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Abstract
Background—Prostate cancer (PrCA) incidence in South Carolina (SC) exceeds the national
average, particularly among African Americans (AAs). Though data are limited, low environmental
zinc exposures and down-regulation of prostatic zinc transporter proteins among AAs may explain,
in part, the racial PrCA disparity.

Methods—Age-adjusted PrCA rates were calculated by census tract. Demographic data were
obtained from the 1990 census. Hazardous waste site locations and soil zinc concentrations were
obtained from existing federal and state databases. A geographic information system and Poisson
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regression were used to test the hypothesis that census tracts with reduced soil zinc concentrations,
elevated groundwater use, or more agricultural or hazardous waste sites had elevated PrCA risks.

Results—Census tracts with high groundwater use and low zinc concentrations had higher PrCA
rate ratios (RR: 1.270; 95% confidence interval: 1.079, 1.505). This effect was not more apparent in
areas populated primarily by AAs.

Conclusion—Increased PrCA rates were associated with reduced soil zinc concentrations and
elevated groundwater use, although this observation is not likely to contribute to SC’s racial PrCA
disparity. Statewide mapping and statistical modeling of relationships between environmental
factors, demographics, and cancer incidence can be used to screen hypotheses focusing on novel
PrCA risk factors.
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Introduction
Prostate cancer (PrCA) is the most frequently diagnosed cancer in the United States [1].
Nationwide, PrCA incidence is greater among African-American (AA) compared with
European-American (EA) or Asian-American men [2,3]. South Carolina (SC), which is
composed of approximately 29% AAs and 67% EAs [4], is unique in its racial disparity in
PrCA incidence and mortality. PrCA incidence in SC is >75% higher among AA men compared
with EA men, whereas the national differential is ≈60% [5]. In addition, the PrCA mortality
rate among AAs residing in SC (76.7 per 100,000) is consistently one of the highest in the
world, and is 2.81 times higher than PrCA mortality among EA men in SC [5]. While the
proportion of men screened for PrCA in SC via digital rectal examination is somewhat lower
among AAs (75%) compared with EAs (85%), screening rates using prostate-specific antigen
(PSA) are similar among AAs and EAs (both 66% in 2004), with no major differences noted
over time [6]. In SC, 17% of AA men are diagnosed at a late stage (regional/distant) compared
to 12% of EA men; AA men also tend to have tumors with a higher pathological grade compared
to EA men in SC [6]. The only firmly established risk factors for PrCA are increasing age, a
family history of the disease, and AA race [7]. Results from studies attempting to identify other
PrCA risk factors have been equivocal [6,8]. Potential risk factors include: factors related to
socioeconomic status including education, literacy, and financial resources; genetic and
androgenic factors; exposure to certain environmental agents including chemical constituents
from hazardous waste sites, pesticide use and farming, some toxic heavy metals (e.g., cadmium,
uranium); and dietary factors including reduced intake of some essential trace elements (e.g.,
zinc, selenium) [7,9–16]. There is a clear need to evaluate potential environmental factors or
combinations of factors that may be responsible for elevated rates of PrCA among residents in
the United States and other Western countries, especially among AAs in SC.

Zinc may play a role in intensifying PrCA susceptibility [17]. In a normal prostate, zinc levels
accumulate naturally [18] to inhibit citrate oxidation and to induce apoptosis [19,20].
Impairment of zinc accumulation is associated with reduced prostatic zinc concentrations, and
with prostate tumor growth in vitro [19]. Because AAs may have evolutionarily down-
regulated a specific type of zinc transporter to avoid toxicity in zinc-rich ancestral West African
soils, it is conceivable that individuals with this characteristic phenotype have an impaired
ability to incorporate zinc into the prostate [21]. Although the evidence is somewhat limited,
these observations suggest that zinc transporter down-regulation may explain, at least in part,
elevated PrCA rates among AA men.
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There are multiple pathways by which humans may be exposed to zinc, one of which is leaching
of soil zinc into groundwater [22]. There are many factors that can influence zinc mobility in
soil including solubility, capacity for cation exchange, soil pH, redox potential, zinc
concentrations, soil:solution mass ratio, groundwater contact time, and the chemical species
found in soil [23–25]. In general, however, metal concentrations in groundwater tend to be
derived from surrounding soils [25].

The purpose of this study was to examine the role of environmental factors, including
groundwater use and soil zinc concentrations, on PrCA rates among AA and EA populations
in SC. Specifically, we sought to test the hypothesis that census tracts with low concentrations
of soil zinc are associated with higher PrCA rates, and that this relationship is stronger in areas
with more AA men compared to areas populated primarily by EAs. We used a geographic
information system (GIS) to characterize soil zinc concentrations, groundwater consumption,
agricultural land use, hazardous waste site locations, and PrCA cases in SC. Spatial statistical
modeling was used to evaluate the relationship between PrCA cases and environmental factors.
To evaluate their potential link with racial PrCA disparities in SC, we not only performed
analyses among all incident cases in SC from 1996 to 2002, but also performed analyses among
men grouped into areas with predominantly AA or EA populations.

Methods
GIS ArcMAP software version 9.1 (ESRI, Redlands, CA) was used to combine data from the
following sources: PrCA cases from the SC Central Cancer Registry (SCCCR); demographic
information from the United States Census Bureau; and soil zinc data from the SC Department
of Health and Environmental Control (DHEC), United States Geological Survey (USGS)
PLUTO, and Clemson University databases. The age distribution, proportion of AAs, median
household income, number of agricultural areas, and the proportion of individuals using
groundwater as their main water source were obtained, by census tract, from 1990 United States
Census Bureau data [26]. The 1990 census was selected because: (1) the percentage of the
population using groundwater was obtained only in this year, and (2) it allowed for a latency
of six- to twelve-years prior to assessing the relationship between potential population
exposures and PrCA incidence. The number of hazardous waste sites within each census tract
listed under the Comprehensive Environmental Response, Compensation, and Liability Act
(CERCLA) was obtained from United States Environmental Protection Agency (EPA) data
[27].

Soil zinc concentrations in parts per million (ppm) were obtained from the SC DHEC (0.3%),
PLUTO (0.1%), and Clemson University (99.6%) databases. The SC DHEC database (n = 253
samples) is composed of soil samples collected by SC DHEC and EPA personnel between
1985 and 1995; 71% were collected from surface soil, 11% from shallow subsurface soil, and
18% from deep soil. SC DHEC and private laboratories analyzed these samples using
standardized inductively coupled plasma (ICP), atomic absorption furnace, and atomic
absorption direct aspiration methods [28]. The PLUTO database (n = 78 samples) contains
inorganic geochemical data from the analytical laboratories of the Geologic Division of USGS.
Samples were collected and analyzed beginning in 1960 and ending in 1995 to support a number
of USGS programs. Zinc data contained in the Clemson University database (n = 79,055
samples) originate from soil samples collected from residential and occupational yard, farm,
and other land areas sent to Clemson University Soil Testing Laboratory for content analysis.
Soil zinc concentrations were determined by ICP atomic emission spectrometry using a
standardized protocol that included established quality control procedures. This laboratory
participates in the North America Proficiency Testing soil sample exchange program, which
allows for comparison of its analytical techniques and data with those from other laboratories
to ensure data accuracy and reliability [29]. Five Clemson University soil data files (2001–
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2005) containing addresses but not sample latitude and longitude were geocoded using the
State e911 center line file as the reference layer [30], and then assigning a census tract to each
sample address. Only automatic batch matching (i.e., no manual interactive matching) was
used, and the final data set from this source included only Tier five matches (i.e., matched to
the exact address) to maximize data accuracy. Zinc concentrations at each sample location
were assigned to a census tract using the sample latitude and longitude or address, and spatially
joining them with the 1990 SC census tract boundary shapefile [31].

Geometric mean zinc concentrations were determined by averaging log transformed values for
all soil samples within a given census tract. In accordance with USGS protocols, if the raw
exposure data file included an observation of ‘0’ for the concentration of an element (1% of
all data), it was converted to half the value of the detection limit [32]. Census tracts with a
missing zinc concentration were assigned the average of its neighboring tracts (n = 52; 6% of
all SC census tracts).

All PrCA cases diagnosed in SC between 1 January 1996 and 31 December 2002 were
registered with the SCCCR according to standardized procedures [33]. The SCCCR has data-
sharing agreements with 20 states in order to ensure that the vast majority of incident cases are
recorded. Since its inception in 1996, the SCCCR has consistently received the highest rating
for data completeness (>97.5%), timeliness, and quality from the North American Association
of Central Cancer Registries. A peak in PrCA incidence occurred in the early 1990’s due to
the implementation of PSA screening [34,35], although PrCA rates among both AA and EA
men in SC were stable during the period of study, with slight decreases in more recent years
[6]. Additionally, the population age structure of SC did not change significantly in the last
decade [36]. The residential latitude and longitude at date of diagnosis for each PrCA case was
spatially joined to the 1990 census tract boundary shapefile to determine the residential census
tract for each case. Age adjustment of PrCA incidence was conducted via the indirect method
[37], using statewide age-specific PrCA incidence rates among males over 40 years of age and
the age-specific population distribution within each census tract for the year 1990. Standardized
incidence ratios (SIRs) with 95% confidence intervals (CIs) were calculated for each tract using
the statewide age-adjusted PrCA incidence rate (1996–2002) as the standard [38]. PrCA SIRs
and soil zinc concentrations were then mapped by census tract to illustrate the extent of their
spatial overlap.

Statistical analysis
Separate spatial Poisson regression models were used to assess the effects of soil zinc
concentrations, groundwater use, agricultural land use, and the number of hazardous waste
sites on new PrCA cases during the study period, after adjusting for spatial variation, median
household income, and race. The dependent variable in all models was the number of PrCA
cases with an offset variable included in each model to account for the age-adjusted expected
number of cases. Thus, the standardizations in these models target the expected case numbers,
allowing for the use of simple counts as the dependent variable. Separate analyses focused on
areas with elevated groundwater use in combination with zinc or other exposure factors or with
race to determine their impact on new PrCA cases. The relationship between PrCA incidence
and soil zinc concentrations was assessed using zinc either as a continuous variable or as a
categorical variable with several different cut points. The cut points presented below were
chosen to attain large enough group sizes to optimize potential dose-response relationships and
to ensure that the statistical models would converge. Interpretation of the results was not altered
by analyses that used different cut points. We assumed the standard zero-mean Gaussian prior
distribution for uncorrelated heterogeneity, a conditional autoregressive (CAR) prior
distribution for correlated heterogeneity, and included an adjacency matrix in the statistical
model to account for the spatial distribution of census tract neighbors. To create the adjacency
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matrix, the GIS-readable shapefile of SC census tract boundaries was converted to WinBUGS-
readable S-PLUS format using the transformation tool, maps2WinBUGS version 1.1.3 [39].
Posterior distributions were obtained using Bayesian modeling techniques with WinBUGS
software version 1.4.1 (Imperial College and Medical Research Council, UK). Markov chain
Monte Carlo (MCMC) simulation was used to perform posterior sampling, and convergence
was assessed by monitoring the history, density, and autocorrelation plots. Convergence was
reached after 15,000 iterations for all models. Rate ratios (RRs) were generated for each
association and the statistical significance was assessed using 95% CIs.

Results
Characteristics of the SC PrCA cases and census tracts included during the study period are
presented in Table 1. Of the original 20,933 PrCA cases diagnosed from 1996 to 2002, 17,665
(84%) successfully produced a Tier 5 match to a 1990 census tract. Of the 3,268 (16%) non-
Tier 5 matches, 2,820 (86%) were Tier 9 matches, which indicates a match to a zip code
centroid. Tier 5 and non-Tier 5 PrCA cases were similar in terms of tumor grade, stage, and
age at diagnosis; however, 29% of the Tier 5 matches were AA while 44% of the non-Tier 5
matches were AA. Of the original 169,443 zinc soil samples from the Clemson University
databases, 79,055 (47%) were successfully geocoded at the Tier 5 level to a 1990 SC census
tract. The statewide average (standard deviation) of soil zinc concentrations in this study was
13.5 (46.6) ppm. For comparison, soil zinc concentrations in the conterminous United States
range from <5 to 2,900 ppm, with an average concentration of 60 ppm [22].

When each factor was evaluated independently, there were modest increases in PrCA risk
among SC census tracts with an increasing number of agricultural or CERCLA sites or with
decreasing soil zinc concentrations. However, none of these associations attained statistical
significance (Table 2). There were 81 census tracts (9%) that had both a higher than expected
PrCA SIR and median soil zinc concentrations that were below the statewide geometric mean
(Fig. 1). The combined effects of groundwater use, soil zinc concentrations, and agricultural
or hazardous waste sites on PrCA occurrence are presented in Table 3. In tracts with elevated
groundwater usage, low zinc concentrations were associated with an increased PrCA risk (RR:
1.270; 95% CI: 1.079, 1.505; Table 3). In areas with low groundwater use, there was no
statistically significant relationship between zinc concentrations and PrCA (data not shown).
An increase in the number of agricultural or hazardous waste sites among census tracts with
elevated groundwater use did not influence PrCA risk (Table 3). The proportion of AAs among
census tracts with high groundwater use was approximately 38%, whereas tracts with low
groundwater use were composed of approximately 28% AAs (Fig. 2).

The relationship between soil zinc and PrCA was further evaluated by stratifying census tracts
with elevated groundwater use into categories with a low (<34%) or high (≥66%) proportion
of AAs (Table 4). In areas populated primarily by EAs, low soil zinc concentrations were
associated with a slight increase in PrCA case frequencies compared to high EA areas with
elevated soil zinc and groundwater use. Among areas with elevated groundwater use that were
populated primarily by AAs, there was a slight decrease in PrCA case frequencies among tracts
with low soil concentrations. However, neither of these comparisons achieved statistical
significance (Table 4).

Discussion
PrCA has few established risk factors, though there is strong evidence that environmental
factors play an important role in explaining the large PrCA rate differences observed
internationally [40,41]. Exposure to certain environmental agents may contribute to PrCA
etiology [14,15,17,42–44]. The burden of disease tends to be much higher in AAs in the United
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States and is especially elevated in SC AAs [6]. Zinc may play a role in PrCA susceptibility
[17]; low prostate zinc concentrations are associated with PrCA cell growth in vitro [19]. In
many populations, diet may be the dominant vehicle for zinc exposure, although studies
examining the relationship between zinc and PrCA risks via dietary exposures have yielded
mixed results [15]. There is a paucity of information on environmental (i.e., non-dietary) zinc
exposures and cancer risk [22].

This study used GIS and spatial statistical modeling to explore relationships between potential
environmental risk factors and PrCA incidence in SC. In particular, we focused on groundwater
consumption and a biologically plausible hypothesis linking reduced zinc intake with increased
PrCA risk. Census tracts with elevated ground-water consumption and low soil zinc
concentrations had increased PrCA rates. These results are consistent with other studies
suggesting that elevated zinc intake is associated with reduced PrCA risk [21,45,46]. However,
the hypothesis that the relationship between reduced soil zinc and elevated PrCA risk would
be stronger among AA than EA men was not supported. One reason for this may have been
that cadmium, another metal associated with PrCA risk, was not evaluated. Cadmium has a
greater affinity than zinc for certain biochemical ligands; it can displace zinc due to its similar
physical and chemical properties [47], inhibit zinc’s dietary absorption [48], and impede its
uptake by the prostate [49,50]. There was insufficient statewide coverage of cadmium to
evaluate the effect of cadmium on PrCA risk in our study, although potential interactions
between cadmium and zinc may have contributed to inaccuracy in the results that were
obtained, and uncertainties in their interpretation.

Several other study strengths and limitations are noteworthy. The data sources that were
combined to form the soil zinc data set have inherent measurement error and other sources of
variability. However, the overall zinc coverage was dense, and potential problems associated
with geocoding, such as positional inaccuracy and differential match rates by geographic region
[51,52], were minimized through the use of only Tier 5 matches. Nonetheless, the introduction
of some misclassification through the geocoding process for PrCA data was possible, and we
noted that the proportion of AAs among non-Tier 5 matches (44%) was larger than the
percentage of AAs with Tier 5 addresses (29%). However, non-Tier 5 matches represented a
limited proportion (16%) of all PrCA cases, and Tier 5 and non-Tier 5 PrCA cases were similar
in terms of tumor grade, stage, and age at diagnosis. Among the non-Tier 5 matches, most were
located in Claredon, Horry, and Williamsburg counties for both EA and AA men. These three
counties, located in northeast SC, are rural areas with relatively high groundwater consumption
but with PrCA rates that were not associated with soil zinc concentrations (Figs. 1, 2). The
potential bias that may have been introduced is difficult to gauge but is likely minor because
the spatial distribution and groundwater consumption pattern were similar among non-Tier 5
AAs and EAs.

A fundamental limitation inherent to this ecologic design is that data were not analyzed at the
individual level. The soil zinc concentrations used for these analyses may not have been entirely
representative of the total amount of zinc ingestion. For example, zinc intake also may occur
through other sources, such as the diet or supplementation, which was not accounted for in
these analyses. In populations that grow most of their own food, soil zinc concentrations could
be important for assessing exposure and PrCA risk. Because dietary sources of zinc tend to be
expensive [53,54], and incomes among some AA populations in SC can be low [36,55], it is
conceivable that zinc could still be an important explanatory factor for the racial PrCA disparity
in SC. Areas identified in Fig. 1 represent locations where this relationship might be more
directly evaluated in future studies.

The linkage of several existing databases for this analysis, including the high quality SCCCR,
allowed for relatively rapid and cost-effective screening of potential PrCA-related hypotheses
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with a reasonable latency between exposure and outcome. Census-derived population and
environmental characteristics were both assessed for the year 1990, providing for a six- to
twelve-year follow-up period of environmental exposure prior to PrCA diagnosis. The census
tracts that were used as the unit of analysis were more advantageous than zip codes due to the
potential for spatiotemporal discontinuity and changes in zip code boundaries [56,57]. Census
tracts also provided for a finer level of analysis, making it possible to detect trends that may
have been masked using broader geographic boundaries. Evaluation of cancer incidence among
census tracts may result in unstable and unreliable estimates of age-adjusted rates. For this
reason, the more stable statewide SC PrCA rates were used via the indirect method to estimate
expected cases within each tract. Also, we did not account for in- or out-migration among
census tracts during the study period. Although it is possible that some of our study population
migrated during the time frame of interest, SC has a relatively stable population base [36],
particularly among rural communities where groundwater use is more prevalent.

SC is a state with a heavy PrCA disease burden. The use of GIS with pre-existing data and
spatial statistical modeling techniques serves as an efficient method for the evaluation of
potential relationships between environmental risk factors and PrCA incidence. Results from
this investigation suggest that PrCA rates may be elevated in areas with a combination of high
groundwater use and reduced soil zinc concentrations. Other spatially aggregated
environmental, demographic, behavioral, or social data can be similarly screened for potential
associations with PrCA incidence using this approach.
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Abbreviations
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SC South Carolina

AA African-American

EA European-American

PSA Prostate-specific antigen

GIS Geographic information system

RR Rate ratio

SCCCR South Carolina Central Cancer Registry

DHEC Department of Health and Environmental Control

USGS United States Geological Survey

CERCLA Comprehensive Environmental Response, Compensation, and Liability Act

EPA Environmental Protection Agency

ppm Parts per million

ICP Inductively coupled plasma

SIR Standardized incidence ratio

CI Confidence interval

CAR Conditional autoregressive
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MCMC Markov chain Monte Carlo
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Fig. 1.
Seven-year (1996–2002) prostate cancer SIRs overlaid with median soil zinc concentration
categories. High or low SIRs defined as having an age-standardized observed prostate cancer
incidence greater or less than, respectively, those expected based on age-specific statewide
rates. Significance was assessed by calculating 95% confidence intervals for SIRs within each
census tract. High soil zinc is defined as greater than or equal to the median statewide
concentration (≥13.4 ppm); low soil zinc is defined as less than the median statewide
concentration (<13.4 ppm). Inset map of United States highlighting South Carolina is included
for reference
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Fig. 2.
Percentage of per capita groundwater use in South Carolina by 1990 census tract
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Table 1

Characteristics of evaluable prostate cancer cases (1996–2002, n = 17,665) and census tracts (1990, n = 854)
during study period

Variable Number (%)

Individual-level characteristics

Race

 African-American (Black) 5,139 (29)

 European-American (White) 12,193 (69)

 Other/unknown 333 (2)

Disease stage at diagnosis

 Localized 12,894 (73)

 Regional 1,793 (10)

 Distant/metastasized 827 (5)

 Unstageable/unknown 2,151 (12)

Disease grade at diagnosis

 Well differentiated 1,177 (7)

 Moderately differentiated 11,579 (66)

 Poorly differentiated 3,175 (18)

 Undifferentiated 98 (1)

 Not determined 1,636 (9)

Age (mean ± SD)a 68 ± 9

Census tract-level characteristics

Groundwater use

 Low (< 50%) 682 (80)

 High (≥50%) 172 (20)

No. of agricultural areas

 Low (< 15) 270 (32)

 Medium (15–42) 291 (34)

 High (> 42) 293 (34)

No. of hazardous waste (CERCLA)b sites

 0 491 (57)

 1 196 (23)

 2 86 (10)

 3 40 (5)

 ≥4 41 (5)

a
Standard deviation

b
Comprehensive Environmental Response, Compensation, and Liability Act
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Table 2

Univariate models of covariates and exposures predicting PrCA incidencea in SC, 1996–2002

Variables RRb 95% CIc

No. of agriculture areasd

 Low (< 15) Referent –

 Medium (15–42) 1.026 0.952, 1.108

 High (> 42) 1.033 0.944, 1.129

No. of hazardous waste (CERCLA)e sites

 0 Referent –

 1 1.011 0.941, 1.086

 2 0.984 0.894, 1.084

 3 1.051 0.929, 1.189

 ≥4 1.055 0.929, 1.192

Groundwater usef

 Low (< 50%) Referent –

 High (≥50%) 0.941 0.862, 1.026

Zinc concentrationg 0.998 0.996, 1.001

Zinc concentrationd

 High (> 18.0 ppm) Referent –

 Medium (10.9–18.0 ppm) 1.070 0.990, 1.159

 Low (< 10.9 ppm) 1.061 0.979, 1.151

a
Adjusted for median household income and race (% AA)

b
Rate ratio

c
Confidence interval

d
Tertiles

e
Comprehensive Environmental Response, Compensation, and Liability Act

f
Based on 50% consumption split

g
Based on zinc concentration as a continuous variable
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Table 3

Effect of high groundwater usea and: soil zinc levelsb or the number of agriculturalb or hazardous wastes sites
on PrCA incidencec in SC, 1996–2002

Variables RRd 95% CIe

High groundwater use and: No. of agricultural areas

 Low (< 59; n = 84) Referent –

 High (≥59; n = 88) 0.890 0.780, 1.016

High groundwater use and: No. of hazardous waste (CERCLA)f sites

 Low (0; n = 97) Referent –

 High (≥1; n = 75) 0.897 0.792, 1.014

High groundwater use and: Soil zinc concentrations (ppm)

 High (≥13.4 ppm; n = 29) Referent –

 Low (< 13.4 ppm; n = 143) 1.270 1.079, 1.505

Bold values refer to a statistically significant RR because the confidence interval does not include the value of 1

a
Census tracts with ≥50% groundwater consumption only

b
Above or below median

c
Adjusted for median household income and race (% AA)

d
Rate ratio

e
Confidence interval

f
Comprehensive Environmental Response, Compensation, and Liability Act
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Table 4

Effect of high groundwater usea, race, and soil zincb levels on PrCA incidencec in SC, 1996–2002

Variables RRd 95% CIe

High groundwater use Low % AA (< 36%) High zinc (≥13.4 ppm; n = 13) Referent –

Low % AA (< 36%) Low zinc (< 13.4 ppm; n = 72) 1.007 0.875, 1.157

High groundwater use High % AA (≥64%) High zinc (≥13.4 ppm; n = 16) Referent –

High % AA (≥64%) Low zinc (< 13.4 ppm; n = 71) 0.974 0.843, 1.127

a
Census tracts with ≥50% groundwater consumption

b
Median value (ppm) split within racial categories

c
Adjusted for median household income

d
Rate ratio

e
Confidence interval
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