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Context: Environmental Public Health Tracking (EPHT) tracks the

occurrence and magnitude of environmental hazards and

associated adverse health effects over time. The EPHT program

has formally expanded its scope to include finished drinking

water quality. Objectives: Our objective was to describe the

features, strengths, and limitations of using finished drinking

water quality data from community water systems (CWSs) for

EPHT applications, focusing on atrazine and nitrogen compounds

in 8 Midwestern states. Methods: Water quality data were

acquired after meeting with state partners and reviewed and

merged for analysis. Results: Data and the coding of variables,

particularly with respect to censored results (nondetects), were

not standardized between states. Monitoring frequency varied

between CWSs and between atrazine and nitrates, but this was

in line with regulatory requirements. Cumulative distributions of

all contaminants were not the same in all states (Peto-Prentice

test P < .001). Atrazine results were highly censored in all

states (76.0%-99.3%); higher concentrations were associated

with increased measurement frequency and surface water as the

CWS source water type. Nitrate results showed substantial

state-to-state variability in censoring (20.5%-100%) and in

associations between concentrations and the CWS source water

type. Conclusions: Statistical analyses of these data are

challenging due to high rates of censoring and uncertainty about

the appropriateness of parametric assumptions for time-series

data. Although monitoring frequency was consistent with

regulations, the magnitude of time gaps coupled with uncertainty

about CWS service areas may limit linkage with health outcome

data.
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Environmental Public Health Tracking (EPHT) is a
program at the Centers for Disease Control and Preven-
tion and involving state partners. This program seeks
to develop a nationwide comprehensive, integrated
environmental public health surveillance system in
which the occurrence and magnitude of environmental
hazards can be tracked and adverse health effects that
may be caused by, or associated with, environmental
factors can be identified.1 To date, EPHT has focused on
contaminants in ambient air.2,3 Methodologies for the
assessment of environmental hazards in ambient air,
and the assignment of exposure at the population level,
have improved dramatically with the development of
physical and statistical models of ambient air pollution
based on monitoring arrays.4,5 While substantial chal-
lenges persist for the characterization of the spatial and
temporal variability of exposure to ambient and indoor
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air pollutants,6 exposure estimates have been success-
fully used in linkage studies to assess the impact of
specific ambient pollutants on population health.7

The EPHT program has formally expanded its scope
to the characterization of hazards in drinking water
and the resulting exposures. A conceptual framework
for tracking exposures to contaminants in drinking wa-
ter has been developed by a working group of EPHT
partners.8 The challenges posed by the use of drink-
ing water contaminant data for hazard and exposure
assessment and linkage with adverse health effects are
unique from those of ambient air. One difference, for
example, arises from the discrete nature of the drink-
ing water infrastructure. Ambient air is a continuous
medium such that, given appropriate knowledge about
wind, geography, and contaminant-specific transport
properties, contaminant concentrations measured at
one location can provide information about concen-
trations at another location. In contrast, water systems
deliver water to exclusive service areas that may or may
not be contiguous. In addition, each system may have
a unique water source(s), treatment process, and distri-
bution network. These factors influence the quality of
drinking water within the individual system, and the
water quality in one system is likely to be independent
of other systems despite geographical proximity. The
result is that sharp spatial discontinuities in hazard
levels may exist at water system service area bound-
aries. Complicating the matter further is the fact that
water system service boundaries do not always fol-
low convenient administrative boundaries, such as cen-
sus tracts, cities, or counties. In addition, unlike other
geospatial data, these system service boundaries usu-
ally are not available as digital data.

Our team is approaching the challenge of develop-
ing methodology for the use of drinking water quality
as a metric of environmental hazard by focusing on
2 agrochemical contaminants—atrazine and nitrate—
and their potential association with adverse birth and
childhood health outcomes in Midwestern states. This
specific context was motivated by the density of corn
production in Midwestern states and the ubiquity of
agrochemicals in their environment.9,10 Atrazine, an
herbicide applied predominately to corn and sorghum,
has been associated with endocrine disruption, in-
cluding feminization in frogs.11 Ecological studies of
community-level measurements of atrazine in drinking
water have linked atrazine with elevated community
rates both of preterm birth and of small size for ges-
tational age.12,13 Upon ingestion, nitrate, a component
of fertilizer, may be converted to nitrite and N-nitroso
compounds, many of which are known carcinogens.14

While the association between nitrate ingestion and
methemoglobinemia is clear and causal, epidemiologic
studies of adverse reproductive and developmental

outcomes find inconsistent or weak associations with
nitrate ingestion.14–16

The EPHT program promotes the use of environ-
mental data that are routinely collected by local, state,
and federal agencies, such as drinking water quality
compliance data. The Safe Drinking Water Act autho-
rizes the Environmental Protection Agency to define
legal limits for contaminant concentrations (maximum
contaminant levels, MCLs) and to specify water-testing
schedules and analytical methods through the National
Primary Drinking Water Regulations. For atrazine, the
MCL is 3 μg/L, and for most public water systems
(PWSs), monitoring is required quarterly. However,
monitoring may be reduced to once every 3 years in
the event that atrazine concentrations are consistently
below the MCL (40 CFR §141.61). For nitrate, the MCL
is 10 mg/L, measured as total nitrogen. For most PWSs
using surface water–type sources, monitoring is re-
quired quarterly. However, if nitrate concentrations are
reliably and consistently below the MCL, or if ground-
water sources are used, monitoring is required only
annually (40 CFR §141.62).

Routinely collected drinking water quality data have
previously been used to define environmental haz-
ard and exposure for linkage with individual and
community-level health outcomes. Frequently, link-
ages to health outcomes are in limited geographical
areas selected to maximize homogeneity in hazard/
exposure, such as municipalities in an administrative
region that are served by a single community water
system (CWS) with a single water source.12,17-21 This
strategy, however, excludes sizable populations from
the analysis. Hopenhayn-Rich et al22 studied larger geo-
graphical areas (Kentucky Area Development Districts)
by using several indices of atrazine hazard in addition
to drinking water quality to account for populations
served by private water supplies, such as domestic
drinking water wells. Alternatively, when health out-
comes are measured at the individual user’s level, the
use of a private water supply can be treated as a distinct
environmental hazard,23 and statistical models can be
developed to predict temporal and spatial variability in
contaminant concentrations within water systems24,25

or to predict concentrations in private water supplies.26

To facilitate environmental public health research
and planning with finished drinking water quality
data, in this analysis, we address the following ques-
tion: “What are the features of finished drinking
water quality data available in state databases for con-
taminants atrazine and nitrate?” While recent anal-
yses have described similar aspects of disinfection
by-products water quality data within a single state,27

we believe that the presentation here is the first to do
so for agrochemical contaminants and multistate re-
gions. As such, this analysis may be informative for
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epidemiologic study design and environmental haz-
ard monitoring strategies, and we discuss challenges
for the linkage of these data with health outcome data.

● Materials and Methods

Data acquisition

To initiate the study, representatives of the research
team visited with staff from partnering state agen-
cies, for example, agencies that relate to public health,
environmental quality, natural resources, health reg-
istries, and/or vital records. Four state partners are
active participants in the Centers for Disease Con-
trol and Prevention–funded EPHT Network (Iowa,
Missouri, Minnesota, and Wisconsin), whereas 4 are not
(Illinois, Indiana, Michigan, and Ohio). At these meet-
ings, we introduced the objectives of our study, gauged
interest in and availability for collaboration, identified
available databases, and identified contact persons and
procedures for data acquisition.

Finished water quality measurements for CWSs
were obtained from all states for atrazine and nitro-
gen compounds (nitrate, nitrite, and/or nitrate-nitrite,
all measured as total nitrogen) for the years 2000-2008.
Not all nitrogen compounds are measured in all states.
For one state (Wisconsin), the recorded data were avail-
able through a public Web site, the Contaminants in
Public Water database system. For another state (Illi-
nois), a Freedom of Information Act data request was
required to obtain the data. For the remaining states,
data were available through personal communication
with staff at the relevant agency.

Public water systems are suppliers that deliver wa-
ter for human consumption to at least 15 service con-
nections or 25 regularly served persons (Safe Drinking
Water Act § 1401(4)). The federal government classi-
fies PWSs as follows: (1) CWSs; (2) nontransient non-
CWSs; and (3) transient non-CWSs. Here, we consider
CWSs. We requested and obtained information about
the PWSs, including the city and county of the system
location, federal PWS classification, population served,
and the type of source water. Some or all of this in-
formation was included in the drinking water quality
monitoring databases for 5 states (Missouri, Wisconsin,
Illinois, Indiana, and Iowa). As needed, a separate list
of water system information was requested from states
and merged with the water quality database. For one
state (Minnesota), the type of source water was identi-
fied from online source water assessments.

Notably, the city and county of the CWS location do
not necessarily delineate the service area. While most
states had paper maps delineating CWS service area
boundaries in state or local offices, often of uncertain

vintage, none of the states had service area boundaries
in electronic from (eg, shapefiles suitable for use in ge-
ographical information system environments).

Database characteristics

The completeness of the CWS drinking water quality
databases was discussed with state staff. In 7 states,
all drinking water quality data required for regulatory
compliance, or otherwise reported to the state, were
contained in electronic databases. In one state (Michi-
gan), the database maintained at the state level con-
tained results analyzed only by the state laboratories.
For this state, the percentage of samples analyzed by the
state laboratories varies between contaminants. While
the majority of atrazine analyses were conducted by
the state laboratories, nitrogen compounds were fre-
quently assayed by commercial laboratories (K. Philips,
oral personal communication 2011). The latter results
were reported to the state on paper forms for compli-
ance evaluation and were not entered into the electronic
database. Therefore, these results are not included in
this analysis.

Key variables in the water quality data included de-
scriptors of the water systems and water quality mea-
surements (Table 1). Variable names differed between
states, but the content was similar. No states provided
metadata files. While most of the variables were readily
interpretable, further clarification of codes relating to
locations of sample collection was required for 2 states.

Results are considered censored when the contam-
inant concentration is too low to be detected or quan-
tified or is otherwise below a reporting limit. We use
the term “censoring threshold” to indicate the concen-
tration below which an exact numerical concentration
value is not reported.

Data management and analysis

Water quality data for atrazine and nitrogen com-
pounds were managed separately after standardization
of variable naming and coding. Duplicates were re-
moved. Data in which detectable concentrations were
indicated, but results were reported as equal to zero,
were excluded. This was a common occurrence for ni-
trite in one state.

Owing to the high rates of censoring and con-
cerns about the appropriateness of parametric as-
sumptions, we used nonparametric methods for data
summary and comparisons. Empirical cumulative dis-
tributions were compared between groups, using the
Peto-Prentice test, implemented by the cendiff com-
mand in the NADA package for R. The Peto-Prentice
test is a generalized Wilcoxon score that assigns
scores to results falling between multiple censoring
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TABLE 1 ● Key Variables Present in Most Water Quality
Databases
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

Public water system variablesa

System number Alpha-numeric code, which is a unique identifier
for each public water system

System type Federal classification of the public water system:
(1) community water systems; (2) nontransient
noncommunity water systems; and
(3) transient noncommunity water systems

Source water Predominant or percentage of source water type:
SW, GW, PSW, PGW, GU, and PGU

Population served The number of individuals estimated to be served
by the water system

System city City in which the public water system is located
This does not circumscribe the service area

System county County in which the public water system is
located

This does not circumscribe the service area
Water quality variablesa

Analyte Contaminant name and/or analytic method code.
Result Measured contaminant concentration, may be

zero or empty when result is left-censored or
equal to the censoring threshold

Unit of
measurement

Units of result measurement—eg, micrograms
or milligrams per liter

Censoring indicator A dichotomous or text-based variable indicating
whether the sample result was below the
censoring threshold

Censoring
threshold

Numerical value of the threshold used to
left-censor contaminant concentration

Sample date Day, month, and year of sample collection
Sample location Alpha-numeric code or text describing the

location of sample collection in the public
water system

Water type Alpha-numeric code or dichotomous variable
indicating whether the sample is raw source
water or finished drinking water

Abbreviations: GU, groundwater under the influence of surface water; GW, ground-
water; PGU, purchased groundwater under the influence of surface water; PGW,
purchased groundwater; PSW, purchased surface water; SW, surface water.
aExact variable names differed between states; informative variable names are used
here.

thresholds, weighted by their position in the empirical
distribution function.28 The Peto-Prentice test is pre-
ferred to the Kruskal-Wallis test for these data because
of the presence of multiple censoring thresholds.28

● Results

Community water systems

The final multistate data set included 39 716 measure-
ments of atrazine and 105 725 measurements of nitrate.

There were also 28 906 and 45 784 measurements of
nitrite and nitrate-nitrite, respectively. Results for ni-
trate are described in this text, as it was the most
frequently measured of the nitrogen compounds. Ni-
trite and nitrate-nitrite results exhibit similar patterns
to those obtained with nitrate and are available upon
request.

More CWSs in the multistate region reported mea-
suring any nitrogen compounds than atrazine: 7633
and 6979, respectively. The number of CWSs varies be-
tween counties and states. Across the states, the median
number of unique CWSs per county that ever reported
nitrogen compounds ranged from 6 to 15 CWSs.

The source water for CWSs is classified as follows:
GW (groundwater), PGW (purchased groundwater),
SW (surface water), PSW (purchased surface water),
GU (groundwater under the influence of surface wa-
ter), and PGU (purchased groundwater under the in-
fluence of surface water). For these analyses, purchased
and nonpurchased source water types were combined.
Two states (Indiana and Wisconsin) indicated the per-
centage of each type of source water, whereas the other
states indicated the predominant type. For these 2
states, more than 97% of CWSs drew at least 75% of
source water from one source water type. We classi-
fied systems receiving less than 75% of source water
from one source water type as using mixed source wa-
ter, yielding 4 categories—GW, SW, GU, and mixed.
We were unable to identify source water type for some
CWSs, which may be due to the inactivation of the
CWSs. Neither the exact location of the source water
nor the water treatment technology used was specified
in these data. It is therefore unknown whether a CWS
drew water from a single site or multiple sites when
the CWS was classified as having a single source water
type (eg, 1 well or ≥2 wells for a GW source).

Measurement frequency

The empirical cumulative distributions of the median
interval between calendar days of atrazine or nitrate
measurements for all CWSs with at least 2 measure-
ments in 2000-2008 are consistent with regulatory re-
quirements (Figure 1). Of the 5777 CWSs with 2 or
more atrazine measurements, 12.3% measured approx-
imately quarterly (median intervals ≤100 days) and
51.3% measured approximately once every 3 years (me-
dian intervals of 912-1278 days). Approximately 19%
of the CWSs had longer median measurement inter-
vals, which may indicate intermittent disuse of a wa-
ter system, less stringent system-specific monitoring
requirements, or lack of regulatory compliance. For ni-
trate, 95% of CWSs measured nitrate at least annually
(Figure 1B).
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FIGURE 1 ● Empirical Cumulative Distribution of the Medial Interval (days) Between Measurement of Atrazine (A) or
Nitrate (B) in Finished Drinking Water for Each Community Water Systema
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aVertical lines denote 90-day, 365-day (1-year), and 1095-day (3-year) intervals: 2000-2008.

The mean number of nitrate samples collected per
year was similar for CWSs using GW and SW, with a
median of 1 sample per year and central 90% range of
0.33 to 4 samples per year and 0.11 to 5 samples per year,
respectively. This means that 50% of CWSs collected an
average of 1 sample per year for nitrate. More atrazine
samples, however, were typically collected in CWSs
using an SW source. Among CWSs using an SW source,
the median number of samples per year was 2, with
a central 90% range of 0.11 to 7.6 samples per year.
Among CWSs using a GW source, the median number
of samples per year was 0.33, with a central 90% range
of 0.11 to 1.2 samples per year.

Censoring

The threshold of censoring was typically identified as
the analytical method limit of detection or, less fre-
quently, as the method limit of quantification. Six states
reported the threshold of censoring for each measure-
ment. For the 2 states not reporting censoring thresh-
olds (Iowa and Indiana), contaminant concentrations
were frequently reported below the MCL, suggesting
that the censoring threshold was the detection or quan-
tification limit, not the MCL. In these 2 states, the lowest

frequently reported atrazine or nitrate concentration
was used to define the censoring threshold. In the case
of Indiana, the censoring thresholds were not reported
to the state agency by the testing laboratories (A. Swift,
written personal communication 2011).

The censoring thresholds varied between states and
between CWSs, but they did not exhibit monotonic
trends across the years (data not shown). For atrazine,
among censored results, the median censoring thresh-
olds were as follows: 0.5 μg/L in Missouri; 0.3 μg/L in
Illinois and Ohio; 0.2 μg/L in Michigan; and 0.1 μg/L
in Iowa, Indian, and Wisconsin. For nitrate, among cen-
sored results, the median censoring thresholds were as
follows: 0.4 mg/L in Michigan; 0.1 mg/L in Illinois, In-
diana, and Ohio; 0.05 mg/L in Missouri and Wisconsin;
and 0.01 mg/L in Iowa.

Tables 2 and 3 summarize the measurement results
for atrazine and nitrate, respectively, in each state. In
each state, 76.0% to 99.3% of all atrazine and 20.5% to
100% of all nitrate measurements, respectively, were
censored. For atrazine, in all states except Wisconsin,
the frequency of censoring was higher for CWSs using a
GW source than for those using an SW source (Table 2).
For nitrates in all states except Wisconsin and Mis-
souri, the frequency of censoring was higher for CWSs
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TABLE 2 ● Summary of Atrazine Measurements in Finished Water for Community Water Systems by State and Source
Water Type, 2000-2008
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

Atrazine Concentration, μg/L

State Source Water No. Systems No. Samples % Censored Median 95th Percentile Maximum

Iowa All 863 2094 86.3 <0.1 0.34 2.5
GW 813 1782 94.7 <0.1 <0.1 1.5
GU 14 135 47.4 <0.1 0.6 1.9
SW 36 177 31.0 0.22 1.4 2.5

Illinois All 1089 8738 92.0 <0.3 0.5 23
GW 966 5642 99.9 <0.3 <0.3 1.4
GU 4 69 98.6 <0.3 <0.3 0.78
SW 119 3027 76.9 <0.3 1.1 23

Indiana All 682 4486 85.2 <0.1 0.5 11.3
GW 628 3051 99.4 <0.1 <0.1 6.85
SW 39 847 71.7 <0.1 1.5 11.3
M 15 988 52.5 <0.1 1.0 6.0

Michigan All 1291 5374 99.3 <0.2 <0.2 4.0
GW 1125 4558 99.9 <0.2 <0.2 0.2
GU 4 37 97.3 <0.2 <0.2 0.3
SW 79 639 94.8 <0.2 <0.2 4.0
UNKN 83 140 98.6 <0.2 <0.2 0.5

Minnesota All 314 1214 98.6 <0.3 <0.3 0.5
GW 302 1147 99.4 <0.3 <0.3 0.4
GU 1 9 66.7 <0.1 0.5 0.5
SW 9 51 86.3 <0.3 0.5 0.5
UNKN 2 7 100 <0.1 <0.3 <0.3

Missouri All 1250 8727 88.6 <0.5 1.0 15.0
GW 1155 4178 96.6 <0.5 <1.0 15.0
GU 5 23 100 <0.5 <0.5 <0.5
SW 90 4526 81.1 <0.5 1.3 10.2

Ohio All 974 6807 76.0 <0.3 1.3 27
GW 866 2620 99.6 <0.3 <0.3 3.0
SW 108 4187 61.1 <0.3 1.9 27

Wisconsin All 516 1876 92.9 <0.1 0.2 1.4
GW 482 1727 92.4 <0.1 0.2 1.4
SW 31 140 99.3 <0.1 <0.1 0.15
M 3 9 100 <0.1 <0.1 <0.1

Abbreviations: GU, groundwater under the influence of surface water; GW, groundwater; M, mixed; SW, surface water; UNKN, unknown.

using a GW source than for those using an SW source
(Table 3).

When considered at the CWS level, the vast majority
(6621/6979; 94.8%) of CWSs never measured atrazine
above the censoring threshold. In contrast, nitrate was
ever measured above the censoring threshold two-
thirds of the time (4701/7115; 66.1%). Among CWSs
that ever detected atrazine, the rate of censoring was
64.7% compared with 29.0% for nitrate.

Contaminant levels

Given the high rates of censoring, the median and
the 95th percentiles were based on the ordered results

(Tables 2 and 3): the median values were below the cen-
soring thresholds in many instances. The empirical cu-
mulative distribution functions (Figure 2) suggest that
the distribution of atrazine and nitrate concentrations
varies between states. This is confirmed by the Peto-
Prentice test, which found that the cumulative distri-
butions for each state are significantly different (P <

.001 for both atrazine and nitrate).
The influence of source water type on finished wa-

ter quality was tested for each contaminant in each
state with the Peto-Prentice test. For both atrazine
and nitrate, the null hypothesis of equal cumula-
tive distributions for each source water type was re-
jected, with P < .001 in all states. The test could not
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TABLE 3 ● Summary of Nitrate, Measured As Total N (mg/L), in Finished Water for Community Water Systems by State
and Source Water Type, 2000-2008
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

Nitrate Concentration, mg of N/L

Statea Source Water No. Systems No. Samples % Censored Median 95th Percentile Maximum

Iowa All 907 15 096 32.4 1.3 8.5 24
GW 848 13 892 33.8 1.1 8.5 24
GU 17 362 10.5 2.8 7.6 9.7
SW 42 842 19.0 2.1 9.0 15

Illinois All 1 112 19 303 42.9 0.2 7.9 14.6
GW 984 16 048 49.8 0.1 7.4 14.6
GU 4 50 6.0 1.3 2.6 4.1
SW 124 3 205 9.0 2.6 9.4 12.9

Indiana All 667 8 388 38.3 0.15 5.6 100
GW 619 7 559 41.1 0.10 5.8 100
SW 33 432 10.9 0.98 4.4 7.5
M 15 397 14.6 0.8 4.5 6.6

Michigan All 1 572 15 633 48.6 <0.4 4.7 40.4
GW 1 151 13 589 49.5 <0.4 4.8 40.4
GU 4 50 68.0 <0.4 <0.4 1.6
SW 100 1 175 36.9 0.4 1.7 6.7
UNKN 317 819 49.1 0.4 5.2 11.6

Missouri All 1 317 16 150 100 <0.05 <1.4 <24.4
GW 1 219 15 111 100 <0.05 <1.3 <24.4
GU 5 72 100 <0.05 <1.4 <1.6
SW 93 967 100 <0.13 <2.5 <6.9

Ohio All 978 24 225 27.4 0.5 6.5 68.7
GW 869 9 903 48.8 0.16 5.87 22.0
SW 109 14 322 12.7 0.75 6.95 68.7

Wisconsin All 562 6 930 20.5 1.2 7.4 19.4
GW 532 6 708 19.7 1.3 7.5 19.4
SW 27 191 46.1 0.2 0.7 1.6
M 3 31 25.8 0.35 3.5 3.8

aMinnesota measures nitrate-nitrite and nitrite, not nitrate, and is therefore not included.
Abbreviations: GU, groundwater under the influence of surface water; GW, groundwater; M, mixed; SW, surface water; UNKN, unknown.

be performed for nitrate in Missouri because all re-
sults were censored. Inspection of Table 3 indicates
that median nitrate concentrations in CWSs served
by surface water were greater than or equal to that
in CWSs served by ground water in all states except
Wisconsin.

Owing to the regulatory relationship between the
timing of atrazine measurement and atrazine concen-
trations, we explored the differences in contaminant
concentrations measured in CWSs that monitored on
different intervals. Specifically, we compared CWSs in
all states that reported approximately quarterly moni-
toring (median interval ≤100 days, n = 711) with those
CWSs with less frequent measurements (n = 5066).
Results for CWSs that reported approximately quar-
terly monitoring were less likely to be censored (77.8%

vs 98.7%) and had higher 95th percentile concentra-
tion (1.2 μg/L vs <0.25 μg/L). Community water sys-
tems with known source water types that reported
approximately quarterly monitoring were more likely
to use SW as source water (42.2%) than CWSs with
longer median intervals between sampling (3.4%). In
contrast, CWSs that measured nitrate approximately
annually (median interval ≤380 days, n = 787) were
most strongly differentiated from CWSs with less fre-
quent measurement (n = 5990) by the 95th percentile
of concentration results (3.2 mg/L vs 7.3 mg/L as N).
Otherwise, CWSs that measured on the 2 time scales
had similar proportions of censored results (45.6% vs
44.8%), median concentrations (0.2 mg/L vs 0.2 mg/L
as N), and frequency of surface water sources (7.9% and
5.0%).
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FIGURE 2 ● Empirical Cumulative Distribution Function of Atrazine and Nitrate Concentration Measurements by State
for Atrazine (A) and Nitrate (B) Measured As Total Nitrogen: 2000-2008
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● Discussion

Returning to our question, we found that finished
drinking water quality data in state databases were
consistent with regulatory requirements, both in terms
of monitoring frequency (Figure 1) and contaminant
levels (Tables 2 and 3), and contained similar types of
information about CWSs and water quality (Table 1).
Between states, there were some differences in data
with respect to the laboratory methodology and report-
ing of censoring thresholds. There is evidence that the
levels of atrazine and nitrate vary between states.

Ultimately, the objective of both our research and
EPHT is to use drinking water quality data for surveil-
lance of environmental hazards and associated health
outcomes. Relating the hazard of contaminants esti-
mated from CWS drinking water data to the magni-
tude of human exposure is complicated both by spatial
and temporal variability of contaminant concentrations
within drinking water distribution networks29,30 and by
individual water consumption behaviors.31 With this in
mind, a disadvantage of working in a multistate region
is that the large number of CWSs limits the amount
of data that can be compiled about each water sys-
tem in the absence of electronic databases accessible
to the public or through state partners. For example,
compilation of CWS treatment technology27 and verifi-
cation of paper maps of CWS service area boundaries
(J. Panichello, oral personal communication 2012) are
extremely resource-intensive. However, advantages to

a regional approach include the following: (1) building
collaborative relationships between academic centers
and public health and environmental scientists in state
agencies; (2) a regional perspective of the magnitude
and variability of agrochemical hazards in drinking
water; and (3) from an epidemiologic perspective, a
large number of outcome observations for study.

While we found that measurement frequencies were
generally consistent with regulatory requirements,
regulatory-based monitoring may be too infrequent for
some epidemiologic applications. Quarterly or annual
measurements may miss seasonal trends that could be
identified by more frequent monitoring, such as the
case with the Atrazine Monitoring Program.9 In addi-
tion, when annual nitrate measurements are collected
in the same calendar month from one year to the next,
temporal variation is confounded by CWSs. Frequent
measurements are particularly important in the con-
text of fetal development and birth outcomes, where
linkage should be to critical periods of susceptibility
in utero.32 In contrast, chronic diseases, such as cancer,
may reasonably be linked with long-duration average
levels of environmental contamination.18,23 Estimates
of drinking water quality in the interim between mea-
surements could be obtained through interpolation,12,33

imputation,34,35 or hierarchical modeling24 techniques.
The data could also be supplemented with measure-
ments of raw, untreated water.36 The strengths and
weakness of these methods with respect to expo-
sure misclassification have not been systematically
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characterized. These will be explored in future work
with these data.

The high rates of censoring in the atrazine and ni-
trate concentrations (Tables 2 and 3), while indicating
relatively low levels of environmental hazard, pose a
challenge in the development of statistical descriptions
of hazard and exposure. Beyond estimating distribu-
tional parameters for variables with censoring, the gen-
eral strategies are either to replace censored data with
numerical estimates or to use statistical models that
account for variables with censoring.28,34 The magni-
tude of censoring in these data, however, particularly
for atrazine, is larger than that which can be readily
accommodated by most techniques used to estimate
distributional parameters.37 In addition, the physical
processes driving contaminant concentrations in fin-
ished drinking water suggest that the common para-
metric assumptions used with censored data analysis
may not reflect the true distribution of contaminant
concentrations within a CWS or within a state. For ex-
ample, seasonal patterns may be present in some CWSs,
and many censored values are plausibly equal to zero
owing to an absence of atrazine or nitrate sources. In ad-
dition, CWSs are discrete units such that contaminant
levels within a CWS are likely correlated and unrelated
to levels found in other CWSs that have different water
treatment technologies and source waters. Figure 2 re-
inforces this idea, indicating that at the state level, the
distributions of atrazine and nitrate levels vary sub-
stantially and are not lognormal. Similar patterns ap-
pear when plotted at the CWS level (data not shown). In
future work, we will explore the implications of censor-
ing treatments of these data in the context of exposure
assessment.

In the EPHT Network, health outcome data are avail-
able to the public when measured on the spatial scale
of counties and on the temporal scale of years, subject
to the suppression of rare events to maintain confi-
dentiality. While data may be available for alternative
spatial and temporal scales upon request and approval
by data stewards, annual county-level data on health
outcomes provide a standard resolution for EPHT ap-
plications. Therefore, linkage with environmental haz-
ard or exposure data derived from finished drinking
water compliance monitoring requires aggregation of
data across multiple CWSs and (potentially) regions
served by private water systems (eg, domestic wells),
as well as the calculation of a representative metric of
water quality during the year. In the absence of data
on the service area boundaries, the linkage between
CWSs and a city/county must be based upon the lo-
cation of the CWS office and/or treatment plant. A
representative metric might be a direct average of all
measurements collected in a county in a year,38 or an
average weighted by the population served by each

water system.22 Smaller temporal and spatial scales
in environmental and health data increase options for
linkage and statistical representation of hazard and ex-
posure variability.27,39 All linkage techniques, however,
are subject to misclassification of exposure. While expo-
sure misclassification impedes causal inference in epi-
demiologic studies of environmentally related health
outcomes, it may not be as detrimental to the track-
ing of spatial and temporal trends in environmental
hazards.

The analysis presented herein has demonstrated that
considerable challenges exist for the use of routinely
collected drinking water monitoring data to define en-
vironmental hazards and exposures for linkage with
individual- and community-level health outcomes. In
particular, the infrequency of monitoring and uncer-
tainty about CWS service areas pose a challenge to
defining spatial and temporal scales for health outcome
linkage. The development of statistical models of con-
taminant concentrations is impeded by the high rates
of censoring (nondetects) and lack of evidence to sup-
port convenient parametric assumptions. From a data
management perspective, we found that state-to-state
differences in variable naming and coding increased
the time required to merge data, but this procedure
could be partially automated. Despite these challenges,
drinking water compliance monitoring data may be
useful for hazard or exposure assessment in ecological
studies.
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