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Abstract

Background Residential instability and neighborhood conditions may shape children’s health and development,
but it is unclear whether all residential moves are equally destabilizing, and the extent to which moving to neighbor-
hoods with different conditions can improve children’s outcomes. Most studies estimating causal effects of these
factors on children’s health or development use smaller, geographically constrained, urban cohorts.

Objective In a racially/ethnically and socioeconomically diverse statewide cohort including urban and rural commu-
nities, we investigate effects of residential instability, neighborhood deprivation, and their intersection on childhood
educational outcomes.

Methods We construct a statewide dataset that links North Carolina birth records (2002-2005) with lead testing
data (2003-2015) and 4th grade standardized test scores (2013-2016). A composite census tract-level neighborhood
deprivation index (NDI) is linked with individuals based on residence at birth, lead testing, and 4th grade. Outcomes
of interest are 4th grade test scores in reading and mathematics. We use multinomial propensity scores to estimate
effects of residential instability and neighborhood deprivation on test scores.

Results Children who moved between only high deprivation neighborhoods had lower reading test scores (-0.29
[95% Cl:-0.59, -0.015]) compared to children who resided in high deprivation neighborhoods but did not move.
Children who resided in a high deprivation neighborhood at birth and subsequently moved to a low deprivation
neighborhood(s) had higher test scores compared to those who moved between only high deprivation neighbor-
hoods (1.59 [0.90, 2.28]). Additionally, children who move from high to low deprivation neighborhoods earlier had
larger improvements.

Conclusion Being residentially stable, even while residing in a high deprivation neighborhood, is associated

with improved educational outcomes. However, there is also a larger positive effect of moving from high to low
deprivation neighborhoods. Our findings have important implications, particularly given the increasing segrega-
tion of neighborhoods by socioeconomic status and the housing affordability crisis in the United States. Partner-
ships between housing programs, early childhood education and services, and health care providers, which address
evictions and broader issues, may help address health inequalities rooted in childhood exposures and experiences.
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Background

The Institute of Medicine and National Research Coun-
cil concluded that “virtually every aspect of early human
development, from the brain’s evolving circuitry to the
child’s capacity for empathy, is affected by the environ-
ments and experiences that are encountered in a cumu-
lative fashion, beginning in the prenatal period and
extending throughout the early childhood vyears”[1].
Focusing on children is essential for understanding cog-
nitive ability, its malleability, and beneficial or adverse
effects of different exposures and experiences [2, 3].

A particularly salient experience is where children live
and how stable those living environments are. Residential
instability contributes to poor health and developmental
trajectories [4]. Children who move more frequently are
more likely to have poorer physical health, mental health,
and behavioral outcomes [5, 6]. Characteristics of neigh-
borhoods - including poverty, segregation, and crime
— may also contribute to shaping outcomes for children
and their families. Sampson et al. (2008) studied effects
of concentrated neighborhood disadvantage on the ver-
bal ability of 772 children who participated in the Pro-
ject on Human Development in Chicago Neighborhoods
[3]. They posit four possible pathways through which
neighborhood environments may affect children’s cogni-
tion (and, thereby, test scores): (i) inconsistent maternal
parenting practices and/or compromised mental health
of caregivers;[8—10]; (ii) school quality, which is often
linked with neighborhood because public school funding
in the US is geographically determined; (iii) restriction
of the “speech community” to which a child is exposed
[11, 12]; and (iv) limited “communication infrastructure”
and interaction with community members, potentially
resulting from distrust, violence, and physical features
of the neighborhood [13-15]. Other studies have shown
that neighborhood context affects verbal ability and that
recency of exposure to disadvantaged neighborhoods
may affect children’s test scores (n=600) [7]. However,
not all residential moves are necessarily destabilizing for
families, as moves that embed children in more highly
resourced areas may positively affect their outcomes.
Findings from the Moving to Opportunity (MTO) pro-
ject (n=5,000) suggest that moving to lower poverty
neighborhoods earlier in childhood is more likely to ben-
efit children [16, 17].

Situated in the American South, North Carolina (NC)
has marked racial/ethnic, socioeconomic, and urban/
rural differences in childhood outcomes [18-20]. We uti-
lize a large, diverse, population-based sample from NC to
investigate the effects of residential instability and neigh-
borhood deprivation on 4th grade test scores. We chose
to use 4th grade test scores because they: (i) are early
indicators of academic achievement, and therefore useful
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for facilitating earlier identification of and intervention
with “at risk” students; (ii) are strong predictors of high
school outcomes (e.g., 10th grade test scores, probability
of enrolling in advanced courses in high school, and high
school graduation); (iii) have, in some cases, been shown
to be as predictive of high school outcomes as 8th grade
test scores; and (iv) are imperfect but useful proxies for
cognitive development [21]. Early educational outcomes
are linked with health because overall educational attain-
ment is linked with health (e.g., life expectancy) through
various pathways such as income, wealth, insurance sta-
tus, access to health care, and engaging in health promot-
ing behaviors [22].

Methods

Data

The analytical dataset was constructed from three
administrative datasets: (i) the NC detailed birth records
(DBR) for 2002-2005; (ii) lead surveillance records for
years 2003-2015; and (iii) end-of-grade (EOG) standard-
ized test scores in reading and mathematics for NC pub-
lic school students in 4th grade for years 2013-2016.

Detailed birth records

We obtained the NC DBR from the NC Department of
Vital Statistics/NC Center for Health Statistics (Raleigh,
NC). For all recorded live births in NC, the DBR con-
tain data on date and location of birth; maternal health
data, demographic data, and residential address at time
of birth; and neonate characteristics, including sex, ges-
tational age, birth weight in grams. Studies indicate that
DBR generally provide accurate information for demo-
graphic characteristics and birth outcomes [23, 24].

Blood lead surveillance data

Records of blood lead testing were obtained from the
Childhood Lead Poisoning Prevention Program of the
Children’s Environmental Health Unit in Department of
Health and Human Services (Raleigh, NC). Blood lead
records contain individual-level data on child character-
istics such as age, date of testing, lead concentration in
micrograms per deciliter (pg/dL), and residential address.
In the blood lead surveillance data, blood lead levels
are recorded as integer values with a limit of detection
(LoD) of 1 pg/dL. Any blood lead levels at or below the
LoD were given a value of 1 pg/dL. The database does not
provide information on why children were screened for
lead, however, children should have been screened if they
were Medicaid participants or based on their parent’s
responses to the CDC Lead Risk Assessment Question-
naire [25].
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End-of-grade (EOG) standardized testing data
Educational records, including EOG test scores, were
obtained from the Education Research Data Center
housed at Duke University (Durham, NC). In NC, chil-
dren enrolled in grades 3-8 in public schools are admin-
istered standardized tests in subject areas of reading
and mathematics, typically in May or June of the aca-
demic year. These are “curriculum-based multiple-choice
achievement tests...specifically aligned to the North Car-
olina Standard Course of Study” [26]. End-of-grade tests
consist of multiple choice questions in areas of reading
and math. The reading portion of the exam is intended to
assess interpretation, critical stance, and connections; the
math portion assesses geometry, patterns, relationships,
numeration, numerical operations, functions, statistics,
and probability (Mathematics) [27]. The educational
records also include individual-level data on children,
including birth date, in addition to demographic and
socioeconomic data, English proficiency, and school and
district ID.

Neighborhood deprivation

The neighborhood deprivation index (NDI) was con-
structed using 2000 and 2010 Census data and 2015
ACS data at the census tract level. The NDI was calcu-
lated across NC as previously described, using the first
factor loadings from a principal components analysis of
multiple variables, including percentages of: households
in poverty, female-headed households with dependents,
households with annual income<$30,000, households
on public assistance, males in management/professional
occupation, crowded housing, unemployed, and without
a high school education [28]. A census tract was classi-
fied as “high NDI” if its NDI was in the top two quintiles
of NDI and classified as “low NDI” if its NDI was in the
bottom two quintiles of NDI (see Supplemental Mate-
rial [SM] Table S1). Higher values of NDI indicate greater
deprivation.

Study area and sample

In 2010, approximately 8.4% of North Carolina’s popula-
tion was Hispanic (of any race); 21.5% was Black or Afri-
can American; and 68.5% was White [29]. Approximately
two-thirds of the population (66.7%) resided in owner-
occupied housing, and 66.1% of the population lived in
an urban area [29, 30]. The percentage of people in pov-
erty in NC in 2010 was 17.5%, compared to the United
States-wide average of 15.3% [31].

There were 88,499 children linked across NC detailed
births (2002-2005), lead screening (2003-2015), and
education datasets (2013-2016), and geocoded at time
of birth, lead testing, and EOG testing. We restricted to
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children who: were born to self-reported non-Hispanic
White (NHW), non-Hispanic Black (NHB), or Hispanic
mothers (excluded 3,096 records); did not have limited
English proficiency, as it can be complicated to interpret
test scores among such children (excluded 5,600 records);
had blood lead levels <80 pg/dL (excluded 8 records);
and had blood lead tests between 0 and 6 years of age
inclusive (excluded 437 records). We also removed 555
(0.70%) records with missing values for any of the follow-
ing variables: birthweight percentile for gestational age,
preterm birth, Medicaid participation, blood lead test
result, child sex, maternal tobacco use during pregnancy,
maternal race/ethnicity, maternal age, maternal educa-
tional attainment, and maternal marital status at time of
child’s birth.

We also excluded children who did not reside in the
same census tract in 3rd grade as in 4th grade (excluded
14,746 records). This was done in an effort to ensure that
the neighborhood conditions present in 4th grade were
likely also present in 3rd grade. After implementing this
restriction, we did not use the 3rd grade census tract
information again, resulting in 64,165 individual children
retained in the study sample.

Among children who moved between different census
tracts, we sought to identify children who had moved
between census tracts that were similar with respect to
NDI versus children who had moved between census
tracts that were dissimilar with respect to NDI. Using
census tract of residence at birth, children were linked
to NDI calculated using 2000 Census data. Using census
tract of residence at time of lead testing, children were
linked to NDI calculated using 2000 Census data if lead
testing occurred before 2006. If testing occurred in 2006
or later, they were linked to NDI calculated using 2010
Census data. Using census tract of residence at time of
4th grade EOG testing, children were linked to NDI cal-
culated using 2015 American Community Survey (ACS)
data.

NDI distributions in 2000, 2010, and 2015 are shown
in SM Figure S1. To classify census tracts as low or high
NDI, we first calculated quintiles of scaled NDI at time
of birth and applied the same quantile range to scaled
NDI at time of lead testing and scaled NDI at time of 4th
grade standardized testing. A census tract was classified
as “high NDI” if the NDI of the tract was in the top two
quintiles of scaled NDI, and classified as “low NDI” if
the NDI of the tract was in the bottom two quintiles of
scaled NDI. A total of 23,823 records were removed for
being in the middle quintile at time of birth, or time of
EOG testing, or time lead testing (SM Table S1) (remain-
ing n=40,342). NDI at time of birth was used to define
ranges delineating high and low NDI because the NDI at
time of birth had a wider confidence interval around the
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mean (compared to NDI at time of EOG testing) and was
thus a more conservative approach.

Treatment groups

In the resulting analytical dataset of n=40,342 indi-
viduals, we estimate exposure to neighborhood depri-
vation and residential instability, classifying children
as those who (i) resided continuously in the same low
deprivation neighborhood; (ii) resided continuously
in the same high NDI neighborhood; or (iii) moved
between census tracts that were similar vs different
with respect to NDI. Thus, children were binned into
one of eight categories: high-high-high-stay (N=5,171),
high-high-high-move (N=11,537), high-high-low-move
(N=2,398), high-low-low-move (n=2849), low-low-low-
stay (N=2,603), low-low-low-move (N=10,620); low-
low-high-move (N=2,956), and low-high-high-move
(N'=1,848) (Table 1). “High/low” represents Census tract
NDI at each time point (birth, lead testing, and EOG test-
ing), and “move/stay” indicates whether the child moved
Census tracts (SM Table S2). A comparison of character-
istics of the original study sample versus the final analytic
sample is provided in SM Table S3 and S4.

We excluded individuals who did not fall into one of
the eight categories described above (1=2,063), primar-
ily because there were small cell sizes in the remaining
categories. We also excluded individuals who did not
move census tracts but were classified as having changes
in neighborhood deprivation. This could result if an
individual did not move but the NDI for their census
tract changed over time (or the relative ranking of NDI

Table 1 Final classification of individuals in the analytical dataset
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changed over time), which occurred in a relatively small
number of individuals, #=297. The final analytical data-
set consisted of 37,982 individuals belonging to one of
the eight mutually exclusive categories above.

Statistical analysis

We use propensity scores to estimate the effects of resi-
dential instability and neighborhood deprivation on
test scores, while accounting for differences between
children who experience varying degrees of residential
instability and/or exposure to neighborhood depriva-
tion. The propensity score represents the probability of
receiving the treatment, conditional on observed char-
acteristics at baseline. Specifically, the distribution of
observed baseline covariates should be similar between
exposed and unexposed individuals, conditional on the
propensity score [32]. To address the potential imbal-
ance in the distribution of observed characteristics
between treatment groups, we used a multinomial pro-
pensity score model for multiple treatments using gen-
eralized boosted models via the mnps function of the
twang package in R [33]. We included variables that
may be related to the outcome of interest, 4th grade
standardized tests scores in reading and mathematics,
in propensity score estimation [34, 35]. These include:
maternal race/ethnicity (Hispanic, non-Hispanic Black,
and non-Hispanic White); birthweight percentile for
gestational age; preterm birth, defined as birth prior
to 37 weeks gestational age (yes/no); enrollment in
Medicaid at the time of the blood lead test (yes/no);
blood lead level (pg/dL); sex; maternal smoking during

Classification N (%) Description

Group Comparison 1

HIGH HIGH HIGH STAY  5,171(25.9%)

Resided in the same census tract at time of birth, lead testing, and standardized testing, and census tract

classified as high NDI (high deprivation)

HIGH HIGH HIGH MOVE 11,537 (57.8%)

Moved between only high deprivation census tracts across birth, lead testing, and standardized testing
Moved from high deprivation census tracts at birth and lead testing to low deprivation tract at time

Moved from high deprivation census tract at birth to low deprivation tract at time of lead and standard-

Resided in the same census tract at time of birth, lead testing, and standardized testing, and census tract

Moved between only low deprivation census tracts across birth, lead testing, and standardized testing
Moved from low deprivation census tracts at birth and lead testing to high deprivation tract at time

Moved from low deprivation census tract at birth to high deprivation tract at time of lead and standard-

HIGH HIGH LOW 2,398 (12.0%)
of standardized testing
HIGH LOW LOW 849 (4.3%)
ized testing
Total 19,955 (100%)
Group Comparison 2
LOW LOW LOW STAY 2,603 (14.4%)
classified as low NDI (low deprivation)
LOW LOW LOW MOVE 10,620 (58.9%)
LOW LOW HIGH 2,956 (16.4%)
of standardized testing
LOW HIGH HIGH 1,848 (10.3%)
ized testing
Total 18,027 (100%)
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pregnancy (yes/no); maternal educational attainment
(not a high school graduate; high school graduate; col-
lege graduate); maternal age at time of birth (15-24,
25-34, 35—44 years); and maternal marital status at the
time of birth (married or unmarried) [36, 37].

Treatment groups should, conditional on the propen-
sity score, be balanced with respect to baseline covari-
ates. Imbalance between treatment groups was assessed
by comparing the absolute standardized mean differ-
ences (ASMD) between the treatment groups with
respect to the observed characteristics, before and after
weighting [33]. We also assess the overlap or common
support assumption, that is, each individual must have a
positive probability of receiving each treatment [38].

To estimate the effect of exposure to residential insta-
bility and neighborhood deprivation on test scores, we fit
generalized linear models of 4.™ grade test scores across
the treatment groups that incorporated multinomial pro-
pensity score weights using the survey package [39]. One
model was fit to compare treatment groups of children
that had high NDI at baseline (e.g., high-high-high stay,
high-high-high move, high-high-low, and high-low-low).
A separate model was fit to compare treatment groups
of children that had low NDI at baseline (e.g., low-low-
low stay, low-low-low move, low-low-high, and low-
high-high). Regression models controlled for birthweight
percentile for gestational age, Medicaid participation,
blood lead concentration, child sex, maternal tobacco use
during pregnancy, maternal race/ethnicity, maternal age,
maternal educational attainment, and maternal marital
status at time of child’s birth. [36, 37].

Reading and math EOG scores were modeled sepa-
rately. Average treatment effects and their 95% confi-
dence intervals (CI) are reported.

Sensitivity analysis

We conducted multiple sensitivity analyses. First, to
explore potential for selection bias by conditioning
selection into the study on having a blood lead test, we
removed the criteria of having had a lead test and con-
sider only moves between birth and time of 4th grade
testing. Second, we examined associations between
NDI, residential stability, and test scores, stratified by
urbanicity (urban vs. nonurban neighborhood of resi-
dence at baseline [birth]) or race/ethnicity (Hispanic,
non-Hispanic Black, and non-Hispanic White) to explore
heterogeneity of effects across urbanicity and race/eth-
nicity. Third, we used proportion of the population in
poverty, summarized at the census tract level, instead
of NDI to proxy neighborhood SES. Finally, we fit mod-
els that adjusted for propensity scores and no other
covariates.
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This research was governed by a research protocol
approved by the Institutional Review Board at the Uni-
versity of Chicago Illinois and Duke University.

Results

Baseline characteristics of children (i.e., prior to propen-
sity score matching) who resided in high and low NDI
census tracts at birth are summarized in SM Tables S5
and S6, respectively. Prior to implementation of propen-
sity scores, compared to children who were residentially
stable in high deprivation neighborhoods (high-high-high
stay), children who moved between different high dep-
rivation neighborhoods (khigh-high-high move) had, on
average, lower reading scores (SM Table S5). They were
also more likely to have lower birthweight percentile for
gestational age; be enrolled in Medicaid; have mothers of
non-Hispanic Black or Hispanic race/ethnicity; and have
mothers who were younger, reported smoking during
pregnancy, were unmarried at time of birth, or did not
graduate from high school.

SM Table S6 summarizes observed characteristics of
groups of children who resided in low NDI census tracts
at baseline. Again, prior to implementation of propensity
scores, compared to children who were residentially sta-
ble in low deprivation neighborhoods (low-low-low stay),
children who moved between different low deprivation
neighborhoods (low-low-low move) were more likely to
be enrolled in Medicaid; have mothers of non-Hispanic
Black or Hispanic race/ethnicity; and have mothers who
were younger, were unmarried at time of birth, or did not
graduate from high school.

After propensity scores were calculated, imbalance
between treatment groups was assessed by calculating
the ASMD between the treatment groups with respect
to observed characteristics, before and after weighting
(SM Tables S7 and S8). After weighting, an ASMD <0.20
suggests that sufficient balance was achieved [33]. After
weighting, there were no observed baseline character-
istics with an ASMD >0.20 for children who resided in
high (SM Table S7) or low NDI (SM Table S8) census
tracts at baseline. Boxplots were used to compare the dis-
tribution of propensity scores across groups and deter-
mine that the overlap assumption was plausibly met [38]
(SM Figures S2 and S3).

Residential instability and 4th grade test scores

Average treatment effects of residential instability for
children who resided in high and low NDI neighbor-
hoods at baseline are summarized in Table 2 (full regres-
sion results are provided in SM Tables S9 and S10). First,
we consider children who resided in high deprivation
neighborhoods across all three time points. Those who
were residentially unstable (high-high-high move) had
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Table 2 Average treatment effects comparing children who moved between homogenous neighborhood environments to children

who did not move (referent group)

Reading scores

Math scores

Effect estimate (95% confidence p-value Effect estimate (95% confidence p-value
interval) interval)
HIGH-HIGH-HIGH MOVE vs. HIGH-  —0.285 (—0.585, 0.015) 0.063 —0.359 (-0.647,—-0.071) 0.015
HIGH-HIGH STAY (referent)
LOW-LOW-LOW MOVE vs. LOW- 0.453 (0.056, 0.850) 0.025 0.431(0.027,0.836) 0.037

LOW-LOW STAY (referent)

marginally lower reading scores (—0.29 [95% CI: —0.59,
0.015)]; p=0.063) and lower mathematics scores (—0.36
[-0.65, —0.071]; p=0.015) compared to residentially
stable children (high-high-high stay). This suggests that
residential instability among children who reside in high
deprivation neighborhoods only is associated with lower
reading and math test scores.

Next, we consider children who resided in low depri-
vation neighborhoods across all three time points. Those
who were residentially unstable (low-low-low move)
had higher reading scores (0.45 [95% CI: 0.056, 0.85)];
p=0.025) and mathematics scores (0.43 [0.027, 0.84];
p=0.037) compared to residentially stable children (Jow-
low-low stay). These findings suggest that residential
moves among children who reside in low deprivation
neighborhoods only is associated with higher reading
and math test scores.

Changing neighborhood environments and 4th
grade test scores

Next, we focus on children who were residentially
unstable, comparing groups with different levels and
timing of exposure to neighborhood deprivation (see
Table 3; full regression results are provided in SM
Tables S9 and S10). Those children who moved from a
high deprivation neighborhood at birth and lead test-
ing to a low deprivation neighborhood at time of EOG
testing (high-high-low-move) had higher reading scores
(0.93 [0.54, 1.33)]; p<0.001) and mathematics scores

(0.78 [0.41, 1.16)]; p<0.001) compared to those who
moved between multiple high deprivation neighbor-
hoods (high-high-high move).

Children who moved from a high deprivation
neighborhood at birth to low deprivation neighbor-
hoods at time of lead testing and EOG testing (high-
low-low-move) had higher reading scores (1.59 [0.90,
2.28)]; p<0.001) and mathematics scores (1.51 [0.84,
2.19)]; p<0.001) compared to those who moved
between multiple high deprivation neighborhoods
(high-high-high-move).

These comparisons suggest that, among children who
reside in high deprivation neighborhoods at time of
birth, those who subsequently move to a low deprivation
neighborhood have higher test scores compared to their
counterparts who move only between neighborhoods
that measure high in deprivation. Coefficients also sug-
gest that moving to a lower deprivation neighborhood
earlier (e.g., at time of lead testing versus time of end of
grade testing) may confer a greater benefit in terms of
test scores.

Compared to children who moved between multiple
low deprivation neighborhoods (low-low-low move), chil-
dren who moved from low deprivation neighborhoods at
birth and lead testing to a high deprivation neighborhood
at time of EOG testing (low-low—high) had lower reading
scores (—0.77 [-1.16, —0.38)]; p <0.001) and mathematics
scores (—0.68 [—1.08, —0.28)]; p <0.001) (Table 3).

Table 3 Average treatment effects comparing children who moved between more heterogeneous neighborhood environments to
children who moved between more homogeneous neighborhood environments (referent group)

Reading scores

Math scores

Effect estimate (95% p-value Effect estimate (95% p-value
confidence interval) confidence interval)
HIGH HIGH LOW vs. HIGH HIGH HIGH MOVE (referent) 0.932 (0.536, 1.328) <0.001 0.782 (0.405, 1.159) <0.001
HIGH LOW LOW vs. HIGH HIGH HIGH MOVE (referent) 1.592 (0.901, 2.283) <0.001 1.513(0.835,2.191) <0.001
LOW LOW HIGH vs. LOW LOW LOW MOVE (referent) —0.768 (—1.162,—0.375) <0.001 -0.681 (—1.083,-0.279) <0.001
LOW HIGH HIGH vs. LOW LOW LOW MOVE (referent) —0.616 (=1.243,0.010) 0.054 —0.722 (-1.339,-0.105) 0.022
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Finally, children who moved from a low depri-
vation neighborhood at birth to high deprivation
neighborhood(s) at time of lead testing and EOG test-
ing (low-high-high) had marginally lower reading scores
(=0.62 [-1.24, 0.010)]; p=0.054) and lower mathemat-
ics scores (—0.72 [-1.34, —0.11); p=0.022]) compared to
children who moved between multiple low deprivation
neighborhood (low-low-low move). These comparisons
suggest that, among children who reside in low depriva-
tion neighborhoods at time of birth, those who subse-
quently move to a high deprivation neighborhood have
lower test scores compared to their counterparts who
move between neighborhoods that are low in depriva-
tion. These results all suggest that moving from a low
deprivation neighborhood to a high deprivation neigh-
borhood — whether earlier or later — negatively affects
reading and mathematics test scores.

Sensitivity analysis

We conducted multiple sensitivity analyses. First, to
explore potential for selection bias by conditioning selec-
tion into the study on having had a blood lead test, we
removed the criteria of having had a lead test. Thus, we
only utilize residential information at birth and time of
4th grade testing. Children who moved between high
deprivation neighborhoods between birth and 4th grade
had lower reading test scores than children who were
residentially stable in high deprivation neighborhoods,
but the difference was not statistically significant (SM
Table S11). Children who moved between low depriva-
tion neighborhoods between birth and 4th grade had
higher reading test scores than children who were resi-
dentially stable in low deprivation neighborhoods, but
again the difference was not statistically significant. Chil-
dren who moved from a high deprivation neighborhood
at birth to a low deprivation neighborhood at time of
EOG testing (high-low-move) had higher reading scores
(1.25 [0.93, 1.56]; p<0.001) compared to those who
moved between high deprivation neighborhoods (high-
high-move) (SM Table S12). Children who moved from
a low deprivation neighborhood at birth to a high depri-
vation neighborhood at time of EOG testing (low—-high-
move) had lower reading scores (—0.96 [-1.25, —0.67];
p<0.001) compared to those who moved between only
low deprivation neighborhoods (low-low-move).

For brevity, results of the remaining sensitivity analy-
ses are summarized in Table 4, with detailed results for
both reading and math scores provided in the SM. In our
second sensitivity analysis, we used proportion of the
population in poverty, summarized at the census tract
level, instead of NDI to proxy neighborhood SES; results
are summarized in Table 4 and SM Tables S13-S14. Third,
we examined associations between NDI, residential
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stability, and test scores, stratified by urbanicity of census
tract of residence at time of birth, classified as urban or
not urban (e.g., suburban or rural), defined according to
Rural-Urban Commuting Area (RUCA) codes [40, 41].
Urbanicity may change over time as the individual moves
neighborhoods (or an area becomes more urban). We
chose to stratify based on urbanicity at baseline in part
because birth was the timepoint with the largest amount
of heterogeneity in terms of urbanicity; that is, on aver-
age in the analytical dataset, children tended to move
into urban rather than rural areas as they aged. Results
for urban and nonurban models are provided in Table 4,
SM Table 15, and SM Table 16. Fourth, we fit models that
were stratified by maternal race/ethnicity (Hispanic, non-
Hispanic Black, and non-Hispanic White) to explore het-
erogeneity of effects across racial/ethnic groups (Table 4;
SM Table S17, and SM Table 18). Finally, we re-fit the
main analysis models but adjusted only for propensity
scores (i.e., models did not include any additional covari-
ates); results are reported in Table 4, SM Tables S19 and
$20.

Discussion

Two comparisons were of particular interest, namely
assessing the effects on test scores of residential instabil-
ity and exposure to neighborhood deprivation. To assess
the effect of residential instability, we compared test
scores in: (i) children who stayed in the same low dep-
rivation census tract (Jow-low-low stay) vs those who
moved between different low deprivation census tracts
(low-low-low move); and (ii) children who stayed in the
same high deprivation census tract (high-high-high stay)
vs those who moved between different high deprivation
census tracts (high-high-high move).

To assess the combined effect of residential instability
and exposure to neighborhood deprivation, we compared
test scores in children who moved at different time points
and to different neighborhood deprivation environ-
ments (i.e., high-high-high move vs high-high-low-move;
high-high-high-move vs high-low-low-move; low-low-low-
move vs low-low—high-move; and low-low-low-move vs
low—high-high-move).

Our results with respect to the impact of residen-
tial instability and combined residential instability with
neighborhood deprivation are visually summarized in
Fig. 1. With respect to residential instability, children
who moved between high deprivation neighborhoods
had lower reading and mathematics test scores com-
pared to children who resided in high deprivation neigh-
borhoods but did not move. This suggests that even
if children reside in high deprivation neighborhoods
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Fig. 1 Visualization of effects of residential instability patterns and exposure to neighborhood deprivation on 4th grade test scores for (top
panel) individuals who reside in high deprivation neighborhoods at baseline; and (bottom panel) individuals who reside in low deprivation

neighborhoods at baseline

long-term, policies that create greater residential stability
may improve educational outcomes.

In contrast, children who moved between low depriva-
tion neighborhoods had higher reading and math scores
compared to children who resided in low deprivation
neighborhoods but did not move. We are unable to pro-
vide a definitive explanation for this phenomenon, but
posit that these residential moves are positive moves for
the family (e.g., moving to a bigger house or a house with
bigger yard).

All of these results, taken together, suggest that the
impact of residential instability is highly context depend-
ent. With regard to NDI exposure, among children who
moved, those who moved between only low deprivation
neighborhoods had higher test scores than children who
moved between low and high deprivation neighbor-
hoods. Among children who moved, those who resided
in a high deprivation neighborhood at birth and subse-
quently moved to a low deprivation neighborhood(s) had
higher reading and math test scores compared to those
who moved between only high deprivation neighbor-
hoods. Thus, exposure to low deprivation neighborhoods

is associated with higher test scores, while exposure to
high deprivation neighborhoods is associated with lower
test scores. Moreover, findings suggest that timing or
duration may matter. Namely, children who moved from
high to low deprivation neighborhoods earlier in the life
course (i.e., by time of lead testing) had larger improve-
ments in test scores compared to those who moved at
older ages (i.e., by time of EOG testing).

The estimated effects of residential instability and NDI
on test score are consequential. The interquartile range
(IQR) in reading and math EOG scores was 13 points
for both. Thus, the effects range from 2.2%—12.3% of
the IQR. For further perspective, maternal education is
widely acknowledged to be an important predictor of
academic performance [42]. In our models, the estimated
effect of mothers completing high school versus not com-
pleting high school range from 16.7%—20.2% of the IQR.
In addition, the effect exposure to poverty, as measured
by enrollment in Medicaid, ranges from 11.1%—14.0% of
the IQR.

To the best of our knowledge, this is the first, or one
of the first, studies to use administrative datasets to
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examine residential instability and changing exposure to
neighborhood deprivation simultaneously in a popula-
tion level dataset. There is a large and growing literature
on neighborhood socioeconomic conditions and health,
developmental, and cognitive outcomes. In a sample of
772 Black/African American children aged between 6
and 12 years old at baseline in Chicago, IL, Sampson et al.
(2008) found that prolonged exposure to neighborhood
concentrated disadvantage was associated with lower
scores on tests of verbal ability. Propensity score-based
methods have also been used in observational studies
assessing the impact of: kindergarten retention on social-
emotional development [43]; school size on mathematics
achievement [44]; and high-quality teacher—child rela-
tionships in kindergarten and math and reading achieve-
ment in first grade [45], among others [46].

This study is not without limitations. Compared to
our study, many experimental, quasi-experimental, and
surveys spanning multiple years have richer covari-
ate data. We did not attempt to control for measures of
school characteristics, conditions, or “quality” In addi-
tion, the children in our dataset are likely biased toward
those who are at greatest risk of lead exposure given
blood lead surveillance strategies and associated test-
ing patterns employed in the absence of a universal lead
screening program in North Carolina. Because the edu-
cation data are limited to students tested in the North
Carolina public school system, we are not able to assess
the impact of either residential instability or neighbor-
hood environment on those children enrolled in private
school or home-schooled. Additionally, we did not have
access to reliable/valid markers of school quality (e.g.,
student:teacher ratios), or individual- or household-level
information regarding home ownership, which would
provide important contextual information with respect
to residential stability. We did not interpolate NDI values
for intercensal years, which may contribute to measure-
ment error (i.e., misclassification). We recognize that
standardized test scores are imperfect and incomplete
measures of an individual’s aptitude, comprehension, and
overall cognitive abilities; nevertheless, they represent
important outcomes. While our findings may be biased
due to unmeasured confounders, we attempted to miti-
gate potential bias by using propensity scores and con-
trolling for maternal- and child-level covariates.

Despite limitations, this study has important strengths.
It is one of the first studies of its kind: an observational
study that links and leverages existing administrative
datasets to better understand how residential context
and residential instability over early years in an individ-
ual’s life course relate to standardized test scores. While
we may lack richness in covariate data, our approach
allows for a large and diverse sample size and includes
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children from communities across the State of North
Carolina, including those in urban, suburban, and rural
communities. While not a perfect indicator of cognitive
impacts, decrements in EOG scores can have significant
consequences. Performance on EOG tests is used to
inform decisions about children’s educational progress
and access to augmented resources. Among children
on the low end of the test score distribution, one or two
points may mean missing the cut-off for progression to
the next grade. For those at the high end of the test score
distribution, one or two points may restrict eligibility
for advanced and intellectually gifted programs, which
rely heavily on test scores to identify students. Addition-
ally, we included multiple sensitivity analyses which led
to findings that were generally consistent with the main
analysis results.

Conclusion

Our findings have important policy implications. In the
US, neighborhoods are increasingly segregated by socio-
economic status, and housing affordability hit an all-time
low in 2023 [47, 48]. The housing affordability crisis par-
ticularly affects first time homeowners and low-income
families, who face challenges finding safe, affordable,
stable housing [49]. The housing affordability crisis, com-
bined with high levels of inflation and soaring childcare
costs (even outpacing inflation) over the last several years
has further eroded residential stability for low-income
families with children, placing more children at risk for
residential instability and even homelessness [50]. A 2023
report on early childhood housing instability in North
Carolina specifically recommended policies that: improve
shelters’ and housing support programs’ abilities to serve
families with children and children; increase participa-
tion of residentially unstable children in early care and
education services; and enhance coordination between
housing and early care and education services [51]. The
reality that low socioeconomic status students tend to
have lower test scores combined with the findings of our
analysis — namely, that residentially unstable students
who move among the highest deprivation neighborhoods
have the lowest test scores — underscore the importance
of policies to bolster residential stability among lower
socioeconomic status families.

Increasingly, researchers, educators, policymakers
and health care providers recognize the role of non-
clinical factors in shaping health outcomes. Advocating
for more equitable housing policy, with an emphasis on
both residential stability and the quality of neighbor-
hoods in which children and their families reside, can be
an important tool for narrowing health (and educational)
inequities and addressing the social correlates of health
in concrete ways.
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