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Numerous metals have received attention as
both environmental contaminants and
potential toxicologic hazards. For example,
arsenic, cadmium, and lead are extensively
distributed in the environment (1–3).
Human activities have substantially altered
the natural distribution of these metals in
the environment, leading to potentially ele-
vated concentrations of these metals in many
environmental media. The occurrence of As,
Cd, and Pb in drinking water is considered
an important pathway of potential exposure
for citizens of the United States and many
other nations (4–6).

The temporal dimension of exposure to
these elements in drinking water is of inter-
est because their toxicologic effects, such as
cancer, kidney disease, and impaired cogni-
tive function, are considered to result from
chronic exposure rather than short-term
exposure (7–9). Improved understanding of
chronic exposure to As, Cd, and Pb in
drinking water can be expected to increase
the precision and accuracy of health risk
assessments performed for these metals.

Our objectives were to measure short-
term and prolonged (1-year) average expo-
sure to As, Cd, and Pb from ingestion of
drinking water; to characterize the temporal
variability of short-term exposure measures;
and to evaluate the reliability of short-term

measures of exposure to assess long-term
average exposure. We assessed exposure to
the metals from repeated measurements of
the analytes in drinking water samples col-
lected from each member of the study popu-
lation. These data are one component of a
longitudinal investigation of chemicals in
multiple media: The National Human
Exposure Assessment Survey in Maryland
(NHEXAS-MD).

Methods

Study design. A stratified random sample of
80 individuals selected from four contiguous
counties in Maryland was enrolled in the
study in September 1995. The NHEXAS-
MD sampling strategy was designed to
ensure adequate representation of urban, sub-
urban, and rural residences as well as the
racial diversity of the metropolitan Baltimore
area. The area represented is the Baltimore
metropolitan statistical area, which consists
of Anne Arundel County, Baltimore County,
Baltimore City, and Queen Anne’s County.
We included an additional contiguous coun-
ty, Talbot County, to ensure adequate repre-
sentation of the rural stratum. Within each
of these geographic regions, U.S. Census
block groups were defined as urban (popula-
tion density > 10,000/square mile) predomi-
nantly (> 50%) white; urban predominantly

nonwhite; suburban (1,000/square mile <
population density < 10,000/square mile)
predominantly white; suburban predomi-
nantly nonwhite; and rural (population den-
sity < 1,000/square mile). There was no racial
differentiation for the rural block groups. We
selected five block groups within each stra-
tum, with probability of selection based on
the number of residents, for a total of 25
block groups. Our sampling frame was a list
of residential telephone numbers obtained
from a commercial vendor. Errors are intro-
duced using this sampling frame, but these
are considered small in comparison to other
potential errors dictated by the final sample
size. Our desired final sample size, based pri-
marily on logistical limitations, was 50
households, or two per each block group.
Given expected dropout rates, this required
initial monitoring of 80 residences, or just
over three per block group. We selected 20
homes per block group (500 total telephone
numbers) to ensure a sufficient sampling
frame. Telephone numbers were called ran-
domly within each block group until the
desired number within each block group was
reached. We determined sample weights
through reflection of the sampling design,
with appropriate weights reflecting differen-
tial probability of selection from the initial
population for each stratum. Actual sampling
weights were fairly consistent across the
12 strata, suggesting that weighted and
unweighted results should be similar. Specific
weights for each participant and cycle combi-
nation can be obtained from the authors.

All participants provided informed con-
sent under protocols approved by an institu-
tional review board. MacIntosh et al. (10)
summarized the demographic characteristics
of the respondents. Each individual partici-
pated in the study as many as 6 times over
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Arsenic, cadmium, and lead have been associated with various forms of cancer, nephrotoxicity,
central nervous system effects, and cardiovascular disease in humans. Drinking water is a well-rec-
ognized pathway of exposure to these metals. To improve understanding of the temporal dimen-
sion of exposure to As, Cd, and Pb in drinking water, we obtained 381 samples of tap and/or
tap/filtered water and self-reported rates of drinking water consumption from 73 members of a
stratified random sample in Maryland. Data were collected at approximately 2-month intervals
from September 1995 through September 1996. Concentrations of As (range < 0.2–13.8 µg/L)
and Pb (< 0.1–13.4 µg/L) were within the ranges reported for the United States, as were the rates
of drinking water consumption (median < 0.1–4.1 L/day). Cd was present at a detectable level in
only 8.1% of the water samples. Mean log-transformed concentrations and exposures for As and
Pb varied significantly among sampling cycles and among respondents, as did rates of drinking
water consumption, according to a generalized linear model that accounted for potential correla-
tion among repeated measures from the same respondent. We used the intraclass correlation coef-
ficient of reliability to attribute the total variance observed for each exposure metric to between-
person and within-person variability. Between-person variability was estimated to account for 67,
81, and 55% of the total variance in drinking water consumption, As exposure (micrograms per
day), and Pb exposure (micrograms per day), respectively. We discuss these results with respect to
their implications for future exposure assessment research, quantitative risk assessment, and envi-
ronmental epidemiology. Key words: arsenic, cadmium, chronic exposure, drinking water, lead.
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the course of the following 12 months. The
interval between sampling cycles for each
participant was approximately 8 weeks. Dates
of the six sampling periods were as follows: 
• cycle 1, 20 September 1995–23 December

1995
• cycle 2, 15 January 1996–23 February 1996
• cycle 3, 27 February 1996–20 April 1996
• cycle 4, 22 April 1996–15 June 1996
• cycle 5, 18 June 1996–27 July 1996
• cycle 6, 30 July 1996–18 September 1996. 

Field staff members collected samples of
environmental and biologic media, includ-
ing drinking water, during a consecutive 7-
day period within a cycle. Study participants
completed exposure-related questionnaires
during each cycle. 

Sample collection and analysis. On the
first day of each sampling period, we
obtained a water sample from the primary
source of drinking water identified by the
respondent (e.g., direct from the tap or efflu-
ent from a treatment system such as a water
softener or charcoal filter). Beverage intake
of metals is discussed elsewhere (11). One-
liter water samples were drawn into pre-
cleaned high-density polyethylene containers
and maintained at < 4°C during storage and
transport. Before sample collection, tap
water was flushed for 2 min. Samples were
preserved at pH < 2 by the addition of sever-
al drops of 6 M nitric acid in the field.
Aliquots of samples were directly injected for
multielement analysis by inductively coupled
plasma-mass spectrometry (ICP-MS). The
target elements for the NHEXAS-MD inves-
tigations were As, Cd, chromium, and Pb.
Results for other elements determined by
ICP-MS are under study. 

A questionnaire on daily time budgets and
behavior patterns was administered to partici-
pants on each day of the 7-day sampling 
period for a given cycle. Responses to the
question, “How many glasses of water did you
drink today?” were used to obtain drinking
water consumption rates. We used a nominal
serving size of 0.296 L (10 fluid oz) per glass
to convert from glasses of water to liters of
water consumed per day. We computed expo-
sure to the target analytes for each cycle as the
product of the 7-day average drinking water
consumption rate and the analyte concentra-
tions measured in the water sample.

Quality assurance. To ensure creditabili-
ty and accuracy of the data, we performed a
series of quality assurance steps for concentra-
tion data on the target elements, As, Cd, Cr,
and Pb, and for water intake. A chain-of-cus-
tody (COC) form followed each sample and
questionnaire from the field to the laboratory
and finally to the database manager. A water
sample data point or questionnaire data point
not accompanied by a completed COC was
omitted from subsequent analysis. 

We performed sample collection and
analysis procedures in accordance with quali-
ty assurance measures prescribed by U.S.
Environmental Protection Agency method
200.8 (12). Detection limits (DLs) and
recovery efficiencies were determined for
each metal species throughout the study.
The DL was constant over time for As (0.2
µg/L), Cd (0.1 µg/L), and Pb (0.1 µg/L).
Recovery efficiency as measured by fortified
samples was 108.5% (n = 65, SD 4.9%) for
As, 103.7% (n = 66, SD 4.5%) for Cd, and
103.5% (n = 66, SD 5.6%) for Pb. Fortified
sample concentrations were typically 20.0
µg/L for As and 10.0 µg/L for Cd and Pb.

We obtained 16 field blanks and 24 dupli-
cate samples throughout the study to evaluate
potential contamination of samples during
their collection and shipment. Arsenic, Cd,
and Pb were not detected in any field blank
samples. The mean absolute difference of
metal concentrations between pairs of dupli-
cate field samples was 0.09 (SD 0.19, median
0.02, interquartile range 0.05); 0.004 (0.02,
0.0, 0.0); and 0.70 (2.22, 0.07, 0.12) µg/L for
As, Cd, and Pb, respectively. The ratio of the
median absolute difference between duplicate
pairs and the overall median concentration
was 4% for As and 18% for Pb. For Cd, both
values reflect the limit of detection (LOD) and
the ratio is not meaningful.

Data analysis. To evaluate temporal vari-
ability of heavy metal exposure via drinking
water, we restricted data reporting and analy-
sis to participants from whom at least two
sets of quality assured water sample and water
consumption data were obtained. Metal con-
centrations below the DL were set to one-
half the DL. Metal exposure via beverage
consumption, including those exposures that
could be derived from drinking water (e.g.,
coffee), was assessed separately (11).

We generated descriptive statistics for
each variable for the complete data set and
for each cycle. The observed concentration,
water consumption, and exposure data exhib-
ited positive skewness, whereas the corre-
sponding natural log-transformed values were
approximately normally distributed.
Statistical analyses were therefore performed
on natural log-transformed values. The
observed water consumption data were
approximately normally distributed; thus
analyses of this variable were performed on
the observed values. Based on procedures
described in detail elsewhere (13), we used a
mixed generalized linear model (GLM) to
test for significant variability of mean metal
concentrations (micrograms per liter), aver-
age daily water consumption rates (liters per
day), and average daily exposure to each
metal among sampling cycles (micrograms
per day). In addition, we used a two-way
GLM to test for significant interindividual

variability for each exposure metric control-
ling for the effect of sampling cycle.

Reliability is a concept to describe the
degree to which a single measure or set of
measures of an event describes the mean of
repeated measures of that event (14). We used
three approaches to estimate the reliability of
a short-term measure of heavy metal concen-
tration in drinking water and the associated
exposure. In the first approach, we computed
the population mean intraindividual or with-
in-person coefficient of variation for each
exposure measure. The mean coefficient of
variation for the population expresses the vari-
ability of exposure among sampling events for
a typical individual compared to their annual
average exposure. In the second approach, we
used the PROC MIXED procedure in SAS
6.12 for Windows (SAS Institute, Cary, NC)
to estimate the correlation coefficient between
each pair of cycles for metal concentrations in
water, water consumption, and exposure to
metals in drinking water. The model includes
linear terms for both population variability,
using the household identification number
(HIN) as a class variable representing individ-
uals within the population, and temporal vari-
ability, using the sampling cycle variable
(cycle) as a class variable:

log X = β0 + β1 HIN + β2 cycle

where X stands for metal concentration, tap
water consumption, or metal intake. We
report the mean correlation coefficient calcu-
lated from the correlation matrix for each
exposure variable. Finally, we computed the
intraclass correlation coefficient of reliability
(R) according to the classic error model,
where R is the ratio of between-person vari-
ance of exposure to the total variance of expo-
sure observed in a repeated measure study
(14). Total variance is the sum of between-
person variance and within-person variance,
which we estimated by a one-way GLM with
an exposure metric (e.g., arsenic concentra-
tion in drinking water) as the dependent vari-
able and respondent identification number as
the categorical independent variable. R can
range from 0 to 1, with values near zero indi-
cating low reliability and values near one indi-
cating high reliability.

Results

We obtained 403 valid water samples and
394 valid measures of drinking water con-
sumption data. After we removed incomplete
records (i.e., observations missing water sam-
ple or water consumption information) and
the six households that participated in only
one cycle, the database contained 381 obser-
vations from 73 participants. The number of
observations per respondent was as follows:
38 respondents provided samples in all six
cycles, 19 in five cycles, 10 in four cycles, and
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6 in three cycles. The number of observations
obtained in cycles one through six was 70,
66, 68, 66, 52, and 59, respectively. 

Short- and long-term average metal con-
centrations and exposures. Arsenic, Cd, and
Pb were present at detectable levels in 86.9,
8.1, and 92.4% of the water samples, respec-
tively. The distributions of heavy metal con-
centrations and exposures are summarized in
Table 1. The distribution of concentrations
for each metal was skewed right and ranged
over approximately 2 orders of magnitude.
Cd was present at concentrations greater than
the LOD only infrequently; for this reason,
we did not perform further statistical analyses
on the Cd data. The average daily drinking
water consumption rate based on all 381
observations was approximately 1 L/day.
One-half of the population reported average
daily water ingestion between 0.51 and 1.31
L/day. These values are consistent with tap
water consumption amounts obtained in
other studies (15). Note that these short-term
measures of exposure are based on analysis of
a single drinking water sample and the aver-
age rate of drinking water consumption on 7
consecutive days.

We computed annual average drinking
water metal concentrations and exposures
using the 228 observations from the 38
respondents that participated in all six cycles
(Tables 2 and 3). These long-term measures
of exposure are based on six drinking water
samples and the average rate of drinking water
consumption on 42 days for each respondent
collected over a 12-month period.

Temporal variability of metal concentra-
tions and exposures. Median As concentra-
tions ranged from 0.51 µg/L in cycle 6 to
0.72 µg/L in cycle 2 (Table 2). For Pb,
median concentrations ranged over a factor
of 3 among cycles. There was no apparent
pattern to the timing at which the infre-
quent detection of Cd occurred. Mean log-
transformed concentrations (Table 2) and
exposures (Table 3) for As and Pb varied sig-
nificantly among sampling cycles and among
respondents. Mean log-transformed average
daily drinking water consumption rates also
varied significantly among cycles and partici-
pants. The least-squares means for water
consumption obtained from the mixed
model were as follows: 0.69, 0.86, 0.88,
0.91, 1.03, and 1.06 L/day for cycles one
through six, respectively. Cycles five and six
were not different from each other (p =
0.5223), although they were different from
all other cycles (p < 0.0169).

Reliability of short-term exposure mea-
sures to assess long-term average exposure.
The population mean within-person coeffi-
cient of variation for As concentration in
drinking water was 0.20, whereas that for As
exposure was 0.45 (Table 4). The correlation

coefficients among repeated measures of As
concentration (0.90) and exposure (0.82) as
estimated by the mixed model procedure
were greater than the corresponding correla-
tion coefficients for Pb. In most cases, R was
similar to the correlation among repeated

measures estimated by the SAS procedure.
Examination of Table 4 across analytes indi-
cates that, as anticipated, the mean within-
individual coefficient of variation is inversely
related to R and to the mean between-cycle
correlation coefficient.
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Table 1. Distributions of exposure to three heavy metals in 2-min flush tap/filtered tap drinking water for
73 residences in Maryland between September 1995 and September 1996.

Analyte No. Meana SDa Min 5% 25% 50% 75% 95% Max

Concentration in 
drinking water (µg/L)

As 381 0.77 1.11 < 0.20 < 0.20 0.48 0.61 0.72 2.58 13.80
Cd 381 0.07 0.05 < 0.10 < 0.10 < 0.10 < 0.10 < 0.10 0.14 0.30
Pb 381 1.08 2.01 < 0.10 < 0.10 0.19 0.37 0.84 3.63 13.40

Average 381 0.91 0.60 0.04 0.10 0.51 0.89 1.31 2.07 4.10
consumptionb

(L/day)
Average exposurec

(µg/day)
As 381 0.78 1.78 0.004 0.03 0.21 0.52 0.83 2.65 26.83
Cd 381 0.06 0.06 0.002 0.005 0.03 0.05 0.07 0.12 0.40
Pb 381 1.06 2.50 0.005 0.02 0.13 0.33 0.75 2.78 18.13

aOne-half the detection limit used for samples with concentrations less than limit of detection. bDaily water consumption.
cDaily exposure through drinking water consumption. 

Table 2. Summary statistics for heavy metals in 2-min flush tap/filtered tap drinking water samples for
each cycle.

Sample
1 2 3 4 5 6 Annual avga

Measure Statistic (n = 70) (n = 66) (n = 68) (n = 66) (n = 52) (n = 59) (n = 38)

As, µg/L % Detect 91.4% 87.9% 88.2% 86.4% 80.8% 84.7% NA
(p = 0.0001) Mean 0.82 0.83 0.84 0.74 0.59 0.76 0.60
MCL = 50 µg/L SD 1.14 0.82 1.31 1.28 0.46 1.33 0.51

Median 0.66 0.72 0.65 0.56 0.54 0.51 0.59
Cd, µg/L % Detect 5.7% 6.1% 8.8% 10.6% 9.6% 8.5% NA

(—)b Mean 0.06 0.06 0.06 0.07 0.08 0.07 —
MCL = 5 µg/L SD 0.02 0.03 0.04 0.05 0.07 0.06 —

Median 0.05 0.05 0.05 0.05 0.05 0.05 —
Pb, µg/L % Detect 91.4% 84.8% 89.7% 98.5% 92.3% 98.3% NA

(p = 0.0001) Mean 0.73 0.64 0.99 1.19 1.91 1.21 0.93
MCL = 5 µg/L SD 0.92 0.88 2.33 2.16 3.43 1.36 1.21

Median 0.36 0.24 0.24 0.41 0.72 0.66 0.57

Abbreviations: avg, average; % Detect, relative frequency of samples with detectable amount of analyte; MCL, maximum con-
taminant level; n, number of observations; NA, not applicable. p-Value for test of significant temporal variability of the log of
the analyte concentrations is shown for each element. The MCL values are included for each element as a comparison value.  
aComputed from an average of six measurements for each respondent. bStatistical analysis not performed or summary
statistic not computed because of censored data. 

Table 3. Summary statistics for 2-min flush tap/filtered tap drinking water consumption and exposure to
heavy metals via drinking water for each cycle. 

Sample
1 2 3 4 5 6 Annual avga

Measure Statistic (n = 70) (n = 66) (n = 68) (n = 66) (n = 52) (n = 59) (n = 38)

Water Mean 0.71 0.89 0.92 0.88 1.06 1.07 0.96
consumption, SD 0.57 0.58 0.53 0.55 0.64 0.66 0.51
L/day Median 0.66 0.85 0.95 0.89 1.12 1.10 1.00
(p = 0.0001)

As intake, Mean 0.64 0.80 0.87 0.75 0.69 0.93 0.55
µg/day SD 1.30 1.22 2.05 2.19 1.16 2.36 0.49
(p = 0.0120) Median 0.40 0.57 0.56 0.45 0.57 0.56 0.56

Cd intake, Mean 0.04 0.05 0.06 0.06 0.08 0.07 —
µg/day SD 0.03 0.03 0.04 0.05 0.07 0.06 —
(—)b Median 0.03 0.04 0.05 0.04 0.06 0.05 —

Pb intake, Mean 0.51 0.48 0.95 1.12 2.28 1.34 0.95
µg/day SD 0.96 0.57 2.46 2.39 4.73 2.03 1.36
(p = 0.001) Median 0.29 0.20 0.25 0.31 0.55 0.59 0.51

Abbreviations: avg, average; n, number of observations. p-Value for test of significant temporal variability of the log of
the drinking water consumption and log of the heavy metal exposure is shown for each analyte. 
aComputed from an average of six measurements from each respondent. bStatistical analysis not performed or summary
statistic not computed because of censored data. 



Discussion
Concentrations of As, Cd, and Pb in drink-
ing water of the United States are typically
< 10, 2, and 5 µg/L, respectively (4,5,16).
Metal concentrations in the 381 water sam-
ples obtained from 73 members of the
NHEXAS-MD population were within the
ranges reported nationwide. The 31 water
samples in this study with a Cd level greater
than the DL were obtained from only 12
households. Observations of consistently
measurable Cd concentrations at a residence
could reflect leaching from plumbing materi-
als (17). In future research, we will examine
the potential covariates of metal concentra-
tions in drinking water such as water source
and age of the residential structure.

The results presented in this paper are
based on measurements of total As, Cd, and
Pb in the drinking water samples—we did
not obtain information on valence states or
compounds of the metals. Inorganic forms
of As are more toxic than numerous organic
As species (9). Inorganic forms of As account
for essentially all of the As present in drink-
ing water (18). Thus, the present findings
for As could be generalized to exposure to
inorganic As with some confidence.

Temporal variability of concentrations
and exposures. A clear seasonal pattern for
metal concentrations or exposures has not
been established by previous studies; never-
theless temporal differences have been appar-
ent. A 12-month investigation in Snohomish
County, Washington, reported that As var-
ied from 2- to 19-fold over time (19).
Elevated values came from wells that previ-
ously did not contain high levels of As, sug-
gesting a temporal variation in concentra-
tions. A similar study found that monthly As
concentrations varied between 0.20 and 0.60
ppm (20). A study in Oregon concluded
that seasonal fluctuations in As levels of well
water were inversely associated with rainfall
(21). The degree to which these findings can
be generalized to tap water drawn from sur-
face water sources is difficult to assess
because of the susceptibility of surface waters
to nonpoint sources of pollution.

In the current study, mean log-trans-
formed concentrations of As and Pb in

drinking water samples and exposure to As
and Pb by consumption of drinking water
varied significantly across sampling cycles.
To explore more fully this form of temporal
variability, the mixed models described earli-
er were fit to the 228 observations obtained
from the 38 subjects that participated in all
six sampling cycles; i.e., a balanced data set.
Analyses of the reduced data set also indicate
significant variability among cycles of As and
Pb concentrations in drinking water, drink-
ing water consumption, and Pb exposure via
drinking water. Thus, there is no indication
that results from analyses of the unbalanced
data set influenced the findings regarding
temporal variability of these measures in a
meaningful way. Mean log-transformed As
exposure, however, did not vary significantly
(p = 0.3162) among cycles in the reduced
data set. Results from the reduced data set
should be interpreted with caution. The
reduced sample size increases the standard
error estimates by a factor of nearly 1.5 over
those for the full data set. The loss of power
due to the reduction in sample size may
be reflected in increased p-values for
effects. Additionally, the remaining observa-
tions may not be representative of the full
sample because of differential dropout rates
with respect to certain variables. For exam-
ple, the four participants that exhibited the
14 highest exposures in the full data set did
not participate in all six cycles, suggesting
that the removed data differ from those
retained in a fundamental way. Finally, the
mixed model approach attempts to account
for the missing data in an unbalanced design
using an optimum modeling strategy that
includes relationships observed among the
various units in the available data. It would
not be surprising, therefore, if some parame-
ter estimates differed between the full data
set and the reduced data set.

Substantial within-person variability of
exposure to copper in drinking water was
reported for a cohort of children in Sweden
(22). In that case, daily intake of copper var-
ied several-fold among the 4 days on which
data were obtained for each participant. We
found a similar degree of intraindividual
variability of exposure to Pb in the present

study. For example, the SD of Pb exposures
across cycles for an average person was 90%
of their mean Pb exposure (Table 4), indi-
cating that for many individuals in the
NHEXAS-MD population a short-term
measure of Pb exposure was at least 2-fold
different than their long-term average expo-
sure. In contrast, As concentrations in drink-
ing water and exposures via drinking water
were relatively constant across sampling
cycles for individuals. This observation
agrees with the findings from a study of As
exposure for members of a community in
Utah with As concentrations in drinking
water ranging from 8 to 620 µg/L (23).

The results of this investigation suggest
that exposure to As and Pb in drinking water
varies significantly and perhaps substantively
over time. However, the limited scope of the
study requires that the findings be treated
with caution. For example, it is difficult to
generalize these findings to the sampling
domain (i.e., metropolitan Baltimore and
Annapolis, MD) because of limited repre-
sentation of various subpopulations whose
exposure could vary systematically from one
and other. Similarly, the degree to which
these findings can be generalized to other
regions of the United States and other
nations is not clear. Further, the longitudinal
scope of the present study offers little infor-
mation on the temporal aspects of exposure
over periods of time shorter than 6–8 weeks
and longer than 1 year.

Nevertheless, if concentrations of As and
Pb in drinking water vary systematically by
season for a population, then timing of data
collection should be considered in exposure
and risk assessments (24). Results of the
NHEXAS-MD study suggest that the cen-
tral tendency of As and Pb exposure via
drinking water for a population may vary
over time. However, the duration of the
study was not sufficient to identify seasonal
patterns. The value of additional informa-
tion on systematic temporal differences in
drinking water exposure to As and Pb should
be evaluated in comparison to the cost of
obtaining that information and the uncer-
tainty about other inputs to the risk assess-
ment procedure. Methods for performing
value-of-information analyses are described
elsewhere (25).

Implications of temporal variability. The
temporal dimension of exposure to environ-
mental contaminants is of interest because
the nature and severity of a biologic response
to an environmental challenge can be associ-
ated with the duration and timing of the
exposure in addition to the magnitude of
exposure. For example, the toxicologic
effects of As and Pb, such as cancer and
impaired cognitive function, are considered
to result from chronic rather than short-term
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Table 4. Alternative measures of the reliability of short-term measures of exposure to metals in 2-min
flush tap/filtered tap drinking water to assess long-term average exposure. 

Concentration in Exposure via
drinking water (µg/L) Drinking water drinking water (µg/L)

Measure As Pb intake (L/day) As Pb

CVa 0.20 0.76 0.40 0.45 0.90
Correlationb 0.90 0.55 0.69 0.82 0.59
Rc 0.88 0.50 0.67 0.81 0.55

Coefficient of variation (CV) results based on analysis of 381 samples obtained during a longitudinal survey of drinking
water exposures to individuals in 73 residences in Maryland between September 1995 and September 1996.
aMean within-person CV for the population. bMean correlation coefficient among pairs of sampling cycles. cIntraclass
correlation coefficient of reliability. 



exposure. Statistical models of the relation-
ship between short-term and long-term
exposures have been explored by several
investigators (26–29). Additional analysis of
repeated measure data sets is needed to iden-
tify appropriate methods for describing these
relationships and incorporating them into
research and regulatory efforts.

The findings from repeated measure
studies have implications for tools such as
epidemiology and quantitative risk assess-
ment that are used to evaluate the potential
effects of environmental contaminants on
human health. The proportion of total vari-
ability in the observed data that can be
apportioned to between-person and within-
person variability is of particular relevance to
epidemiology and risk assessment. We used
the intraclass correlation coefficient of relia-
bility (R) to apportion total variability in
exposure measures between within-person
and between-person variability. This
approach is appropriate if the distribution of
within-person errors is independent of long-
term average exposure (14). Analysis of
residuals from the GLMs described earlier
demonstrated that the fundamental assump-
tions of the classic error model are met by
this portion of the NHEXAS-MD data set.
As described elsewhere (30–32), R can be
used to evaluate the impacts of exposure
measurement error due to temporal variabili-
ty on a) misclassification in epidemiologic
studies of disease and chronic environmental
exposure; b) potential bias in estimates of the
correlation coefficient, regression coefficient,
relative risk, and other estimates of effect;
and c) statistical power and sample size
requirements.

Conclusions

Exposure assessment is a tool for assessing the
potential harm a substance can elicit over
time. Our results suggest that the timing of
sample collection is a factor in measuring
population exposure to As and Pb in drink-
ing water. Repeated measures that span sea-
sonal variation may provide more representa-
tive samples from which risk estimates and
federal standards are derived. This work
supports the hypothesis that observable with-
in-person variability exists for As and Pb

concentrations in drinking water, drinking
water consumption, and As and Pb exposure.
Intraindividual variability should be consid-
ered in the design, execution, and interpreta-
tion of environmental epidemiology studies
of As and Pb. Additional research should be
undertaken to improve understanding of
temporal variability in exposure to As and Pb
in drinking water and other potential expo-
sure media. Such studies should include larg-
er, more demographically diverse study pop-
ulations and longer follow-up periods to
allow for tests of periodicity of exposure.
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