel fuel, 
which was used to fuel vessels and land equipment. This 
source was considered separately from oil-based groups 
because the THC: BTEX-H relationships were ex-
pected to differ from those of the oil (see Supplementary 
Material, available at Annals of Occupational Hygiene 
online)].

Because our EGs were based on unique combin-
ations of exposure determinants (Stenzel, Groth, Huynh 
et al., 2021), we considered the same exposure deter-
minants in determining our overarching groups. We 
selected combinations of time period (N = 7 values), dis-
tance from the wellhead (N = 7), vessel type (N = 4), 
and inside/outside of the rig vessels (N = 2) as likely to 
provide the balance between homogeneity and sufficient 
measurements within each group to inform the Bayesian 
regression (Table 1). The exposure determinants as-
sociated with the overarching groups related to the 
composition of the oil and its corresponding vapor con-
centrations; we did not consider differences in exposure 
determinants that were related to jobs/activities/tasks. 
For example, there is likely an exposure distribution 
associated with the activity skimming oil, but the ac-
tual exposure levels will be different if the oil skimmed 
was fresh crude versus somewhat weathered crude oil. 
In addition, use of job/activity/task also would have re-
sulted in some groups having small numbers of meas-
urements, which would provide little information to 
the model. More detail on these groups can be found 
in the Supplementary Material (available at Annals of 
Occupational Hygiene online).

Therefore, to quantify the relationships between THC 
and each BTEX-H chemical by the determinants, we used 
the Bayesian linear regression method, as described in 
Groth et al. (2017, 2018) with overarching groups of meas-
urements defined by combinations of exposure determin-
ants in three situations here: first to develop correlations/
linear relationships between THC and each of the BTEX-H 
chemicals, second to impute missing data, and finally to 
calculate our exposure statistics (using overarching priors) 
while accounting for censored data. See the Supplementary 
Material (available at Annals of Occupational Hygiene on-
line) for the statistical background on the method.

Methods

Development of correlations
To evaluate our selection of determinants for the 
overarching groups, we extended a simple linear 
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regression model for censored data (Groth et al., 2017) 
to a multiple linear regression for censored data (ana-
lyses not shown) that allowed us to determine if linear 
relationships differed from one determinant value to 
another within the context of all the determinants. If 
differences were identified, this suggested that different 
regression analyses should be performed to characterize 
the EGs. Modeling the determinants of multiple EGs to-
gether, however, requires the assumption of similar vari-
ability within each group, which our preliminary data 
suggested was not true. The importance of the various 
determinants (as reflected in the beta regression coef-
ficients) was found to be similar (if not identical) for 
both the multiple and simple linear regressions. We 
therefore used simple linear regression to estimate the 
final relationships of each overarching group to allow 
us to develop separate variability estimates and avoid 
incorporating multiple intercepts and slopes from the 
multiple linear regressions into the priors, which is more 
complicated computationally with little gain.

Therefore, for each overarching group (comprising 
all measurement data meeting the determinants defining 
the group), let Yi be the natural log of the BTEX-H 
chemical of interest for observation i and Xi be the nat-
ural log of THC for observation i. Let β0 represent the 
intercept, β1 represent the slope, εi respresent the error 

for observation i, and σ2
Y|X be the conditional variance of 

Y|X. Then, we can write the following linear regression 
equation representing the relationship between X and Y:

Yi = β0 + β1Xi + εi where εi
iid
∼N(0,σ2

Y|X) (1)

This regression provided us with posterior inferences 
of each of the regression parameters. To this basic 
framework, we accounted for censored data in both 
the response and predictor. To estimate the correlation 
(ρ) between THC and BTEX-H, we sampled from 
the posterior distributions of the regression param-
eters 25 000 times using MCMC methods described 
in the Supplementary Material (available at Annals 
of Occupational Hygiene online) and calculated the 
Pearson correlation coefficient using the relation:

ρ = β1 ×
σX
σY

 (2)

Thus, we sampled {β 1,σX,σY} from their posterior distri-
butions, where σX and σY, are the marginal standard devi-
ations of Y and X (i.e. the variance of only X or only Y), 
respectively, and entered these estimates into equation 2 for 
ρ to obtain the posterior estimates of ρ. We note that the 
model in Groth et al. (2017) uses terms of the conditional 
variance of Y|X (Conditional variance means that our 
model provides the variance of Y given we know the value 

of X and the regression parameters), but in computing ρ, 
we calculate the marginal variance of Y from this condi-
tional variance and the other parameters (using conditional 
variance formulas of bivariate normal distributions).

We identified credible differences in the overarching 
groups by observing non-overlapping CIs of the slopes 
and intercepts for independent groups (e.g. groups that 
do not contain the same measurements). It should be 
noted that if the slope is credibly different, the correl-
ation will usually be credibly different as well since the 
correlation equation includes the slope (equation 2).

We performed a linear regression and estimated the 
Pearson correlation (using 25 000 iterations after 5000 
iterations of burn-in) for each of our overarching groups. 
We report the median, the 2.5th quantile, and the 97.5th 
quantile of the posterior samples for the intercept, slope, 
correlation coefficient (ρ), and the median posterior es-
timate of the coefficient of determination (R-squared). 
All regression results can be found in the Supplementary 
Material (available at Annals of Occupational Hygiene 
online) excel file (Supplementary Tables S1–S5).

Model-based imputation of missing BTEX-H 
measurements
BTEX-H measurements were not available for two 
scenarios. First, laboratory analyses of n-hexane pri-
marily had been conducted on air samples collected on 
the water for time periods 1b, 2, and 3. Thus, n-hexane 
measurement results corresponding to those of THC and 
BTEX on land and in time periods 1a, 4, 5, and 6 were 
not available. Second, we previously had predicted THC 
(personal) exposures from VOC area measurements 
(Groth et al. 2021; Ramachandran et al. 2021), but cor-
responding BTEX-H measurements were not available.

We applied the same bivariate left-censored Bayesian 
model described in Groth et al. (2017), using equa-
tion 1 (using 25 000 iterations after 5000 iterations of 
burn-in) with: (i) the THC personal measurement cor-
responding to the missing value as the predictor (Xi) 
(if the THC value was censored, the THC value was 
imputed from the model using a normal distribution 
below the LOD with an estimated mean and variance; 
see Groth et al., 2017, 2018), and (ii) each missing 
measurement's corresponding overarching group's linear 
regression (THC:BTEX-H) equation. That is, for every 
missing value, we obtained 25 000 posterior estimates 
of a GM-like statistic and 25 000 posterior estimates of 
the GSD. Since these relationships are on the natural log 
scale, we used the posterior distributions of these stat-
istics to calculate AM estimates. Specifically, using the 
posterior distribution of the GM-like statistic and the 
GSD for each missing measurement and
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AM = GM× e(
1
2 (ln(GSD))2) (3)

We calculated a corresponding posterior distribution of 
the 25 000 AMs of each imputed value. The median of 
each set of the 25 000 imputed AM values (posterior 
samples) was considered the imputed BTEX-H value for 
each missing measurement.

Use of informative priors in the estimation of 
exposure levels
Once all missing BTEX-H measurements had been es-
timated, we again applied the method in Groth et al., 
(2017) using the linear relationship of equation (1) to 
develop an exposure estimate for BTEX-H for each EG.

With the completed dataset for each EG of interest 
(i.e. the real and imputed measurements totally 26 702 
across all EGs for each BTEX-H chemical; 26161 meas-
ured THC and 541 imputed THC), the model estimated 
the linear relationship between the natural log of THC 
and the natural log of the chemical of interest (one of 
the BTEX-H chemicals) for that EG (all EGs were mod-
eled separately) accounting for censored information (for 
formal details of this, see the Supplementary Materials in 
Stewart, Groth et al. 2021). Since some EGs had limited 
sample sizes or many censored measurements, it was 
harder, however, for the model to agree on an appro-
priate linear relationship. Therefore, we provided add-
itional information about the linear relationship, that 
is the regression parameters of the slope, intercept, and 
conditional variance of the overarching relationship as 
prior information (priors). This allowed us to develop 
BTEX-H exposure statistics for all of our EGs regardless 
of the number of measurements. The model then gener-
ated coefficient estimates of the linear relationship for the 
specific EG, which were used to generate estimates of the 
AM, GM, GSD, and 95th percentile of the chemical of 
interest using equations (1) and (3). For further details on 
the development of these priors from the correlations and 
the exposure statistics derived from these predictions, see 
Huynh et al. (2021a,b,c); Ramachandran et al. (2021); 
and the Supplementary Materials in Stewart, Groth et al. 
(2021).

Credible differences or statistically notable dif-
ferences in correlations were identified using non-
overlapping 95% CIs of the correlations. All analyses 
were conducted in the R statistical programming envir-
onment using the RJAGS software package (Plummer, 
2003, 2016; R Core Team, 2017).

Results

The regression relationships can be found in the 
Supplementary Material (available at Annals of 

Occupational Hygiene online) (Supplementary Tables 
S1–S5). We provide the median, 2.5th quantile, and 
97.5th quantile for the intercept, slope, and correlation 
for each relationship along with the median posterior 
sample of the R-squared.

Correlations
Briefly, although the range of the Pearson correlations 
(ρ) was substantial among the five BTEX-H chemicals (ρ 
<0.1 to >0.75), the median ρ values were similar for the 
five chemicals (0.52–0.66; median of posterior estimate 
taken to be the estimate of the correlation). For ben-
zene, the primary groups with higher ρ values (>0.70) 
comprised other vessels that were primarily near shore. 
No time period, vessel type, or area was dominant for 
the toluene values. Higher correlations for ethylbenzene 
were primarily seen with the other vessels group and the 
ROV vessels group. For xylene, the other vessels group 
across all areas (except offshore) and the hot zone for 
all three vessel types were associated with many ρ values 
>0.60. For n-hexane, the rigs and ROV vessels in the hot
zone had the highest correlations.

Time period
Figs. 1 and 2 display the BTEX-H Pearson correlations 
(ρ) by time period for each overarching grouping. The 
error bars show the 95% CI of the correlation coeffi-
cient, and the points represent the median posterior esti-
mates. The rig and ROV vessel groups had data in only 
TP1a-b, 2, and 3, while the other vessels group had data 
in TP1a-b, 2, 3, and 4, after which most of the water op-
erations had ended. In TP5-6, only land measurements 
were available. n-Hexane measurements were missing in 
TP1a and TP4-6, having measurements only in TP1b, 2, 
and 3. There were few land measurements for n-hexane, 
so we report an ‘all land’ category in TP1b and TP3, but 
not in TP2 because there were too few measurements in 
TP2 (N = 5) to conduct a stable regression analysis.

Overall, correlations were around 0.5 across all 
overarching groups and all chemicals and generally 
notably different from 0 (i.e. 0 lies outside of the 95% 
Bayesian credible interval). The correlations tended to 
decrease from TP1a-b to TP2 on the (outside) rig vessels 
and on the ROV vessels. Credible differences in correl-
ations were found for rig vessels for toluene (TP1a-1b, 
correlation ρ = 0.66, 95%CI:0.62, 0.70; TP2: ρ = 0.45, 
95%CI:0.30, 0.57), ethylbenzene (TP1a-b, ρ = 0.78, 
95%CI:0.75, 0.81; TP2: ρ = 0.52, 95%CI:0.35, 0.65), 
xylene (TP1a-1b: ρ = 0.85, 95%CI:0.82, 0.87; TP2: 
ρ = 0.73, 95%CI:0.64, 0.81) and n-hexane (TP1b: 
ρ = 0.86, 95%CI:0.83, 0.88; TP2: ρ = 0.52, 95%CI:0.35, 
0.65). Similarly, on the ROV vessels, credible differences 
in correlations existed between TP1a-b and TP2 for 

http://academic.oup.com/annweh/article-lookup/doi/10.1093/annweh/wxab064#supplementary-data
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toluene (TP1a-1b: ρ = 0.80, 95%CI:0.78, 0.82; TP2: 
ρ = 0.63, 95%CI:0.55, 0.70), ethylbenzene (TP1a-1b: 
ρ = 0.92, 95%CI:0.90, 0.93; TP2: ρ = 0.75, 95%CI:0.69, 
0.81), xylene (TP1a-1b: ρ = 0.88, 95%CI:0.87, 0.90; 
TP2: ρ = 0.74, 95%CI:0.67,0.79), and n-hexane (TP1b: 
ρ = 0.90, 95%CI:0.88, 0.91; TP2: ρ = 0.52, 95%CI:0.42, 

0.60). Differences between TP2 and TP3 for both the 
rig and the ROV vessels were generally small for the 5 
BTEX-H chemicals.

A notable difference in the correlation for the 
other vessels group was the increase in correlations 
over TP1a-1b to TP4 for benzene (TP1a-1b: ρ = 0.56, 

Figure 1. Benzene, toluene, ethylbenzene correlations with total hydrocarbons (THC) by time period. Correlations reflect all out-
side areas within a particular group. The error bars represent the 95% credible interval and the points represent the median pos-
terior estimate.



95%CI:0.53, 0.59; TP2: ρ = 0.62, 95%CI:0.57, 0.66; 
TP3: ρ  =  0.70, 95%CI:0.65, 0.75; TP4: ρ  =  0.85, 
95%CI:0.80, 0.89), toluene (TP1a-1b: ρ = 0.57, 95%CI: 
0.55, 0.60; TP2: ρ = 0.57, 95%CI:0.53, 0.61; TP3: 
ρ = 0.66, 95%CI:0.62, 0.70; TP4: ρ = 0.83, 95%CI:0.78, 
0.87), ethylbenzene (TP1a-1b: ρ = 0.76, 95%CI:0.74, 
0.78; TP2: ρ = 0.70, 95%CI:0.65, 0.73; TP3: ρ = 0.70, 
95%CI:0.64, 0.74; TP4: ρ = 0.80, 95%CI:0.72, 0.86), 
and xylene (TP1a-1b: ρ = 0.65, 95%CI:0.63, 0.68; 
TP2: ρ  =  0.67, 95%CI:0.64, 0.70; TP3: ρ  =  0.69, 

95%CI:0.64, 0.72; TP4: ρ = 0.80, 95%CI:0.73, 0.85). 
The same pattern was seen for n-hexane, except no 
measurements were available in TP4 (TP1b: ρ = 0.71, 
95%CI:0.65, 0.75; TP2: ρ = 0.47, 95%CI:0.31, 0.60; 
TP3: ρ = 0.85, 95%CI:0.77, 0.91). While the correl-
ations in the other vessel group in TP1a-1b, TP2, and 
TP3 were derived from measurements across all water 
areas (i.e. near shore, offshore, source and hot zone), 
in TP4 the measurements were derived from only near 
shore observations.

Figure 2. Xylene and n-hexane correlations with total hydrocarbons (THC) by time period. Correlations reflect all outside areas 
within a particular group. The error bars represent the 95% credible interval and the points represent the median posterior esti-
mate. n-Hexane was not observed in all time periods (leading to missing measurements that we later imputed) and is therefore 
only shown for TP1b-3. Within land, n-hexane had too few measurements in TP2 to develop a relationship (N = 5) and had too few 
measurements to develop separate relationships for Beaches/Marshes and Ports/Docks. These n-hexane land correlations include 
near shore measurements due to the lack of observed n-hexane measurements on land. The correlations for Ports/Docks in TP5 
are not shown due to limited measurements (N = 11).



In the land areas, most adjacent time periods did not 
have notably different correlations. However, the correl-
ations were different from zero [other than TP5 in ports 
and docks, which is not shown due to limited sample size 
(N = 11)]. In the cases where we found statistically cred-
ible differences in adjacent time periods, there was no 
consistent trend over time across the multiple chemicals.

Area: distance from wellhead
Correlations by general area are reported in Figs. 3 and 
4 for BTEX. Data for n-hexane are not presented due to 
small sample sizes. Rig vessels and ROV vessels were pri-
marily located in the hot zone, so these vessel groups do 
not contribute to any other area.

No pattern was seen for correlations (across all time 
periods) for other vessels by area for benzene. For toluene the 
correlation coefficient for the hot zone was notably higher 
than that for the source (hot zone: ρ = 0.69, 95%CI:0.64, 
0.75; source: ρ = 0.51, 95%CI:0.40, 0.61) and for off-
shore (ρ = 0.36, 95%CI: 0.25, 0.47), but not for near shore 
(ρ = 0.65, 95%CI: 0.63, 0.67). For ethylbenzene, the pattern 
was somewhat different: the correlation coefficients for the 
hot zone, source and near shore areas were similar (hot zone: 
ρ = 0.75, 95%CI:0.70, 0.80; source: ρ = 0.74, 95%CI:0.65, 
0.80; near shore: ρ = 0.74, 95%CI:0.71, 0.75), while that for 
offshore was notably lower (ρ = 0.47, 95%CI:0.35, 0.58). For 
xylene the correlation patterns were similar to ethylbenzene, 
that is, similar for the hot zone, source and near shore and 
different for offshore (hot zone: ρ = 0.73, 95%CI:0.68, 0.78; 
source: ρ = 0.68, 95%CI: 0.59, 0.75; near shore: ρ = 0.68, 
95%CI:0.66, 0.69 vs offshore: ρ = 0.45, 95%CI:0.34, 0.54).
Within land areas (over all time periods), statistically 
credible differences in correlations were identified for the 
beaches/marshes area compared to the ports/docks area 
for benzene (beaches/marshes: ρ = 0.63, 95%CI:0.61, 
0.66; ports/docks: ρ = 0.39, 95%CI:0.34, 0.43), toluene 
(beaches/marshes: ρ = 0.51, 95%CI:0.48, 0.53; ports/
docks: ρ = 0.30, 95%CI:0.26, 0.33), and ethylbenzene 
(beaches/marshes: ρ = 0.50, 95%CI:0.46, 0.53; ports/
docks: ρ = 0.33, 95%CI:0.27, 0.37). The correlations of 
the two areas were not different for xylene.

Type of vessel
Figs. 3 and 4 also allows us to compare vessel types within 
the hot zone (across all time periods). Credible differences 
in correlations existed between the rig vessels and the 
ROV vessels, with the latter having a higher correlation 
for toluene (rigs: ρ = 0.60, 95% CI:0.56, 0.64; ROV ves-
sels: ρ = 0.76, 95% CI:0.74, 0.79) and for ethylbenzene 
(rigs: ρ = 0.72, 95% CI:0.69, 0.75; ROV vessels: ρ = 0.86, 
95% CI:0.84, 0.87). This difference was not seen for ben-
zene, xylene, or n-hexane. Correlations among rig vessels 

and other vessels in the hot zone were similar across 
chemicals except for xylene where rigs had a notably 
higher correlation than other vessels (rigs: ρ = 0.82, 95% 
CI:0.79, 0.84; other vessels: ρ = 0.73, 95% CI:0.68, 0.78).

Inside/outside
The correlations between inside and outside measure-
ments on the rig vessels are provided in the Supplementary 
Material (available at Annals of Occupational Hygiene 
online), Supplementary Tables S1–S5. For the combined 
measurements from all time periods, the inside meas-
urement correlations were lower than the outside cor-
relations for benzene (inside: ρ = 0.19, 95%CI:-0.24, 
0.58; outside: ρ = 0.55, 95%CI:0.48, 0.62), toluene 
(inside: ρ = 0.31, 95%CI:0.05, 0.53; outside: ρ = 0.60, 
95%CI:0.56, 0.64), ethylbenzene (inside: ρ = 0.23, 
95%CI:-0.03, 0.46; outside: ρ = 0.72, 95%CI:0.69, 0.75), 
and xylene (inside: ρ = 0.66, 95%CI:0.48, 0.79; outside: 
ρ = 0.82, 95%CI:0.79, 0.84). n-Hexane had a similar 
correlation for both inside and outside (inside: ρ = 0.85, 
95%CI:0.69, 0.93; outside: ρ = 0.83, 95%CI:0.81, 0.86).

Imputation of missing data
Over 23 000 measurements for n-hexane were imputed, 
primarily on land (N = 16 481). Table 2 describes the 
data used to impute n-hexane and the number of imputed 
measurements, both for the situations where the labora-
tory did not analyze for n-hexane on the air samples and 
where the THC estimates had been derived from the VOC 
area measurements. In this table, we report for each group 
the number of measurements originally available the de-
terminant characteristics of the measurements (i.e. the 
overarching group) used to generate the linear relationship, 
the observed Pearson correlation coefficient calculated 
from the relationship, the number of imputed measurement 
values and the total number of measurement values after 
imputation and the number of the observations the linear 
relationship used to impute. Generally, 300–700 measure-
ments were imputed for the groups of rig vessels, ROV 
vessels, and marine vessels. In contrast, the other vessels 
and land groups had >5000 and >16,400 imputed values 
respectively.

Methods: Model-based imputation of missing  
BTEX-H measurements above, we also imputed 
BTEX-H where we had predicted THC (personal) ob-
servations from VOC area measurements. This led to an 
additional 272 measurements for each BTEX-H chem-
ical for the ROV vessels and 269 measurements for 
each BTEX-H chemical for the marine vessels (Table 
2; note some additional imputed measurements are in-
cluded above that were not used in the 223 reported in 
Ramachandran et al., 2021).

http://academic.oup.com/annweh/article-lookup/doi/10.1093/annweh/wxab064#supplementary-data
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Informative priors and exposure estimates
The overarching groups, that were used as priors in the 
Bayesian analyses for developing BTEX-H exposure stat-
istics are presented with their number of measurements 
(N), intercept, slope (and their 95% CI of the slope and 
intercept), correlation, and R-squared in Tables S1–S5 
in the Supplementary Material (available at Annals of 

Occupational Hygiene online). For each of the BTEX 
chemicals, 120 overarching groups were formed (36 for 
n-hexane, due to the small number of measurements avail-
able). Some of these correlations were described above.

Exposure estimates generated using these priors 
ranged from <0.01 ppb to 137.02 ppb for ethylbenzene; 
0.02 ppb to 187.98 ppb for toluene; 0.37 ppb to 445.35 

Figure 3. Benzene and toluene correlations with total hydrocarbons (THC) by area. Correlations reflect all time periods and out-
side measurements. The error bars represent the 95% credible interval and the points represent the median posterior estimate.

http://academic.oup.com/annweh/article-lookup/doi/10.1093/annweh/wxab064#supplementary-data
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ppb for xylene; and 0.02 ppb to 2441.0 ppb for n-hexane 
(Benzene was commonly highly censored for many EGs 
and is therefore not included in this summary). See 
Huynh et al. (2021a,b,c); Ramachandran et al. (2021) for 
more information on the exposure estimates generated 
for BTEX-H.

Discussion

In this study, we used Bayesian linear regression analyses 
with overarching groups to estimate correlations/linear 
relationships between THC and each of the BTEX-H 
chemicals and used the regression coefficients of each 

Figure 4. Ethylbenzene and xylene correlations with total hydrocarbons (THC) by area. Correlations reflect all time periods and 
outside measurements. The error bars represent the 95% credible interval and the points represent the median posterior estimate. 
n-Hexane is not shown since priors were not developed by area within other vessels or land categories.



Table 2. n-Hexane measurements available and imputation strategies. We provide the number of samples originally 
available in each group (Number of original measurements), the imputation regression relationship, the number of 
imputed values (Number of imputed values), and the total N for the group after imputation (Total N after imputation). 
Relationships used for imputation are described based on the time period and area used. We also provide the correl-
ation of the regression.

Determinant characteristics Number 
of original 

measurements

Linear regression used for 
imputation

Number of 
imputed 
values

Total N after 
imputation

Group Time 
period

Area Time 
period

Area/group Correlation 
median

Rigs Outside TP1a-b 521 TP1b Rigs 0.86 435 956

Inside All 48 All Rigs-inside 0.85 29 77

Alla All 904 464 1368

ROV vessels Original TP1a-b 723 TP1b ROVs 0.90 385 1108

VOC Derived TP1a-b TP1b ROVs 0.90 192 192

TP2 TP2 ROVs 0.52 65 65

TP3 TP3 ROVs 0.50 15 15

Alla All 1347 657 2004

MVsb Original TP1b 273 TP1b Other vessels 0.71 35 308

TP3 152 TP3 Other vessels 0.85 3c 155

VOC derived TP1a-b TP1b Other vessels 0.71 184 184

TP2 TP2 Other vessels 0.47 85 85

Alla All 594 307 901

Other vessels TP1b Hot zone 51 TP1b Other vessels 0.71 52 103

Source 48 TP1b Other vessels 0.71 20 68

Offshore 92 TP1b Other vessels 0.71 51 143

Near shore 59 TP1b Other vessels 0.71 2268 2327

All land areas 1 TP1b Near shore/

land

0.62 41 42

TP2 Offshore 36 TP2 Other vessels 0.47 31 67

Near shore 2 TP2 Other vessels 0.47 1152 1154

All land 

areasd

0 TP2-3 Near shore/

land

0.66 22 22

TP3 Near shore 32 TP3 Other vessels 0.85 706 738

All land 

areasd

4 TP3 Near shore/

land

0.77 201 205

TP4 Near shore 0 TP3 Other vessels 0.85 189 189

Ports/docksd 0 TP3 Near shore/

land

0.77 292 292

Alla All 408 5025 5433

Land TP1a Near shore 0 TP1b Other vessels 0.71 2 2

All land 

areasd

0 TP1b Near shore/

land

0.62 64 64

TP1b Near shore 0 TP1b Other vessels 0.71 77 77

All land 

areasd

6 TP1b Near shore/

land

0.62 5964 5970

TP2 Near shore 0 TP2 Other vessels 0.47 69 69

All land 

areasd

0 TP2-3 Near shore/

land

0.66 2465 2465

TP3 Near shore 0 TP3 Other vessels 0.85 41 41

All land 

areasd

0 TP3 Near shore/

land

0.77 3130 3130



overarching group to impute values for missing BTEX-H 
measurements. Then, we used these overarching group 
relationships as priors to model exposure statistics, 
incorporating the recently imputed observations into 
each EG and accounting for censored data.

Correlations
The linear relationships (described here as correlations 
but modeled using linear regressions) between THC and 
the BTEX-H chemicals were based on the assumption 
that the significant source of these chemicals in the air 
was the evaporated oil. The oil weathered differentially 
for the BTEX-H chemicals over time and space, so we 
considered the effect of weathering on the air concentra-
tions to decrease uncertainty in our estimates. Because 
we had no measurements of weathering, we identified 
proxies for weathering that were documented with the 
measurements, that is, time period (from date sampled) 
and area of the Gulf. In addition, two other determin-
ants, type of vessel, and on the rig vessels, indoors/out 
of doors, were evaluated. As demonstrated in Figs. 1–4, 
many of these relationships differed notably by these 
determinants, as hypothesized. Correlations differed by 

time period, distance from the wellhead (i.e. area of the 
Gulf), and vessel type, although the latter was largely 
confounded by distance from the wellhead. In addition, 
the correlations were different and were generally lower 
inside the rig vessels than outside.

In TP1a-1b, crude oil was continuously being released 
into the GuLF, leading to a pseudo-equilibrium between 
the fresh and weathered oil. This equilibrium was likely 
the cause of the higher correlations for the vessels at the 
wellhead at this time. After the well was mechanically 
capped (at the end of TP1b), the correlations differ-
entially fell for the rig vessels and ROV vessels in TP2 
and sometimes further in TP3. This differential decrease 
may have occurred due to the continued differential 
weathering and the possible presence of other sources of 
these substances (such as cleaning chemicals and engine 
exhaust) that could have contributed relatively more to 
the vapors' concentrations than in earlier time periods.

The other vessels group showed a different pattern, with 
correlations generally increasing over time. It is unclear 
why this occurred; it may be because the measurements in 
TP1a-3 were located throughout the larger area of the Gulf 
(hot zone, source, offshore, and near shore), whereas in TP4 
the measurements primarily were collected near shore.

Determinant characteristics Number 
of original 

measurements

Linear regression used for 
imputation

Number of 
imputed 
values

Total N after 
imputation

Group Time 
period

Area Time 
period

Area/group Correlation 
median

TP4 Near shore 0 TP3 Other vessels 0.85 5 5

All land 

areasd

0 TP3 Near shore/

land

0.77 2920 2920

TP5 All land 

areasd

0 TP3 Near shore/

land

0.77 1016 1016

TP6 All land 

areasd

0 TP3 Near shore/

land

0.77 728 728

Alla All 6 16 481 16 487

Fuelinge Alla 133 133

Total 23 067 26 326f

aThese total rows identify the number of measurements from time periods or areas where no imputation was done in the number of original measurements and 

Total N After Imputation columns.
bThe IOS Pipeliner and the West Sirius did not have any valid total hydrocarbon (THC) measurements and thus counts were omitted from Ramachandran et al. 

(2021), but the counts are included here.
cSamples analyzed by Laboratory 2 (Stenzel, Groth, Banerjee et al., 2021).
dAll Land Areas refer to Beaches/Marshes, Ports/Docks, and Other land areas.
eFueling samples were imputed using a multiplier instead of a linear regression.
fThe total number of measurements used in the study was 26 161 (excluding those on the ROV vessels (Ramachandran et al., 2021). The additional 165 measure-

ments presented were not used due to their not meeting our inclusion criteria (Stenzel, Groth, Banerjee et al., 2021).

N: Number of measurements; TP: Time period; VOC: Volatile Organic Compounds; VOC Derived: Measurements originally derived using the VOC database; 

Original: Measurements not considering VOC derived samples; ROV Vessels: Vessels operating remotely operated vehicles; MVs: Marine Vessels; Other Vessels: 

A group comprised of research vessels, and vessels other than marine vessels, rig vessels, and ROV vessels; Total: Reflects the totals of all measurements including 

fueling.

Table 2. Continued



No patterns were seen for land measurements pos-
sibly because of the limited range of the measurements. 
Our ability to fully interpret these results is limited 
due to the extremely complex exposure situation and 
weathering conditions.

Correlations across areas of the Gulf varied by 
chemical. Analyses of toluene, ethylbenzene, and xylene 
found similar (ethylbenzene, xylene) or slight differences 
(toluene) between the hot zone, source, and near shore 
areas, but notable differences in the offshore area possibly 
due to the larger area, resulting in more variable concen-
trations than in the smaller areas of the hot zone, source 
and near shore. The consistently higher correlations at 
beaches and marshes compared to ports and docks may 
be due to ‘purer’ conditions (i.e. no other major sources 
than the weathered oil) compared to the ports and 
docks, which was characterized by having fueling and 
decontaminating operations, both of which could have 
contributed to the (differential) air concentrations.

We found that the type of vessel provided little add-
itional information than area because of the high cor-
respondence between vessel type and area. We presented 
correlations by type of vessel, however, because the cor-
relations were more interpretable with that information. 
We also analyzed the data by the U.S. Gulf coast state in 
which the measurement was taken as another proxy for 
weathering. We did not observe statistically credible dif-
ferences between most states' correlations (analysis not 
shown). Furthermore, analyses by state greatly dimin-
ished the sample size of these overarching relationships, 
particularly for n-hexane. Thus, we did not consider 
state-specific relationships/correlations.

On the rig vessels, correlations inside were lower than 
the correlations outside for most BTEX chemicals (al-
though less so for benzene and xylene), suggesting that 
the ventilation system's particulate and charcoal filters 
removed differentially the chemicals or that additional 
sources of chemicals (e.g. cleaning chemicals or exhaust 
from a cooking grill) may have been present during some 
measurements. n-Hexane had a similar correlation between 
inside and outside measurements, which may be related to 
the limited sample size for measurements inside (N = 43 
compared to N = 75 for BTEX) or because it is not typic-
ally present in cleaning chemicals or cooking exhaust.

While a single overarching regression or correlation 
could have been used across all measurements, such an 
approach would have not accommodated the variability 
seen among the various overarching EGs, and thus 
would have increased the uncertainty in our estimates. 
Nonetheless, grouping of determinants was done for the 
BTEX chemicals when only a small number of measure-
ments were available. For example, we combined TP1a 

with TP1b for particular areas and vessel types, due to 
small numbers in TP1a. We did this based on the as-
sumption that the relationship for the overarching group 
would produce reasonable estimates of exposure for 
the smaller group, although with increased uncertainty. 
In addition, using a larger group (i.e. at least two time 
periods or multiple areas) for predicting measurements 
of the various members of the larger group, although 
less than ideal, was expected to be a valid assumption 
for various reasons. First, we assumed that our de-
terminants allowed us to identify overarching groups 
with exposure to roughly similar degrees of weathered 
oil. From our findings it is clear that determinants led 
to different linear relationships between THC and each 
BTEX-H chemical (both on the log scale) as evidenced 
by the number of non-overlapping CIs for the slopes in 
Tables S1–S5 in the Supplementary Materials (available 
at Annals of Occupational Hygiene online) and Figs. 
1–4. Second, we scientifically and statistically evalu-
ated when new relationships were needed (using mul-
tiple linear regression); that is, we identified scientifically 
based determinants that were expected to influence cor-
relations and combined them into overarching groups. 
We also found that relationships differed significantly [in 
Tables S1–S5 in the Supplementary Material (available 
at Annals of Occupational Hygiene online)].

These correlations should be useful in future oil spills 
to help guide the sampling strategy and institute meas-
ures protective of workers.

Missing data imputation
The imputation of n-hexane provided us with substan-
tially greater coverage of time periods (primarily TP1a, 
TP1b, TP4-6) and for land. The priors for the n-hexane 
land estimation were based primarily on near shore 
measurements because of the few (N ≤ 30) land meas-
urements that were available. Using near shore meas-
urements brought the sample sizes to N > 50 in all time 
periods except in TP2, for which we used the TP2-3 re-
lationship [reflected in relationships shown in Table S5 
in the Supplementary Material (available at Annals of 
Occupational Hygiene online)]. The use of near shore 
measurements to predict land measurements was not 
ideal, because it is likely that land measurements were 
affected to a greater degree of weathering than near 
shore measurements. n-Hexane is much more volatile 
than the BTEX chemicals and therefore is much more af-
fected by the degree of weathering. However, near shore 
is the group most similar to the land measurements as 
the former measurements were collected <3 nmi (5.56 
km) from land. Using these surrogate measurements 
for land in later time periods could have resulted in 
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overestimation of n-hexane in TP4-6. Before conducting 
the n-hexane imputation, we had 3259 measurements for 
n-hexane; after the imputation, we had 26 326 n-hexane
measurements. Although this imputation substantially
aided our estimation process, such extensive imputation
means that any n-hexane results should be interpreted
with caution.

Informative priors
The priors we used to develop exposure statistics for 
our EGs are the intercepts and slopes from Tables S1–S5 
in the Supplementary Material (available at Annals of 
Occupational Hygiene online) along with the conditional 
variance (conditional variance not shown in Tables S1–
S5). We used the most similar overarching group as the 
prior for the EG except when there were too few meas-
urements for stable estimates. For example, for workers 
who worked outside on the rig vessels in TP1a, we used 
the TP1a-1b outside rig vessels as the prior relationship 
to inform the regression. Although the vessel type was 
highly correlated with area, we included vessel type in 
the characterization of the priors for clarity. Using the 
overarching groups allowed us to develop more stable 
exposure estimates for EGs with smaller numbers of 
measurements and/or with higher percentages of cen-
sored measurements by borrowing information from the 
regression analysis and from THC. These priors were 
used in the development of the exposure estimates (AMs, 
GMs, GSDs, and 95th percentiles) discussed in Huynh 
et al. (2021a,b,c); Ramachandran et al. (2021); Stewart, 
Groth et al. (2021).

Statistical assumptions and limitations
We assumed that all the relationships presented here were 
linear in nature and that the assumptions of linear regres-
sion were met [equal variances, linearity, normality of 
residuals (and lognormality of each chemical), and inde-
pendence of observations]. These assumptions appear to 
be reasonable based on chemical laws [see Supplementary 
Material (available at Annals of Occupational Hygiene 
online) and Stenzel, Groth, Huynh et al., 2021]. In add-
ition, while it is possible that some study participants 
contributed multiple measurements within any particular 
regression/correlation, within-participant level variability 
was not assessed due to insufficient information in the 
measurement database on which samples represented the 
same participant (Stewart, Groth et al., 2021). Also, other 
relationships or distributional assumptions were not ex-
plored. Furthermore, we also assumed that a single value 
of the AM, that is, the median posterior estimate derived 
from a Bayesian fully model-based imputation was repre-
sentative of each imputed exposure measurement. Other 
statistics were not considered. Future work could consider 

using the full posterior distributions of each missing meas-
urement in the final exposure estimation process.

We also assumed that all linear relationships identi-
fied were representative of the particular groups studied 
and could be used as informative prior relationships. If a 
particular set of observations substantially deviated from 
this assumption, the exposure estimates may be more 
biased or imprecise than estimates that did not deviate 
from the assumption. However, exposure estimates were 
unlikely to have been influenced dramatically by the use 
of informative priors due to the use of a downweighting 
procedure to allow the real data to drive the inference 
when enough data were present (Quick et al., 2017). 
In addition, since these correlations were identified dir-
ectly from the data used in the assessment of the EGs, al-
though based on larger datasets, the overarching groups 
should be representative of the true exposures in the 
larger groups, thus providing reasonable informative 
prior relationships to the best degree possible, albeit pos-
sibly with broader credible intervals than preferred.

Strengths
The strengths of this analysis are several. First, this 
study used a Bayesian left-censored linear model that 
accounts for censoring in both the predictor (THC) and 
the response (each of the BTEX-H chemicals). For more 
statistical benefits of this method, see Groth et al. (2017 
and 2018). Second, this approach used scientific prin-
ciples to identify several determinants of exposure. We 
could have relied on a single linear relationship; how-
ever, after statistically evaluating the relationships, we 
found that many credibly different correlations were 
present, supporting the approach taken of identifying 
different sets of exposure determinants to represent dif-
ferent exposure conditions. Thus, use of the different 
correlations allows us to further differentiate exposures, 
likely narrowing our credible intervals from what they 
would have been had we used only a single group of 
all observations. Third, imputation of the missing meas-
urements increased our overall number of observations 
in many EGs, particularly for n-hexane, although, in 
TP4-6 the n-hexane estimate may have a marginally 
positive bias. The newly imputed values for BTEX-H 
were developed after deriving the correlations because 
we wanted the correlations to reflect the real data. As 
a result, the relationships used for imputation were 
based only on real observed data. Finally, the use of 
these relationships as informative priors allowed EGs 
with limited information (small number of measure-
ments and/or high censoring) to borrow strength from 
overarching relationships in the data. This process likely 
further increased the robustness of our exposure esti-
mates and potentially made them more accurate.
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Conclusion

We used physical/chemical principles to develop rela-
tionships (correlations) between our known data (THC) 
and each of the BTEX-H chemicals and evaluated those 
relationships for statistical credibility. Correlations be-
tween THC and each of the BTEX-H chemicals gener-
ally exceeded 0.50 and differed notably across various 
time periods, areas, vessel type, and of inside versus out-
side on the rig vessels. Most of these findings were likely 
due to the degree of weathering in oil.

These correlations were used to impute missing data, 
resulting in >23 000 additional n-hexane observations 
and >500 BTEX additional observations that were used 
in the exposure estimation process. Because of the large 
number of imputed n-hexane values, however, caution 
should be used when interpreting any health outcome-n-
hexane relationship.

Finally, these correlations provided information as 
priors in the application of the Bayesian method to de-
velop exposure statistics for EGs even when the number of 
measurements were limited or a substantial percentage of 
the BTEX-H measurements were censored by borrowing 
strength from a similar overarching relationship. This pro-
cedure likely enabled us to develop more stable estimates 
for the exposure statistics used in the investigation of 
exposure-response relationships in the epidemiologic study.

Supplementary data

Supplementary data are available at Annals of Work Exposures 
and Health online.
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