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Abstract

The goal of this analysis was to evaluate the association be-
tween county-level ambient vinyl chloride (VC) and coun-
ty-level liver cancer incidence and mortality rates in Texas. 
Modeled county-level ambient VC data were obtained from 
the National Air Toxics Assessment. Age-adjusted county-
level liver cancer incidence rates were abstracted from the 
Texas Cancer Registry and age-standardized county-level 
liver cancer mortality rates were obtained from the peer-
reviewed literature. Multivariable imputation was utilized 
to impute incidence rates in counties with suppressed liver 
cancer incidence rates. Negative binomial and Poisson re-
gression models were utilized to evaluate the association 
between county-level ambient VC and county-level liver 
cancer incidence and mortality rates, respectively, adjust-
ed for county-level heavy drinking prevalence, hepatitis 
mortality rates, median income, and race (percent His-
panic). County-level ambient VC was not associated with 
county-level liver cancer incidence or mortality rates. Spe-
cifically, when compared to the lowest tertile of ambient 
VC, the middle (relative risk [RR]: 1.06, 95% confidence 
interval [CI]: 0.95–1.19) and highest (RR: 1.03, 95% CI: 
0.90–1.17) tertiles of ambient VC were not associated with 
liver cancer incidence. Similarly, county-level ambient VC 
in the middle (RR: 0.95, 95% CI: 0.85–1.05) and highest 
(RR: 0.93, 95% CI: 0.82–1.05) tertiles were not associat-
ed with liver cancer mortality. This analysis suggests that 
county-level ambient VC is not associated with liver cancer 
incidence or mortality in Texas. Our study provides novel 
results regarding liver cancer risk from low-level non-occu-
pational exposure to ambient VC.
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sure and liver cancer incidence and mortality in Texas. J 
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Introduction

Vinyl chloride (VC), also called vinyl chloride monomer, is a 
compound used in the manufacture of the polymer polyvinyl 
chloride (PVC). Due to its versatility and technical proper-
ties, PVC is used in various industrial and consumer plas-
tic and vinyl products, including pipes, building supplies, 
automotive parts, clothing, and medical devices.1 The PVC 
global market is projected to increase approximately 3% 
per year until 2021.2

In 2012, the International Agency on Cancer Research 
(IARC) classified VC as a group 1 carcinogen based on evi-
dence from animal and occupational epidemiology studies.3 
Specifically, IARC concluded that there was sufficient evi-
dence in humans that VC causes angiosarcoma of the liver 
(ASL) and hepatocellular carcinoma (HCC) due to findings 
from two large, multicenter cohort studies (one in the USA 
and one in Europe) of workers at VC and PVC production 
or processing plants.3–5 IARC also discussed a meta-analy-
sis on occupational exposure to VC that concluded that VC 
workers may experience an increased risk of HCC.3,6 The 
meta-analysis authors noted that findings may have been 
influenced by the under diagnosis of true ASL and that there 
was likely variability in the probability and level of exposure 
among production workers, as direct measurements of VC 
exposure were not reported in the underlying studies.6

The 2012 IARC evaluation was specific to workers oc-
cupationally exposed to VC who were potentially simultane-
ously exposed to other industrial chemicals and agents. It is 
important to note that IARC did not perform an evaluation of 
the association between non-occupational VC exposure and 
cancer risk. The Agency for Toxic Substances and Disease 
Registry (ATSDR) reported that inhalation of air contain-
ing VC is the most likely non-occupational exposure route 
for the general population.7 According to the Environmental 
Protection Agency (EPA), VC is present in ambient air due to 
discharge of exhaust gases from VC manufacturing or pro-
cessing facilities or evaporation from areas where chemical 
wastes are stored.8 Ambient VC concentrations are typically 
around 1 µg/m3 or less, with concentrations near emission 
sources ranging from trace levels to over 2,600 µg/m3.7,9 
For comparison, the Occupational Safety and Health Admin-
istration’s Permissible Exposure Limit (PEL) is 1 ppm (2,500 
µg/m3).10 While there is information on low-dose exposure 
among occupational cohorts, there is limited evidence avail-
able on the potential risk of liver cancer among individuals 
non-occupationally exposed to ambient VC.11

VC and PVC plants tend to be clustered primarily along 
the Texas and Louisiana Gulf coast, which may result in po-
tentially elevated ambient VC concentrations in these areas 
due to plant emissions. In 2017, Cicalese et al.12 published 
an ecological study on the association between air pollution 
(arsenic, benzene, 1,3-butadiene, and VC) and liver can-
cer incidence in Texas, concluding that their findings sug-
gest that VC is a “significant contributor” to the incidence 
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of liver cancer in Texas. As noted in our recent Letter to the 
Editor, this analysis had severe methodological limitations 
related to insufficient latency period, missing data due to 
data suppression, lack of adjustment for confounders, and 
inappropriate model selection.13 Due to these limitations 
and the data gap concerning the potential health effects 
of non-occupational ambient VC exposure, the objective of 
the current study was to perform a more rigorous and com-
prehensive ecological evaluation of the association between 
exposure to county-level ambient VC and both liver cancer 
incidence and mortality in Texas. Our analysis has the ad-
ditional benefits of allowing for adjustment for important 
liver cancer risk factors, imputation of incidence rates for 
suppressed counties, consideration of both liver cancer in-
cidence and mortality, and utilization of more conventional 
Poisson and spatial regression modeling.

Methods

Exposure data

Modeled county-level VC data were obtained from the 1996 
National Air Toxics Assessment (NATA). NATA is the EPA’s 
review of air pollutants in the USA, where emissions data 
from stationary sources (e.g., large waste incinerators and 
factories), area and other sources (e.g., small manufactur-
ers, wildfires, dry cleaners) and mobile outdoor sources 
(e.g., vehicles) are used as inputs in air quality models to 
estimate the county-level and census tract-level concentra-
tions of various chemicals.14 The EPA uses the Assessment 
System for Population Exposure Nationwide (ASPEN) simu-
lation model to combine emissions data with meteorological 
data to estimate concentrations of air pollutants, account-
ing for rate/location of release, wind speeds and direction, 
breakdown and transformation, and deposition.15 The 1996 
assessment was selected to allow for sufficient disease la-
tency, as this was the earliest dataset available. Specifi-
cally, we obtained the county-level median estimated an-
nual average ambient VC (µg/m3) for every county in Texas. 
Additionally, we performed a sensitivity analysis using the 
county-level 95th percentile ambient VC instead of the coun-
ty-level median ambient VC.

NATA provides data on both ambient VC (concentration 
of VC in the open air) and exposure VC (concentration of 
VC that a person may breathe over time, accounting for 
time that a person spends indoors and outdoors).16 Due to 
the study objectives, we selected ambient VC for the final 
model; however, we also performed a sensitivity analysis 
using county-level median exposure VC.

Liver cancer data

Incidence: Liver cancer incidence rates were obtained 
from the Texas Cancer Registry (TCR). The TCR collects data 
through passive and active surveillance and meets the high 
quality data standards put forth by the Centers for Disease 
Control and Prevention (CDC) and the North American As-
sociation of Central Cancer Registries.17 Specifically, coun-
ty-level liver cancer incidence rates (per 100,000 popula-
tion), age-adjusted to the 2000 USA Standard Population, 
were queried for each county in Texas from 2006 to 2015.

Mortality: Liver cancer mortality rates were abstracted 
from the Mokdad et al.18 (2017) analysis of cancer mortality 
patterns across USA counties. Briefly, Mokdad et al.18 used 
death records from the National Center for Health Statis-
tics (NCHS), population counts from the Census Bureau, the 
NCHS, and the Human Mortality Database, and validated 

small area estimation models to estimate county-level mor-
tality rates for various cancer endpoints. Age-standardized 
2010 liver cancer mortality rates (per 100,000 population) 
were calculated using the USA Census population.18

Latency period: Our liver cancer incidence (2006–2015) 
analysis allowed for a 10–19 year latency period (ambient 
VC data from NATA 1996). Similarly, our liver cancer mor-
tality (2010) analysis provided a 14 year latency period.

Potential confounding variables

Known risk factors of liver cancer were considered as po-
tential confounding variables. County-level sex (percent 
male), race (percent Hispanic), and income (median house-
hold income in the past 12 months, inflation-adjusted dol-
lars) were abstracted from the 2010 American Commu-
nity Survey (5-year averages).19–21 Data from 2010 were 
selected from among the available years (2005–2017) to 
correspond to the midpoint of the outcome data. County-
level age-standardized total cigarette smoking prevalence 
(non-daily and daily smoking; 2010) and age-standardized 
prevalence of heavy drinking (consumption, on average, of 
more than one drink per day for women and two drinks 
per day for men in the past 30 days; 2010) were reported 
in the peer-reviewed literature based on calculations using 
validated small area estimation methods and data from the 
Behavioral Risk Factor Surveillance System (BRFSS).22,23 
County-level age-adjusted obesity (body mass index ≥30) 
prevalence data were collected from the CDC.24 Lastly, age-
standardized hepatitis mortality rates (per 100,000 popu-
lation) for 2010 were obtained from the USA’s Infectious 
Disease Mortality Rates dataset from the Institute for Health 
Metrics and Evaluation.25

Incidence rate imputation for suppressed counties

The TCR suppresses incidence rate and cancer count data 
when there are fewer than 16 reported cancer-specific cas-
es in a county, based on the threshold used by the National 
Program of Central Cancer Registries (NPCR) at the CDC, 
the North American Association of Central Cancer Reg-
istries (NAACCR), and the Surveillance and Epidemiology 
End Results (SEER) Program at the National Cancer Insti-
tute (NCI). Additionally, the TCR does not provide incidence 
rate, population size, or cancer count data for counties with 
a risk population of <1,000 persons. Of the 254 counties 
in Texas, 102 had fewer than 16 cases of liver cancer re-
ported from 2006–2015 and 8 had risk populations <1,000 
persons. Overall, 110 counties (43%) had missing liver can-
cer incidence data due to suppression or an insufficient at-
risk population. Therefore, we used a step-wise selection 
(p=0.10) negative binomial regression model (accounting 
for over-dispersion in the reported incidence data) to per-
form multivariable imputation to estimate liver cancer inci-
dence rates for counties with suppressed rate data in the 
TCR. Multiple imputation is a technique for handling missing 
values, where the distribution of the observed data is used 
to estimate multiple datasets (to reflect uncertainty around 
the true value) that are then pooled for statistical analy-
sis.26 Variables selected for the multivariable imputation 
model were county-level race (percent Hispanic), smoking 
prevalence, heavy drinking prevalence, hepatitis mortality 
rate, and median income. Three counties had imputed liver 
cancer incidence rates that were negative, which were set 
to zero for purposes of the statistical analyses. Imputed in-
cidence rates for the remaining counties were rounded to 
the nearest tenth to match the data format of rates re-
ported by the TCR.
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Exploratory spatial data analyses

Exploratory spatial data analyses were performed to quali-
tatively evaluate the association between county-level am-
bient VC, liver cancer incidence and mortality rates, and 
potential confounders to inform statistical analyses and 
modeling. Additionally, the NATA 1996 dataset provided ex-
posure VC data at both the county- and census tract-level. 
Therefore, we explored exposure VC at the census tract-lev-
el to assess the distribution of exposure VC within counties.

Statistical analyses

County-level ambient VC data were log (base 10) trans-
formed (due to positive skewness), and then both ambient 
VC and covariate data were categorized into tertiles (low, 
medium, and high) (Table 1). Ambient VC and covariate 
data were modeled as categorized tertiles, with the lowest 
tertile serving as the reference group. A sensitivity analyses 
was performed using scored tertiles (1, 2, 3), instead of 
categorized tertiles (2 vs. 1 and 3 vs. 1).

For liver cancer incidence analyses, negative binomial 
regression models were utilized due to over-dispersed in-
cidence data. For liver cancer mortality analyses, Poisson 
regression models were used, as the mortality data were 
not over-dispersed. For both models, unadjusted univariate 
analyses were performed for ambient VC and each covariate 
variable. Statistically significant predictors of liver cancer 
(county-level heavy drinking prevalence, hepatitis mortality 
rates, median income, and race [percent Hispanic]) were 
included in the adjusted multivariable liver cancer incidence 
and mortality models. These covariates were also statis-
tically significantly associated with ambient VC using uni-
variate linear regression. County-level smoking prevalence, 
obesity prevalence, and sex (percent male) were not statis-
tically significant predictors of liver cancer incidence or mor-
tality and were excluded from the final models; however, we 
performed a sensitivity analysis with all of these variables 
included. The calculated risk estimates for all models were 
incidence/mortality rate ratios (relative risk [RR]; exponen-
tiated beta-coefficients from the models) with 95% confi-
dence intervals (CIs). All analyses were performed using 
STATA 14.2.

Sensitivity analyses

In addition to tests previously described, various sensitivity 
analyses were performed to further assess the consistency 
of findings. Different alternative imputation methods were 
evaluated, including assuming that each suppressed county 
had: 1) 8 cases of liver cancer (median of range of 0–15 
cases), 2) 15 cases of liver cancer (maximum number of 
cases that would still be suppressed), and 3) a liver can-
cer incidence rate similar to the Texas average (9.5 cases 
per 100,000 population, as reported by the TCR). For the 
assumed 8 and 15 cases models, we were unable to calcu-
late incidence rates for the counties with a risk population 
of <1,000 persons (n=8), as specific population sizes were 
not reported by the TCR. Therefore, we utilized the imputed 
incidence rates from the multivariable imputation method 
for these counties.

To examine spatial correlation, a geospatial regression 
was performed using GeoDa 1.12.1.131. It is likely that 
area-level factors influence exposure observations, where 
individuals living near each other experience exposures that 
are more similar than exposures experienced by individuals 
living further away. Spatial regression can account for this Ta
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spatial correlation, which is not possible with a negative bi-
nomial or Poisson regression models. Weights were created 
using rook contiguity (neighbor defined as a county sharing 
a common border), and scored tertiles were used for both 
exposure and covariate data.27,28 A spatial lag regression 
model was selected based on diagnostics from the ordinary 
least-squares regression. A spatial error regression model 
was also ran as an additional sensitivity analysis.

Results

VC exposure

Modeled county-level median ambient VC was reported for 
all 254 counties in Texas, ranging from 4.12×10−8 µg/m3 
(McMullen County) to 0.0102 µg/m3 (Brazoria County). The 
median ambient VC in Texas was 5.85×10−4 µg/m3. Coun-
ties with imputed liver cancer incidence rates (suppressed 
counties) had a lower average county-level median ambi-
ent VC in comparison to counties with reported liver can-
cer incidence rates in the TCR (not suppressed counties) 
(Supplementary Table 1). The spatial distribution of median 
ambient VC by Texas county is shown in Fig. 1.

Exposure VC data were available at both the county-lev-

el and census-tract level in the NATA 1996 dataset, and 
exploratory spatial data analyses revealed that within the 
same county, exposure VC varied across the census tract-
level for some counties. For example, the largest difference 
was in Brazoria County, where the county-level median ex-
posure VC was 0.073 µg/m3, while the census tract-level 
exposure VC within Brazoria County ranged from 0–0.74 
µg/m3. Out of the 254 counties, 27 (11%) had an order 
of magnitude or larger difference between the maximum 
census tract-level VC exposure and the median county-level 
exposure VC (e.g., similar to Brazoria County) (Supplemen-
tary Table 2). Only 6% of counties had an order of magni-
tude or larger difference between the census-tract level 95th 
percentile exposure VC and the county-level 95th percentile 
exposure VC values (Supplementary Table 2).

Liver cancer incidence

Liver cancer incidence rates (per 100,000 population) 
ranged from 0 (Cottle, Sterling, Lipscomb, and Sherman 
Counties) to 28.3 (Brooks County) in the dataset from the 
TCR (not suppressed counties), and ranged from 0 (Arm-
strong, Franklin, and Throckmorton Counties) to 18.6 (Jim 
Hogg County) in the imputed dataset (for suppressed coun-
ties). The average liver cancer incidence rate in the data-

Fig. 1.  Spatial distribution of county-level data. (A) Median ambient VC (µg/m3). (B) Liver cancer incidence rate (per 100,000), including suppressed data. (C) 
Liver cancer incidence rate (per 100,000), including imputed data. (D) Liver cancer mortality (per 100,000).
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set from the TCR was 9.0, while the average liver cancer 
incidence rate in the imputed dataset was 7.3. The spatial 
distribution of liver cancer incidence rates by Texas county 
is shown in Fig. 1 (for both suppressed and imputed coun-
ties). Based on visual inspection, there was no evidence of 
a spatial association between county-level ambient VC and 
liver cancer incidence rates (Fig. 1).

County-level ambient VC was not associated with county-
level liver cancer incidence in either the univariate or mul-
tivariable negative binomial regression models. Specifically, 
in the unadjusted model, the middle and highest tertiles of 
county-level ambient VC were associated with liver cancer 
incidence RRs of 1.01 (95% CI: 0.87–1.17) and 1.11 (95% 
CI: 0.95–1.28), respectively, when compared to the lowest 
tertile of ambient VC. The absence of association between 
county-level ambient VC tertile and liver cancer incidence 
persisted (RR: 1.06, 95% CI: 0.95–1.19 and RR: 1.03, 95% 
CI: 0.90–1.17 for the middle and highest tertiles, respec-
tively) upon adjustment for county-level heavy drinking 
prevalence, hepatitis mortality rate, race (percent Hispan-
ic) and median income. Increasing tertiles of county-level 
heavy drinking prevalence, hepatitis mortality rate, and 
race (percent Hispanic) were associated with a statistically 
significant increased rate of liver cancer incidence, while in-
creasing tertiles of county-level median income were asso-
ciated with a statistically significant decreased rate of liver 
cancer incidence (Table 2).

Liver cancer mortality

Liver cancer mortality rates (per 100,000 population) ranged 
from 4.72 (Hartley County) to 31.9 (Anderson County). The 
average liver cancer mortality rate was 8.1. The spatial dis-
tribution of liver cancer mortality rates by Texas county is 
shown in Fig. 1. Based on visual inspection, there was no 
evidence of a spatial association between county-level am-

bient VC and liver cancer mortality rates (Fig. 1).
County-level ambient VC was not associated with county-

level liver cancer mortality in either the univariate or mul-
tivariable Poisson regression models. In the unadjusted 
model, the middle and highest tertiles of county-level am-
bient VC had liver cancer mortality RRs of 0.94 (95% CI: 
0.84–1.04) and 0.97 (95% CI: 0.87–1.07), respectively, 
when compared to the lowest tertile of county-level ambi-
ent VC. In the adjusted model, the middle (RR: 0.95, 95% 
CI: 0.85–1.05) and highest (RR: 0.93, 95% CI: 0.82–1.05) 
tertiles of ambient VC were not associated with liver cancer 
mortality, when compared to counties with the lowest tertile 
of ambient VC (Table 2). The highest tertile of county-level 
heavy drinking prevalence, hepatitis mortality rate, and 
race (percent Hispanic) were associated with a statistically 
significant increased rate of liver cancer mortality, when 
compared to counties with the lowest tertile. In contrast, 
counties with the highest tertile of county-level median 
income were associated with a statistically significant de-
creased rate of liver cancer mortality (Table 2).

Sensitivity analyses

County-level ambient VC was consistently not associated 
with county-level liver cancer incidence or mortality rates 
across various sensitivity analyses (Supplementary Table 3). 
For example, both county-level 95th percentile ambient VC 
and median exposure VC were not associated with liver can-
cer incidence or mortality rates. Additionally, no association 
was observed between county-level median ambient VC and 
liver cancer incidence or mortality rates when the final mul-
tivariable model also included the covariates of county-level 
smoking prevalence, obesity prevalence, and sex (percent 
male). Similarly, no association was observed when each 
suppressed county was assigned the Texas average liver 
cancer incidence rate. When each suppressed county was 

Table 2.  Liver cancer incidence and mortality rate ratios

Variablea Category, 
tertile

Liver cancer incidence Liver cancer mortality

Unadjusted 
RR (95% CI)

Adjusted RR 
(95% CI)b

Unadjusted 
RR (95% CI)

Adjusted RR 
(95% CI)b

Median ambient VC Low (ref) NA NA NA NA

Medium 1.01 (0.87–1.17) 1.06 (0.95–1.19) 0.94 (0.84–1.04) 0.95 (0.85–1.05)

High 1.11 (0.95–1.28) 1.03 (0.90–1.17) 0.97 (0.87–1.07) 0.93 (0.82–1.05)

Heavy drinking Low (ref) NA NA NA NA

Medium 1.39 (1.21–1.59)* 1.38 (1.23–1.56)* 1.08 (0.97–1.20) 1.07 (0.95–1.20)

High 1.65 (1.43–1.89)* 1.66 (1.46–1.88)* 1.21 (1.09–1.35)* 1.22 (1.08–1.37)*

Hepatitis Low (ref) NA NA NA NA

Medium 1.27 (1.10–1.47)* 1.14 (1.01–1.28)* 1.12 (1.00–1.25)* 1.08 (0.97–1.22)

High 1.38 (1.21–1.59)* 1.16 (1.03–1.30)* 1.26 (1.14–1.40)* 1.19 (1.06–1.33)*

Race, percent Hispanic Low (ref) NA NA NA NA

Medium 1.21 (1.06–1.39)* 1.23 (1.09–1.39)* 1.00 (0.89–1.11) 1.00 (0.89–1.11)

High 1.69 (1.48–1.93)* 1.68 (1.50–1.88)* 1.26 (1.14–1.40)* 1.22 (1.10–1.36)*

Income Low (ref) NA NA NA NA

Medium 0.90 (0.78–1.04) 0.87 (0.78–0.97)* 0.94 (0.85–1.04) 0.94 (0.84–1.04)

High 0.75 (0.65–0.87)* 0.76 (0.67–0.85)* 0.80 (0.72–0.89)* 0.83 (0.74–0.93)*

aVC data were log transformed, and then both VC and covariate data were divided into tertiles (low, medium, and high). bAdjusted for heavy drinking prevalence, 
hepatitis mortality rates, income, and race (percent Hispanic). *p-value <0.05.
Abbreviations: CI, confidence interval; RR, rate ratio; VC, vinyl chloride.
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assigned 8 or 15 cases of liver cancer, the highest tertile of 
county-level ambient VC was associated with a statistically 
significant decreased rate of liver cancer incidence, when 
compared to the lowest tertile of ambient VC. Further, coun-
ty-level ambient VC was not associated with county-level 
liver cancer incidence in both the spatial lag and spatial er-
ror regression models, while county-level ambient VC was 
associated with a statistically significant decreased rate of 
liver cancer mortality in both the spatial lag and spatial error 
regression models (Supplementary Table 3).

Discussion

This ecological analysis provides no evidence that Texas 
county-level ambient VC is associated with either county-
level liver cancer incidence or mortality rates in Texas. This 
study has the strength of evaluating ambient VC levels that 
the general population could experience. There is evidence 
that high cumulative exposure to VC in occupational set-
tings (i.e. ≥2,271 ppm-years or >2,500 ppm-years) is as-
sociated with an increased risk of HCC.11,29 However, the 
potential health effects of lower exposure to ambient levels 
(e.g., emissions from manufacturing and processing fa-
cilities) have not been well studied. In our analysis, low-
level county-level ambient VC (maximum concentration of 
0.0102 µg/m3 [approximately 4 ppt]) was not associated 
with county-level liver cancer incidence or mortality rates 
in Texas. Our findings contrast with the conclusions of the 
Cicalese et al.12 (2017) analysis, which reported that VC is 
a significant contributor to the incidence of liver cancer in 
Texas (Cicalese and colleagues did not specify if they used 
ambient or exposure VC concentrations).

This analysis considered multiple well-known risk factors 
of liver cancer as potential confounders, including sex, race, 
heavy drinking prevalence, hepatitis mortality rates, smoking 
prevalence, income, and obesity. Our analysis suggests that 
county-level heavy drinking prevalence, hepatitis mortality 
rates, median income, and race (percent Hispanic) were all 
significant predictors of liver cancer incidence and mortality. 
These results are in agreement with other studies that have 
reported that heavy drinking and hepatitis virus infections 
are associated with an increased risk of liver cancer.30–32 It 
has also been reported that income is inversely associated 
with liver cancer incidence, likely due to differences in risk 
factors across income levels.33 Additionally, the American 
Cancer Society reports that race is a risk factor of liver can-
cer, with higher rates of liver cancer occurring among Asian 
Americans, Pacific Islanders, and Hispanics/Latinos com-
pared to other races and ethnicities among the USA’s popula-
tion.34 The consideration of potential confounding factors is 
an important strength of our study that builds upon the only 
other published study on this topic. While the Cicalese et al.12 
(2017) study did adjust for county-level hepatitis C infection 
prevalence, the number of prisons in each county (as a proxy 
of hepatitis infection), and obesity prevalence, they did not 
consider several other important risk factors, suggesting that 
their results may be susceptible to bias.

A limitation of the underlying data in our analysis was 
the high prevalence of missing liver cancer incidence rate 
data (43% of counties). Rather than simply excluding the 
missing data, this analysis has the strength of using vari-
ous methodologies to impute liver cancer incidence rates 
for the suppressed counties. Counties with suppressed liver 
cancer incidence data had a lower average population size 
than counties with reported incidence rates (Supplementary 
Table 1). This is logical, as the TCR suppresses counties 
with less than 16 cases of cancer and counties with an in-
sufficient at-risk population size. Additionally, counties with 
imputed incidence rates (suppressed counties) had a lower 

average and lower bound median ambient VC than coun-
ties with reported incidence rates (not suppressed coun-
ties), by an order of two magnitudes (Supplementary Table 
1). Therefore, this study increased the county sample size 
and representativeness by including a wider range of expo-
sure across populations in Texas. Additionally, exclusion of 
the suppressed counties may result in bias if the excluded 
counties (due to low liver cancer counts) were also coun-
ties with low ambient VC. In this scenario, exclusion of the 
suppressed counties could result in a biased overestimate 
of the association.

We used NATA data from 1996, TCR data from 2006–
2015, and mortality data from 2010, which allows for a min-
imum of 10 years between exposure and disease diagnosis. 
Studies that do not allow for sufficient induction and latency 
periods for liver cancer result in biased risk estimates, as 
the short latency time periods are potentially biologically ir-
relevant, as any impact on disease would not yet have been 
clinically diagnosed or detected. Liver cancer latency (not 
specific to a certain exposure) has been estimated to be 
10.8 years, defining latency as the time from cancer initia-
tion to diagnosis.35 It has also been reported that the me-
dian latency for angiosarcoma of the liver and HCC deaths 
among workers at VC or PVC plants are 36 and 48 years, 
respectively.11 Another study reported that the latency for 
malignant hepatoma (predominantly ASL, but HCC and 
cholangiocellular carcinoma were also noted) among PVC 
production workers ranged from 12 to 34 years.36 It should 
be noted that these latency estimates are specific to dis-
ease mortality rather than disease diagnosis. We included 
the earliest NATA data available but it is possible that the 
latency periods in this study may not be sufficient for some 
disease diagnosis or mortality.

As an ecological study, this analysis is limited to examin-
ing ambient VC, potential confounders, and liver cancer in-
cidence/mortality rates at the county-level rather than the 
individual level. Ecological studies are inherently limited by 
specification bias, aggregation bias, and temporal ambigu-
ity.37,38 For example, while our data suggests that county-lev-
el heavy drinking prevalence is associated with liver cancer 
incidence/mortality rates, we are unable to confirm that in-
dividuals with liver cancer are high consumers of alcohol. On 
the other hand, our use of a large number of relatively small, 
homogeneous counties as the units of analysis and the mul-
tiple covariates available for each of those counties helped to 
offset the general limitations inherent in ecological analyses.

Another limitation is potential exposure misclassification 
at the county-level due to the spatial distribution of expo-
sure VC. This limitation of NATA data is noted by the EPA 
when it is suggested that “modeling results should not be 
used to draw conclusions about local exposure concentra-
tions or risk”.39 Exploratory spatial analyses also revealed 
that there was variability in exposure VC at census tracts 
within the same county. County-level median concentrations 
may be a spatially diluted value that is not an adequate rep-
resentation of exposures at specific locations, such as un-
derestimating exposure at residences potentially near point 
sources or overestimating exposures at residences far away 
from point sources. While spatial variability in exposure VC 
was noted between the county-level and census tract-level, 
the maximum census tract-level and median county-level 
concentrations were not markedly different for the major-
ity of counties. Additionally, we explored this potential dilu-
tion effect by evaluating the 95th percentile ambient VC for 
each county in Texas. Since the available data indicated that 
census tract-level and county-level 95th percentile values 
were similar for over 90% of the counties, we do not believe 
that potential spatial heterogeneity substantially impacted 
our conclusions. Therefore, a strength of this analysis is the 
examination of spatial heterogeneity through these various 
sensitivity analyses.
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Conclusions

Overall, our findings suggest that county-level ambient VC 
is not associated with county-level liver cancer incidence or 
mortality in Texas. Strengths of this analysis include adjust-
ing statistical analyses for potential confounding by known 
risk factors for liver cancer, allowing time for the develop-
ment of liver cancer following VC exposure, and utilizing 
analytical imputation methods to address missing data. Our 
ecological study provides novel results regarding liver can-
cer risk from exposure to low-level ambient VC.
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