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Abstract
Toxins and other health threats can cause health problems, whether they are present in the child’s
own home, other neighborhood homes where the child spends time, or common areas such as
playgrounds. We assess the impact of where a child lives on the burden of lead poisoning.
Statewide lead screening data was obtained from the Rhode Island Department of Health. Block
group level indicators of old housing and poverty were obtained from the US Census. Of the
204,746 study children, 35,416 (17.3%) had a blood lead level ≥10 μg/ dL. The proportion of
study children who were lead poisoned in each block group ranged from 0.0 to 48.6%. The
proportion of study children with an elevated blood lead level increased from 8% among children
living in block groups in the lowest quintile of poverty to 31% for those in the highest quintile for
poverty. Old housing also had an important impact on the risk of lead poisoning. The proportion
of children with an elevated blood lead level increased from 7% among children living in block
groups in the lowest quintile for pre-1950 housing to 27% for those in the highest quintile for
pre-1950 housing. The adjusted odds ratio was 1.64 for the highest quintile of poverty and 1.77 for
the highest quintile of pre-1950 housing. The findings of this large, statewide study demonstrate
the powerful impact of where children live on the risk of lead poisoning. The findings have
important implications for understanding the problem of lead poisoning and for planning primary
prevention programs.
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Introduction
Where children live can have important effects on their health, both positively and
negatively. Environmental toxins and other health threats can cause or exacerbate health
problems, whether they are present in the child’s own home, other neighborhood homes
where the child spends time, or common areas such as playgrounds, walking paths, streets,
and vacant lots. In the study presented here, we use spatial analysis to quantify the impact of
where a child lives on the risk of lead poisoning and assess the risk of specific neighborhood
characteristics including old housing and poverty.

The negative health consequences of lead poisoning for young children have been well
documented [1–11]. Research has shown that a child’s developing nervous system is highly
sensitive to lead [3–5, 7, 8, 10, 11]. Even low levels of lead poisoning are associated with
irreversible, deleterious effects on a child’s development leading to learning and behavioral
disorders, hearing impairment, decreased intelligence quotient (IQ), and diminished
attention span. At high levels, lead poisoning can cause convulsions, coma, and even death
[6, 11]. In addition to the individual harm associated with lead poisoning, society as a whole
bears a great social and economic burden associated with lead poisoning [12].

We use spatial analysis to examine the geographic distribution of lead poisoning in Rhode
Island, a state with a particularly high lead burden. The goals are to determine the impact of
where a child lives on the likelihood of being lead poisoned. Further, through spatial
analyses and multivariate statistical analyses we assess relevant neighborhood
characteristics, specifically the concentration of old housing and of poverty, that may affect
the risk of lead poisoning.

Methods
Study Population and Approach to Geocoding

The Rhode Island Lead Elimination Surveillance System (LESS) was used to identify all
blood lead tests, either venous or capillary, performed between 1993 and 2005 on children
up to 72 months of age who had a Rhode Island address at the time of the test. The study
period, 1993–2005, was chosen as these were the years that full data were available in LESS
and annual screening for blood lead was mandated. For children who had multiple blood
lead tests that met this criteria, the test with the highest blood lead level was used for study
purposes.

Addresses obtained from LESS were then geocoded using ArcView GIS v. 3.3
(Environmental Systems Research Institute) with 70% spelling sensitivity on the basis of the
geo-referenced Topologically Integrated Geographic Encoding and Referencing (TIGER)
system developed by the US Census Bureau. A manual review was then performed to
attempt to goecode unmatched addresses. If the address still could not be geocoded, the
child was excluded from the study sample. The geocoded addresses were then assigned to a
corresponding census block group and information was obtained on the block group from
the 2000 US Census. Children living in block groups with less than 20 study subjects were
excluded from study analyses.
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Data Sources and Study Variables
In Rhode Island all children under 6 years of age are mandated to have a blood lead test at
least once annually [13]. Blood lead tests must be performed by the Department of Health’s
laboratory or in a state approved lab. All results must be reported to the Rhode Island
Department of Health and are included in the LESS. LESS includes data on blood lead
values (blood lead level reported in μg/dL), test method (capillary or venous), age at test in
months, gender, date of birth, date the blood was drawn, and address of the child
corresponding to where the child was living at the time of each test. Consistent with state
and national standards, children with a blood lead level ≥10 μg/dL at his/her highest blood
lead test were defined as lead poisoned. While venous testing is the preferred method, we
included both capillary and venous blood lead tests. While capillary screening can lead to
falsely elevated levels because of skin contamination, research has shown that capillary
testing is highly correlated with venous testing [14, 15]. Not all children who have a
capillary screening are re-tested with a venous sample, and among those who are re-tested, it
is not possible to know if an intervention occurred between the time of the capillary test and
the venous test. By including both capillary and venous testing, we could be as inclusive as
possible.

Sociodemographic characteristics of Rhode Island block groups were obtained from the
2000 US Bureau of the Census, Summary File 3 [16]. The block group is the smallest
geographic census unit for which census socioeconomic data and housing characteristics are
tabulated [17]. There are on average across the USA about 39 blocks per block group and on
average across the USA a block group contains 1,000 people [18]. There are 820 census
block groups in the State of Rhode Island.

The following neighborhood characteristics for each block group were calculated from the
2000 US Census: the percentage of population living below the federal poverty threshold
and the percentage of housing units built pre-1950. Block groups were ranked based on each
neighborhood characteristic and assigned to a quintile for each characteristic respectively.
Although there are several ways to measure economic deprivation on a neighborhood level,
research conducted in 2003 by Krieger et al. [17] showed that the single census variable
“percentage of persons below poverty” performed as well as more complex, composite
measures of economic deprivation when examining its relationship with lead poisoning [17].
The proportion of housing units built pre-1950 was used as an area-based sociodemographic
marker because of its consistent positive association both on an individual and neighborhood
level with childhood lead poisoning [17, 19]. Although manufacturing lead-based paint was
banned to below trace amounts in 1978, lead-based paint produced after the 1940 s tended to
have much lower concentrations of lead than those produced earlier [20].

Spatial Analysis
We conducted an exploratory spatial data analysis using ArcMAP 9.1 (Environmental
Systems Research Institute) and GeoDa 9.5. We visually examined the geographic
distribution for lead poisoning and each neighborhood characteristic by creating chloropleth
maps which use color gradations to depict the block groups in each quintile of neighborhood
characteristic. To assess whether lead poisoning rates were significantly clustered in the
state versus occurring in a random spatial distribution, we used a univariate Moran’s I
statistic, a global measure of spatial autocorrelation, as well as examining the spatial
distribution of lead poisoning by creating a Local Indicators of Spatial Association (LISA)
cluster map. Both the univariate Moran’s I statistics and the LISA cluster map were based
on the original values of variables, rather than on quintile categories.
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A univariate Moran’s I statistic calculates the degree to which a value at each unit (in this
case, census block group) are associated with the values of its neighbors and calculates a
global statistic for the study region (Rhode Island). This statistic is interpreted similar to a
correlation coefficient with values ranging from −1 indicating negative spatial
autocorrelation, block groups tend to have neighbors with very different characteristics, to 1
indicating positive spatial autocorrelation, block groups with high or low values tend to be
clustered near one another.

In conditions where statistically significant spatial autocorrelation is identified for a study
area, the logical next step is to determine what areas within the larger region are
significantly contributing to that global statistic. LISA cluster maps can be used to identify
sub-regions where there are positive or negative spatial clusters [21]. For the global measure
(Moran’s I) a first order Queens contiguity weights matrix was used to define a local
neighborhood around each geographic unit when calculating the Moran’s I statistic and the
LISA cluster map. The contiguity weights matrix defines for each block group which other
block groups will be used as its neighbors in the calculation of the Moran’s I statistic. The
“queens” matrix includes all neighboring block groups that share a boundary or boundary
vertex (corner) with each target block group, which are stored in a data file as a list of block
groups in the dataset with their “neighbors.”

Data Analysis
Data were analyzed using Stata. We examined characteristics of the study population and
determined the proportion of study children based on the criteria of having a blood lead level
≥10 μg/dL, for the study population as a whole, as well as by the gender of the child, the test
method and the age of the child at the time of the test. We also examined the proportion of
children poisoned in each block group, and compared the proportion of children lead
poisoned by quintiles of block group census characteristics of poverty and pre-1950 housing.
After determining the crude odds ratios for lead poisoning by quintile of population in
poverty and quintile of housing built before 1950, we performed two multivariate analyses.
In the first model in addition to the poverty and pre-1950 housing variables we included
gender, test method and age at time of test and clustered by block group. The second model
included all of those factors but added a term for the spatial effects of lead poisoning that
was calculated from the spatial lag coefficient.

Results
Study Population

Of the 220,776 children tested during the entire study period, 15 children were excluded
because their blood lead screening method was from cord blood (n = 12) or their age at test
was less than 0 months (n = 3). There were 15,945 (7.2%) children who were excluded
because their address could not be geocoded. For 9,701 (4.4%) of these children there were
clear problems with the addresses: the address was missing or listed as unknown (n =
6,883); the address was missing key information (n = 529) such as the street name; or a post
office box rather than a street address was listed (n = 2,289). After manual review, an
additional 6,244 (2.8%) addresses were unable to be geo-coded to a valid street address for
unknown reasons and were excluded from further analysis. Lastly, 70 children were
excluded since they lived in one of the 12 block groups that were excluded because fewer
than 20 children were screened in the block group.

A total of 204,746 (92.7%) children living in 808 census block groups were included in our
analysis. The study population included 100,395 females (49.0%) and 104,351 (51.0%)
males (see Table 1). The most common test method was a venous blood test (57.6%) with
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the remainder being capillary. The majority of tests were performed in the first two years of
life (22.9% 12 months or younger; 50.6% 24 months or younger; 67.2% 36 months or
younger; 80.0% 48 months or younger; 91.8% 60 months or younger).

Lead Poisoning
Of the 204,746 study children, 35,416 (17.3%) had a blood lead level ≥10 μg/dL (Table 1).
Lead poisoning was more common among males as compared to females (18.4% vs. 16.2%
respectively; P <0.000). Capillary tests were more likely to be elevated as compared to
venous tests (23.7% vs. 12.6% respectively; P <0.000). Lead poisoning also varied by the
age of the child at the time of the test (P <0.000). For children tested up to 12 months of age,
8.6% were lead poisoned. This compared to 16.9% for those who were tested when they
were greater than 12 months of age up to and including 24 months of age; 22.7% for those
who were greater than 24 months of age up to and including 36 months of age; 22.4% for
those who were greater than 36 months of age up to and including 48 months of age; 20.4%
for those who were greater than 48 months of age up to and including 60 months of age; and
19.6% for those who were greater than 60 months of age up to and including 72 months of
age.

Spatial Analysis of Lead Poisoning
There was substantial variation in the proportion of children who were lead poisoned in each
block group, ranging from 0.0 to 48.6%. The mean proportion of children who were lead
poisoned was 4.5% for the lowest quintile, 8.5% for block groups in the second quintile,
12.5% for block groups in the third quintile, 18.8% for block groups in the fourth quintile
and 32.1% for block groups in the highest quintile.

As seen in Fig. 1, block groups with a high proportion of children lead poisoned are not
evenly distributed throughout Rhode Island. Rather they are concentrated in specific
geographic areas of the state. Block groups in the highest quintile, those shaded in the
darkest color on the map, are particularly concentrated in five municipalities: Woonsocket,
Central Falls, Pawtucket, Providence, and Newport. While less than 40% (295/808) of the
study block groups are located in these five municipalities, 87.6% of the block groups in the
highest quintile for lead poisoning (141/161) are located in these municipalities. Almost
two-thirds (66.3%) of lead poisoned children in the study group resided in block groups in
these five municipalities.

We calculated a Moran’s I of .73 indicating that positive spatial autocorrelation of lead
poisoning in Rhode Island. This global statistic tells us block groups with high rates of lead
poisoning are likely near other block groups with high rates of lead poisoning. As indicated
earlier, the Moran’s I does not indicate where those areas are and whether one or more
clusters of such block groups exist. The geographic locations of these spatial clusters and
spatial outliers are identified by the LISA cluster map (Fig. 2). Both Figs. 1 and 2
demonstrate that the significant global statistic (Moran’s I) is driven by a small group of
block group clusters in the state. In particular, the four areas shaded in red on the map in Fig.
2 highlight the sub-regions of Rhode Island that have high levels of lead poisoning (clusters
of block groups which all have high lead levels). Also of interest in Fig. 2 are the large blue
areas that generally have low lead poisoning rates. Both of the red and blue areas contribute
to the significant global statistic (Moran’s I) in that they represent clusters of block groups
that have similar lead poisoning rates (high or low).

Poverty and Pre-1950 Housing
As can be seen in the maps of census data for Rhode Island block groups (Figs. 3 and 4),
there are similarities in the geographic patterns for poverty, pre-1950 housing and lead
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poisoning. Poverty and pre-1950 housing are not evenly distributed across block groups, but
rather are heavily concentrated in certain block groups. The percentage of the population
living below the federal poverty threshold in each block group ranged from 0.0 to 68.2%.
The percentage of housing units built before 1950 in each block group ranged from 0.0 to
96.5%. As was the case with lead poisoning, there is also clustering of block groups by
quintile of poverty and by quintile of pre-1950 housing.

Table 2 provides the percentage of study children who were lead poisoned broken down by
the quintiles of poverty and pre-1950 housing for the block group in which they lived at the
time of the blood lead test. For children living in the block groups in the lowest quintile for
poverty, 8.3% were lead poisoned. This increased in a stepwise fashion to 9.9% for the
second quintile of poverty, 13.6% for the third quintile of poverty, 23.5% for the fourth
quintile of poverty and 31.4% for the highest quintile of poverty. For children living in the
block groups in the lowest quintile for pre-1950 housing, 6.9% were lead poisoned. This
increased in a stepwise fashion to 10.7% for the second quintile of pre-1950 housing, 19.6%
for the third quintile of pre-1950 housing, 22.8% for the fourth quintile of pre-1950 housing
and 26.5% for the highest quintile of pre-1950 housing.

Multivariate Analysis
Table 3 provides the crude odds ratios and adjusted odds ratios using both multivariate
models. The crude odds ratios increased in a stepwise fashion for quintiles of both poverty
and pre-1950 housing, with no overlap of confidence intervals, reaching 5.05 for the highest
quintile of poverty and 4.90 for the highest quintile of pre-1950 housing. The patterns held
in the multivariate models, though there was some overlap of confidence intervals (mainly
for the second quintile of poverty), indicating that even adjusting for each other, as well as
other potential confounders, both poverty and pre-1950 housing were independent risk
factors for lead poisoning. While the odds ratios were somewhat attenuated, they continued
to show the substantial impact of the block group quintile of poverty and quintile of
pre-1950 housing. Even controlling for test method, age at test and gender and clustered by
block group, the odds of being lead poisoned was 3.97 times greater for children living in
block groups in the highest quintile of poverty and 2.89 for the highest quintile of pre-1950
housing. Adding the spatial effects of lead poisoning into the model decreased the odds
ratio, indicating that the risk of where a child lives extends beyond the block group
boundaries, indicating a broader clustering of risk. Even including this term in the model,
poverty and pre-1950 housing remain important risk factors.

Discussion
The findings of this large, statewide study, which employed both spatial analysis techniques
and multivariate analyses, demonstrate the powerful impact of where children live on the
risk of lead poisoning, an important health issue with long-term sequelae. Both
neighborhood characteristics studied here, block group level concentration of poverty and
old housing, had a substantial impact on the risk of lead poisoning. The causative pathway
for pre-1950 housing seems clear. Homes built before 1950 were painted with lead-
containing paint that generally is still in the home and the child can be exposed to lead,
whether it be in the home the child actually lives in or neighborhood homes in which the
child spends time or in soil that has been contaminated from lead paint. Living in an area
with substantial numbers of old homes results in increased exposure to lead and its
devastating effects. Even adjusting for the risk of pre-1950 housing, poverty was an
important risk factor. Presumably housing stock in the high poverty block groups is not only
older, but also less well maintained leading to greater exposure to the lead paint in the older
homes.

Vivier et al. Page 6

Matern Child Health J. Author manuscript; available in PMC 2013 August 06.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Poverty and old housing are clearly important factors that help explain the striking
geographic clustering of lead poisoning in Rhode Island. This finding has important
implications for lead poisoning and other environmental health problems. In planning
primary prevention programs, in states like Rhode Island it is possible to use available data
to clearly target neighborhoods at greatest need for remediation programs. As clearly
demonstrated in the study data and visually represented in both Figs. 1 and 2, the burden of
lead poisoning is not evenly distributed throughout the state, but rather is concentrated in
specific areas. In this large, statewide study population, there are block groups that have had
no cases of lead poisoning in the study sample in over a decade, while the proportion
poisoned reached almost 50% for the most affected block groups. Block groups with the
greatest burden of lead poisoning are clustered in specific geographic areas of the state. This
represents striking health disparities based on where a child lives, but it also presents an
opportunity. We know where the lead is and we know the effect it is having. This
knowledge can be used to guide targeted primary prevention efforts. Such efforts are
underway in Rhode Island and can be undertaken in other locations using similar data to
guide their efforts.

Another important implication of the study is as a reminder of the powerful impact of
environment hazards in explaining health disparities. Research has shown that low-income
children suffer a great burden for a range of health problems. As demonstrated in this study,
where low-income families live not only helps explain the reason for health disparities but
can also guide efforts to address them. This GIS-based approach should be used for a range
of health problems including asthma and injuries where a clear environmental component
would be expected. Examining these other health issues presents challenges, as there
generally are not statewide screening programs, such as Rhode Island has for lead poisoning,
to clearly delineate the geographic pattern of disease. Also census data may not have
variables where the causative pathway is as direct as old housing and lead paint. However,
data from a range of sources including health departments, health care providers, insurers,
the Census and other sources can and should be used for this purpose. In addition to the
variables of poverty and old housing that we used in this study, a range of potential exposure
variables would be appropriate for health problems such as asthma and injuries. These
include air quality measures, traffic density, and presence/absence of sidewalks.

In summary, this statewide, block group level study provides strong evidence on the
important impact of where a child lives on his/her health. To eliminate health problems such
as childhood lead poisoning, primary prevention programs based in the areas where children
live must be undertaken. GIS analysis is a powerful tool, not only to better understand the
nature of health threats to children but also to help design interventions to address them.
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Fig. 1.
Quintiles of percent of population lead poisoned
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Fig. 2.
Local indicators of spatial association cluster map
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Fig. 3.
Quintiles of percent of population living in poverty
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Fig. 4.
Quintiles of percent of housing units built pre-1950
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Table 1

Proportion of children lead poisoned

Lead poisoned (blood lead level ≥10 μg/dL)

No
169,330 (82.70%)

Yes
35,416 (17.30%)

Sex

 Female (n = 100,395) 84,132 (83.8%) 16,263 (16.2%)

 Male (n = 104,351) 85,198 (81.6%) 19,153 (18.4%)

Test method

 Capillary (n = 86,849) 66,272 (76.3%) 20,577 (23.7%)

 Venous (n = 117,897) 103,058 (87.4%) 14,839 (12.6%)

Age at test

 0–12 months (n = 46,787) 42,770 (91.4%) 4,017 (8.6%)

 >12–24 months (n = 56,843) 47,224 (83.1%) 9,619 (16.9%)

 >24–36 months (n = 33,932) 26,244 (77.3%) 7,688 (22.7%)

 >36–48 months (n = 26,290) 20,399 (77.6%) 5,891 (22.4%)

 >48–60 months (n = 24,201) 19, 274 (79.6%) 4,927 (20.4%)

 >60–72 months (n = 16,693) 13,419 (80.4%) 3,274 (19.6%)
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Table 2

Comparison of study children lead poisoning by quintiles of block group census characteristics

Lead poisoned (blood lead level ≥10 μg/dL)?

No
169,330 (82.7%)

Yes
35,416 (17.3%)

Quintiles of population in poverty

 Lowest quintile (n = 41,327) 37,893 (91.7%) 3,434 (8.3%)

 Second quintile (n = 40,585) 36,585 (90.1%) 4,000 (9.9%)

 Middle quintile (n = 41,070) 35,505 (86.4%) 5,565 (13.6%)

 Fourth quintile (n = 41,205) 31,514 (76.5%) 9,691 (23.5%)

 Highest quintile (n = 40,559) 27,833 (68.6%) 12,726 (31.4%)

Quintiles of pre-1950 housing

 Lowest quintile (n = 41,002) 38,185 (93.1%) 2,817 (6.9%)

 Second quintile (n = 40,924) 36,529 (89.3%) 4,395 (10.7%)

 Middle quintile (n = 41,145) 33,103 (80.5%) 8,042 (19.5%)

 Fourth quintile (n = 40,897) 31,558 (77.2%) 9,339 (22.8%)

 Highest quintile (n = 40,778) 29,955 (73.5%) 10,823 (26.5%)
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Table 3

Poverty, pre-1950 housing and lead poisoning characteristics

Crude odds ratio (95% CI) Adjusted odds ratio (95% CI)a Adjusted odds ratio (95% CI)b

Quintiles of population in poverty

 Lowest quintile 1.00 1.00 1.00

 Second quintile 1.21 (1.15–1.27) 1.07 (0.97–1.19) .99 (.90–1.08)

 Middle quintile 1.73 (1.65–1.81) 1.36 (1.22–1.52) 1.17 (1.06–1.28)

 Fourth quintile 3.39 (3.25–3.54) 2.19 (1.91–2.50) 1.42 (1.28–1.58)

 Highest quintile 5.05 (4.84–5.26) 3.97 (3.40–4.63) 1.64 (1.44–1.87)

Quintiles of housing built pre-1950

 Lowest quintile 1.00 1.00 1.00

 Second quintile 1.63 (1.55–1.71) 1.27 (1.11–1.46) 1.18 (1.07–1.30)

 Middle quintile 3.29 (3.15–3.45) 2.06 (1.80–2.34) 1.54 (1.39–1.70)

 Fourth quintile 4.01 (3.84–4.19) 2.47 (2.16–2.82) 1.70 (1.53–1.90)

 Highest quintile 4.90 (4.69–5.12) 2.89 (2.55–3.28) 1.77 (1.59–1.97)

Spatial lag coefficient: .55 (.50 to .60)

a
Adjusting for test method, age at test, and gender and clustered by block group

b
Adjusting for test method, age at test, gender, and spatial effects of lead poisoning and clustered by block group
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