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Toxic Neighborhoods: The Effects of Concentrated Poverty 
and Environmental Lead Contamination on Early Childhood 
Development

Geoffrey T. Wodtke, Sagi Ramaj, and Jared Schachner

ABSTRACT Although socio eco nomic disparities in cog ni tive abil ity emerge early in the 
life course, most research on the con se quences of liv ing in a dis ad van taged neigh bor
hood has focused on schoolage chil dren or ado les cents. In this study, we out line and 
test a the o ret i cal model of neigh bor hood effects on cog ni tive devel op ment dur ing early 
child hood that high lights the medi at ing role of expo sure to neu ro toxic lead. To eval u ate 
this model, we fol low 1,266 chil dren in Chicago from birth through school entry and 
track both their areal risk of lead expo sure and their neigh bor hoods’ socio eco nomic 
com po si tion over time. With these data, we esti mate the joint effects of neigh bor hood 
povertyandenvironmentalleadcontaminationonreceptivevocabularyability.Wefind
that sustained expo sure to dis ad van taged neigh bor hoods reduces vocab u lary skills dur
ing early child hood and that this effect operates through a causal mech a nism involv ing 
lead con tam i na tion.

KEYWORDS Poverty • Neighborhoods • Lead • Cognitive abil ity • Early child
hood

Introduction

Socioeconomic disparities in cog ni tive devel op ment emerge among infants as young 
as 6 months (Hurt and Betancourt 2016). By the time chil dren are 2 years old, these 
disparities become pro nounced: at this age, chil dren from advan taged fam i lies score 
significantly higher onmany indicators of cognitive function (Noble et al.2015). 
Later, by the start of kin der gar ten, dis ad van taged chil dren are even fur ther behind 
their advan taged peers, and these disparities per sist largely unchanged as chil dren 
prog ress through school (von Hippel et al. 2018).

Exposure to dis ad van taged neigh bor hoods is widely believed to shape socio eco
nomic disparities in cog ni tive skills (Jencks and Mayer 1990; Sharkey and Faber 
2014). Few stud ies of neigh bor hood effects, how ever, focus on early child hood, even 
thoughthisisthedevelopmentalperiodwhencognitivedisparitiesfirstemerge(Minh
et al. 2017). Instead, prior stud ies have focused mainly on schoolage chil dren and 
ado les cents because most the o ret i cal mod els of neigh bor hood effects impli cate causal 
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mech a nisms—such as dif fer ences in school qual ity (Jencks and Mayer 1990), social
i za tion by adult role mod els (Wilson 1987), and col lec tive super vi sion (Sampson 
2012)—that are pri mar ily rel e vant for older chil dren with a more expan sive sphere 
of social inter ac tion. How, then, might spa tially con cen trated pov erty affect cog ni tive 
abilityduringearlychildhood,whensocioeconomicdisparitiesfirstdevelop?

The importance of contextual influences on individual outcomes likely varies
across devel op men tal peri ods. In this study, we con tend that dif fer ences in expo
sure to envi ron men tal health haz ards are a cen tral path way through which neigh
borhoodpovertymayharmcognitivedevelopmentduringthefirstyearsoflife.The
most basic fea tures of the neigh bor hoods surrounding chil dren include the air they 
breathe, the water they drink, and the build ings in which they play (Sharkey and 
Faber 2014). Because dis ad van taged neigh bor hoods often con tain older and dilap i
dated hous ing, major road ways, and pol lut ing indus tries, their res i dents are dis pro
por tion ately exposed to harm ful chemicals (Massey 2004; Muller et al. 2018). Some 
of these chemicals are highly neu ro toxic, espe cially when expo sure occurs dur ing 
early child hood. One such chemical is lead, a neu ro toxic heavy metal linked with 
last ing cog ni tive impair ments among young chil dren (Muller et al. 2018). If neigh
bor hood pov erty harms cog ni tive devel op ment through dif fer ences in envi ron men tal 
health haz ards, lead may play a key explan a tory role, given that chil dren liv ing in 
dis ad van taged neigh bor hoods are at a sub stan tially higher risk of expo sure (Lanphear 
et al. 1998; Sampson and Winter 2016).

We eval u ate this hypoth e sis by fol low ing a cohort of chil dren in the Project on 
Human Development in Chicago Neighborhoods (PHDCN; Earls et al. 2007) from 
birth through school entry. At each sur vey wave, we match chil dren with data on 
their neigh bor hoods’ socio eco nomic com po si tion from the U.S. Census and with data 
on the areal risk of lead expo sure from the Chicago Department of Public Health 
(CDPH). We then esti mate the joint effects of sustained expo sure to dis ad van taged 
neigh bor hoods and envi ron men tal lead con tam i na tion through out early child hood on 
recep tive vocab u lary abil i ties mea sured at the end of fol lowup.

Estimating the effects of con tex tual expo sures that vary endog e nously over time 
poses difficultmethodological challenges, including unobserved confounding and
dynamic selec tion (Elwert and Winship 2014; Wodtke et al. 2011). We address these 
chal lenges in two ways. First, we resolve the prob lem of dynamic selec tion by using 
regres sionwithresid u als (RWR), which prop erly adjusts for observed timevary ing 
con found ers that may be affected by prior expo sures (Wodtke 2020; Wodtke et al. 
2020; Wodtke and Zhou 2020). Second, we mit i gate con cerns about unob served con
founding by com bin ing RWR with a for mal sen si tiv ity anal y sis to con struct a range 
of esti ma tes adjusted for pos si ble bias.

Wefindthatsustainedexposuretodisadvantagedneighborhoodsfrombirththrough
school entry reduces recep tive vocab u lary abil ity by one third of a stan dard devi a tion. 
Further, sustained expo sure to neigh bor hoods with both a dis ad van taged pop u la tion 
and high lev els of lead con tam i na tion is even more harm ful, reduc ing recep tive vocab
ularyabilitybytwofifthsofastandarddeviation.Finally,wefindthat theeffectof
neigh bor hood dis ad van tage operates through a causal mech a nism involv ing lead.

This study makes sev eral con tri bu tions to the lit er a ture on neigh bor hood pov erty 
and child devel op ment. Theoretically, it out lines a model of neigh bor hood effects on 
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early skill for ma tion that high lights the medi at ing role of envi ron men tal health haz
ards. Methodologically, it pres ents new and trans fer able meth ods for con sis tently 
esti mat ing the effects of con tex tual expo sures that vary endog e nously over time. 
Empirically, it pro vi des defen si ble esti ma tes for the joint effects of expo sure to  
dis ad van taged and leadcon tam i nated neigh bor hoods on child cog ni tive abil ity.  
Our study there fore advances a long tra di tion of demo graphic research on how  
local contexts influence population health and human development (Entwisle 
2007).

Place, Poverty, and Environmental Inequality

Environmental health haz ards are often clus tered within dis ad van taged com mu ni
ties (Elliott and Frickel 2013; Mohai et al. 2009; Muller et al. 2018). This pat tern of 
spa tial inequal ity is a func tion of sev eral inter re lated fac tors, includ ing the sit ing of 
toxic infra struc ture, unequal hous ing invest ment, dis pa rate reg u la tory enforce ment, 
and res i den tial sorting.

Governments and cor po ra tions have long confronted the dilemma of where to 
placenecessarybutnoxious infrastructure (e.g., factories,highways,and landfills)
by pur su ing the path of least polit i cal resis tance (Elliott and Frickel 2013). In many 
cases, these actors have selected sites in or near com mu ni ties with many poor and 
minor ity res i dents because such com mu ni ties are not well equipped to mount effec
tive oppo si tion. As a result, the path of least polit i cal resis tance often leads to low
 income, racially seg re gated neigh bor hoods.

Unequal pat terns of hous ing invest ment also engen der envi ron men tal inequalities. 
Aconsistentflowofcapital into the localhousingstock is important for reducing
health haz ards because older and dilap i dated struc tures are more likely to have been 
constructed with harm ful mate ri als to which res i dents are then exposed (Mohai et al. 
2009; Muller et al. 2018). Historically, redlining and cov e nant agree ments restricted 
hous ing invest ments in lowincome and minor ity neigh bor hoods. Today, mar ket 
forces inter act with more sub tle prej u dices to pro duce sim i lar out comes (Massey and 
Denton 1998; Trounstine 2018).

Abating the haz ards aris ing from toxic infra struc ture and hous ing divest ment is 
cru cial but costly. In an era of chron i cally strained gov ern ment bud gets and pow er
ful busi ness inter ests, dis ad van taged neigh bor hoods suf fer from weaker enforce ment 
ofenvironmentalhealthprotections.Forexample,localofficialsandlandlordsoften
face few con se quences for fail ing to prop erly imple ment lead abate ment pol i cies in 
poor com mu ni ties (Markowitz and Rosner 2013).

As some neigh bor hoods become sites of nox ious infra struc ture, dilap i dated hous
ing, and unabated toxins, families with financial means will pay to avoid them,
thereby tight en ing the link between neigh bor hood com po si tion and envi ron men tal 
haz ards (Crowder and Downey 2010). This selfreinforcing pro cess cre ates dura
ble envi ron men tal inequalities, expos ing res i dents of dis ad van taged neigh bor hoods 
to harm ful tox ins through out the life course. Next, we impli cate, in par tic u lar, lead 
expo sure dur ing early child hood as a key mech a nism account ing for neigh bor hood 
effects on cog ni tive devel op ment.
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Disadvantaged Neighborhoods and Environmental Lead Contamination

Children are exposed to lead pri mar ily from ingesting dust or chips from dete ri o rat
ing lead paint, drink ing water from out dated lead plumb ing, and ingesting soil con tam
i nated with emis sions from indus trial facil i ties or leaded gas o line (Agency for Toxic 
Substances and Disease Registry [ATSDR] 2019)—all  of which are more com mon in 
dis ad van taged com mu ni ties. Consequently, bloodlead lev els (BLLs) are higher for chil
dren liv ing in poor, racially seg re gated neigh bor hoods than for chil dren liv ing in more 
advan taged areas (Lanphear et al. 1998; Muller et al. 2018; Sampson and Winter 2016).

Household con tam i na tion by leadbased paint is the pri mary source of lead expo
sure among con tem po rary cohorts of Amer i can chil dren (ATSDR 2019). Lead paint 
wasawidelyusedwallcoveringfromthefirsthalfofthetwentiethcenturyuntilthe
1970s. Over time, lead paint peels, chips, and dis in te grates into dust that then set tles 
onfloorsandsills,whereitisingestedbychildren.In1978,leadpaintwasbannedfor
use in res i den tial con struc tion, but it is still rou tinely found in older homes through
out the coun try (Cox et al. 2011).

An impor tant sec ond ary source of lead expo sure arises from lead plumb ing  
(Gleason et al. 2019; Troesken 2006), which came into com mon use in water dis tri
bu tion sys tems dur ing the nineteenth cen tury. When lead plumb ing cor rodes, it can 
con tam i nate res i dents’ drink ing water. The use of lead in pota ble water sys tems was 
prohibited in 1986. Nevertheless, more than six mil lion lead ser vice lines remain in 
use across the coun try, and older build ings still fre quently con tain lead pipes or sol der 
(Cornwell et al. 2016; Troesken 2006).

The pres ence of lead paint and plumb ing in homes is closely linked with their age 
and upkeep (Cox et al. 2011; Jacobs et al. 2002). The con cen tra tion of older dwell ings 
in lowincome com mu ni ties there fore engen ders an asso ci a tion between neigh bor
hood pov erty and lead con tam i na tion. But this asso ci a tion per sists even after hous ing 
age is accounted for because older homes in poor com mu ni ties are less likely to have 
their lead safely contained and because dis ad van taged neigh bor hoods are con tam
i nated by other sources of lead (Lanphear et al. 1998; Sampson and Winter 2016).

In par tic u lar, air borne emis sions are a third impor tant source of lead con tam i na
tion in poor com mu ni ties (Mielke et al. 2011; Muller et al. 2018). Combustion of 
leaded gas o line gen er ated a large vol ume of air borne lead emis sions until the 1970s, 
whenrestrictionswerefirstimposedonitsuse.Today,industrialfacilitiesthatprocess
mate ri als containing lead pro duce the major ity of air borne emis sions, although pol lu
tion from these sources has also declined over time as a result of dein dus tri al iza tion 
(Ard 2015). Despite these reduc tions, air borne lead emis sions remain prob lem atic 
because they do not bio de grade after fall ing to the ground. Consequently, soil lead 
lev els are higher in lowincome neigh bor hoods because of their prox im ity to pol lut
ingindustriesandtoroadsthatwerehighlytraffickedduringtheeraofleadedgaso
line (Aelion et al. 2013; Campanella and Mielke 2008).

Thespatialdistributionofleadisstratifiednotonlybyincomebutalsobyrace
and ethnicity. Both his tor i cal and con tem po rary pat terns of dis crim i na tion have con
cen trated Blacks and Lati nos in older, poorer, and more iso lated sec tions of many 
Amer i can cit ies (Massey and Denton 1998). As a result, neigh bor hoods with greater 
pro por tions of Black and Latino res i dents are more likely to con tain envi ron men tal 
health haz ards, includ ing lead, even after eco nomic dif fer ences between neigh bor
hoods are accounted for (Lanphear et al. 1998; Sampson and Winter 2016).
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Lead Exposure and Cognitive Development

Young chil dren are the most sus cep ti ble to lead. They drink more water and breathe 
moreairperunitofbodyweight,andtheyoftenplayonfloorsandengageinhand
tomouth behav ior, ele vat ing their risk of inhal ing or ingesting leaded paint and soil. 
Afterleadentersthebody,itisabsorbedmoreefficientlybyinfantsandtoddlersthan
by older chil dren and adults. Thus, lead con tam i na tion of dis ad van taged neigh bor
hoods places their youn gest res i dents at the greatest risk (ATSDR 2019).

Within the cen tral ner vous sys tem, lead inhib its the absorp tion and bind ing of cal
cium and zinc ions, disrupting an array of bio log i cal pro cesses (Lidsky and Schneider 
2003). Highdose expo sure (e.g., BLLs > 70 µg/dL) causes acute symp tom atic poi
son ing char ac ter ized by severe neu ro log i cal injury, coma, or death. Although acute 
symp tom atic poi son ing is rare, even lowdose expo sure (e.g., BLLs < 10 µg/dL) is 
asso ci ated with adverse neu ro log i cal out comes (ATSDR 2019).

Specifically,evenatlevelslessthan10µg/dL,BLLsarestronglyandinversely
related tomeasures of general intelligence among children (Canfield et al. 2003;  
Chiodo et al. 2004; Lanphear et al. 2000; Lanphear et al. 2005). In fact, the rela tion
ship between BLLs and mea sured intel li gence appears to be non lin ear, with greater 
cognitiveimpairmentsarisingwithincreasesatlowerconcentrations(Canfieldetal.
2003).ChildrenwithhigherBLLsalsoperformsignificantlyworseonschoolassess
ments of aca demic achieve ment (Aizer et al. 2018; Evens et al. 2015), and they are 
at greater risk of devel op ing con duct dis or ders and exhibiting impul sive behav ior 
(Goodlad et al. 2013; Sampson and Winter 2018; Winter and Sampson 2017).

In sum, dis ad van taged neigh bor hoods are dis pro por tion ately con tam i nated by 
lead, and expo sure to even low lev els of the toxin harms cog ni tive devel op ment. 
Infants and tod dlers are at the greatest risk. They are most likely to inhale or ingest 
lead in their envi ron ment, and they are the most sus cep ti ble to its neu ro log i cal effects. 
Thus, liv ing in a dis ad van taged neigh bor hood is expected to impede early cog ni tive 
devel op ment by increas ing expo sure to lead.

Few stud ies have exam ined the effects of neigh bor hood pov erty dur ing early child
hood, and none have eval u ated whether lead con tam i na tion medi ates these effects. 
Manduca and Sampson (2019) used eco log i cal data to show that lead con tam i na tion 
is jointly cor re lated with neigh bor hood pov erty and rates of inter gen er a tional income 
mobil ity, but they did not exam ine out comes among chil dren or per form a for mal 
medi a tion anal y sis. In the pres ent study, we fol low a birth cohort over time, track ing 
where they live and the amount of lead pres ent in their res i den tial envi ron ment to 
exam ine whether and how neigh bor hood pov erty affects cog ni tive devel op ment dur
ing the early life course.

A Graphical Causal Model

Figure 1 pres ents a causal graph cov er ing two generic time points. In this graph and 
hence forth, At denotes the socio eco nomic com po si tion of a child’s neigh bor hood at 
time t, Mt denotes the degree to which a child’s neigh bor hood is con tam i nated by  
lead at time t, and Y  denotes cog ni tive abil ity at the end of fol lowup. The graph also 
incor po rates a set of observed base line covariates, C, as well as a set of observed time
 vary ing char ac ter is tics, Lt. Finally, it includes a set of unob served var i ables, U.
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The graph shows that neigh bor hood pov erty is hypoth e sized to affect endof
study cog ni tive abil ity via mul ti ple chan nels. This effect may operate directly, or it 
may operate indi rectly via paths that ema nate from At and tra verse the level of envi
ron men tal lead con tam i na tion, Mt, which is itself a direct cause of cog ni tive abil ity. 
Figure 1 also illus trates the chal lenges asso ci ated with ana lyz ing con tex tual expo
sures that vary endog e nously over time. First, unob served con found ers, UU, affect 
both cog ni tive abil ity and selec tion into dif fer ent neigh bor hoods. Second, observed 
timevary ing fac tors, such as paren tal income or mar i tal sta tus, may con found the 
effects of future con tex tual expo sures and, via the paths ema nat ing from At  and 
Mt into Lt + 1, are affected by prior con tex tual expo sures. In other words, fam i
lies select into dif fer ent neigh bor hoods dynam i cally, with past res i den tial choices 
affect ing the time vary ing deter mi nants of both future res i den tial choices and child 
out comes (Wodtke et al. 2011). These chal lenges inform our ana lytic strat egy.

Methods

Data

To inves ti gate the effects of neigh bor hood dis ad van tage and envi ron men tal lead con
tam i na tion, we com bine data from the PHDCN, CDPH, and GeoLytics Neighborhood 

Fig. 1 Hypothesized causal relationships between baseline covariates (C), timevarying confounders (Lt ), 
neighborhood disadvantage (At ), environmental lead contamination (Mt ), cognitive ability (Y ), and unob
served factors (U) among children
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Change Database. The PHDCN is a lon gi tu di nal study based on a rep re sen ta tive sam ple 
of more than 6,000 chil dren liv ing in Chicago. Sampled chil dren and their fam i lies were 
sur veyed in 1994–1997 (base line), 1997–1999, and 1999–2002. These sur veys focused 
on chil dren in seven agegroups, includ ing a birth cohort under 1 year of age at base line. 
Our ana lytic sam ple includes all 1,266 chil dren from the birth cohort liv ing at base line 
within80neighborhoodclusters,definedasgroupsofonetothreecensustracts.

At each wave, we match PHDCN sam ple mem bers with infor ma tion on their 
neigh bor hood’s socio eco nomic com po si tion and degree of lead con tam i na tion. Data 
on the socio eco nomic com po si tion of neigh bor hoods come from the Neighborhood 
Change Database, which con tains har mo nized tractlevel data from the 1970–2010 
U.S. Censuses. Data on lead con tam i na tion come from the CDPH bloodlead sur
veil lance data base. Since 1993, the Illi nois Lead Program has man dated bloodlead 
screen ing for chil dren who live in areas deemed to be at high risk for lead poi son ing, 
which includes the entire city of Chicago. Testing is indi cated for all  chil dren at ages 
12, 24, and 36 months, with addi tional screen ing until age 6 if other risk fac tors are 
pres ent. Laboratories report all  test results to the CDPH, where this infor ma tion is 
com piled into the sur veil lance data base.1 The data base cov ers more than two mil lion 
tests and includes infor ma tion about the date of sam ple col lec tion, the result in µg/dL, 
and the tested child’s home address. Access to these data was obtained under spe cial 
con trac tual arrange ments with the CDPH.2

We focus on Chicago because it is a large urban cen ter for which highqual ity data 
on both cog ni tive abil ity and lead expo sure dur ing early child hood are avail  able. The 
city also suf fers from con cen trated pov erty, racial seg re ga tion, and exten sive lead 
haz ards, mak ing it an ideal case for eval u at ing our the o ret i cal model.

Measures

The expo sure of inter est is the socio eco nomic com po si tion of a child’s neigh bor
hood.Specifically,wegenerateacompositemeasureofneighborhooddisadvantage
by apply ing prin ci pal com po nents anal y sis to the fol low ing char ac ter is tics: the pov
erty rate, the pro por tion of adult res i dents with less than a high school edu ca tion, the 
pro por tion of femaleheaded house holds, and the pro por tion of res i dents who iden tify 
as nonWhite. The resulting mea sure is con tin u ous, with higher val ues representing 
more dis ad van taged neigh bor hoods. To facil i tate inter pre ta tion, we stan dard ize the 
mea sure using the city wide mean and var i ance. Parallel ana ly ses based on sev eral 
alter na tive for mu la tions of this mul ti di men sional scale (e.g., with more detailed mea
sures of racial com po si tion) yield nearly iden ti cal results.

To mea sure envi ron men tal lead con tam i na tion, we use the CDPH bloodlead  
sur veil lance data to esti mate—sep a rately by year—the pro por tion of chil dren under 
age 6 liv ing in each neigh bor hood with a BLL ≥5 µg/dL.3 We then smooth these 

1 Under the Illi nois Lead Program, healthcare pro vid ers are required to order test ing for chil dren age 3 or 
youn ger who reside in Chicago, and par ents must pro vide proof of lead test ing for their child upon enroll
ment in a daycare facil ity or kin der gar ten. These require ments gen er ate test ing data with exten sive and 
rep re sen ta tive cov er age (Evens et al. 2015).
2 The CDPH dis claims respon si bil ity for any anal y sis, inter pre ta tions, or con clu sions drawn from these data.
3 We com pute these esti ma tes from tests conducted with venous sam ples at labs with lim its of detec tion <5 µg/dL. 
The median num ber of chil dren per neigh bor hood per year who were tested according to these cri te ria is 157.
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esti ma tes over time using ker nel regres sion and match them to PHDCN par tic i pants 
at each sur vey wave. The local prev a lence of ele vated BLLs pro vi des an eco log i
cal proxy for the degree to which a neigh bor hood is con tam i nated by lead from all  
sources.ThethresholdweusetodefineelevatedBLLsisconsistentwithrecentmon
i tor ing guide lines from the U.S. Centers for Disease Control and Prevention (ATSDR 
2019). Parallel ana ly ses based on a thresh old of ≥10 µg/dL yield sim i lar results.

The out come of inter est is a child’s cog ni tive abil ity, which we mea sure using 
scores on the Peabody Picture Vocabulary Test (PPVT; Dunn 1997). The PPVT was 
admin is tered at the third wave of the PHDCN, when most mem bers of the birth 
cohort were aged 4–5. The PPVT is a stan dard ized assess ment of a par tic u lar dimen
sion of cog ni tive abil ity—namely, recep tive vocab u lary skills in Standard Amer i can 
English. We focus on vocab u lary skills because lan guage is a pow er ful sym bolic 
sys tem through which chil dren learn or acquire most other abil i ties. The PPVT has 
desir able psy cho met ric prop er ties, includ ing high validity and reli abil ity, even among 
lin guis ti cally diverse sam ples (Campbell 1998; Dunn 1997). In our mul ti var i ate ana
ly ses, we stan dard ize scores to have a mean of 0 and var i ance of 1.

To adjust for confounding, we con trol for sev eral covariates mea sured at base line, 
includ ing gen der, race and ethnicity, fam ily size, the age and edu ca tion level of a child’s 
pri mary care giver, and homeownership sta tus. Some of these char ac ter is tics, such as fam
ily size and homeownership, often change over time, but they were recorded only at the 
base line wave of the PHDCN. We also adjust for a set of timevary ing covariates mea
sured at each sur vey wave: the nat u ral log of house hold income; paren tal mar i tal sta tus; 
and whether a child’s pri mary care giver is employed, receives pub lic assis tance, or speaks 
mainly English at home. The cod ing of these var i ables is outlined in Tables 1 and 2, which 
also pro vide descrip tive sta tis tics.

Estimands

Werelyonpotentialoutcomesnotationtodefinetheeffectsoftimevaryingcontex
tual expo sures (Rubin 1974). Let a = (a1,a2 ,a3)  denote a sequence of expo sures to 
dif fer ent lev els of neigh bor hood dis ad van tage at waves t = 1, 2, and 3 of the PHDCN. 
Next, let Y (a) denote a child’s recep tive vocab u lary abil ity mea sured at the end of 
fol lowup had the child been exposed to neigh bor hoods with lev els of dis ad van tage 
given by a. The observed out come, Y , is assumed to equal the poten tial out come, 
Y (a), for the sin gle expo sure sequence that the child did in fact expe ri ence; the other 
poten tial out comes are coun ter fac tu als.

Wefirstfocusonestimatingtheaveragetotaleffectsofexposuretodifferentlevels
ofneighborhooddisadvantage,whichcanbeformallydefinedasfollows:

 ATE(a,a′) = E(Y (a)−Y (a′)). (1)

This expres sion rep re sents the expected dif fer ence in vocab u lary abil ity if chil dren 
wereexposedtothesequenceofneighborhoodconditionsdefinedbya rather than 
some other sequence a′. With a con tin u ous mea sure of neigh bor hood dis ad van tage, 
thereareinfinitelymanycontrastsbetweenexposuresequences.Thus,wemodelthe
total effects using the para met ric func tion
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1283Neighborhood Effect Mediation via Lead Contamination

 ATE(a,a′) = β avg(a)− avg(a′)⎡⎣ ⎤⎦ ,  (2)

where avg(a) = t∑ at / 3 denotes an aver age com puted over time and β cap tures the 
influenceofneighborhoodcompositionfrombirththroughtheendoffollowup.

Second, we focus on esti mat ing the aver age joint effects of expo sure to neigh
bor hoods with dif fer ent socio eco nomic com po si tion and dif fer ent lev els of lead 

Table 1 Timeinvari ant sam ple char ac ter is tics mea sured at base line, Project on Human Development in 
Chicago Neighborhoods birth cohort (n = 1,266)

Variable Mean SD

Child Characteristics
 Female (vs. not female) .49 —
 Race/eth nic ity
  White .16 —
  Black .30 —
  His panic .49 —
  Other .05 —
Family Characteristics
 Family size (num ber of cores i dents) 5.26 2.08
 Homeowner (vs. oth er wise) .20 —
Primary Caregiver Characteristics
 Age (years) 27.36 6.92
 Education
  Less than high school .44 —
  High school grad u ate .13 —
  Some col lege .31 —
  College grad u ate .12 —

Note: The table pres ents com bined esti ma tes from 50 impu ta tions.

Table 2 Timevary ing sam ple char ac ter is tics, Project on Human Development in Chicago Neighborhoods 
birth cohort (n = 1,266)

Variable

Wave 1 Wave 2 Wave 3

(1994–1997) (1997–1999) (1999–2002)

Mean SD Mean SD Mean SD

Contextual Measures
 Concentrated dis ad van tage –.06 .74 –.08 .78 –.13 .77
 Elevated bloodlead prev a lence (≥5 µg/dL) .54 .17 .48 .18 .39 .16
Child Outcome
 Peabody Picture Vocabulary Test scores — — — — 41.91 27.33
Primary Caregiver Characteristics
 Household income (log) 9.65 1.08 9.85 1.05 10.09 0.94
 Employed (vs. not employed) .42 — .52 — .58 —
 Receives pub lic assis tance (vs. no receipt) .40 — .28 — .18 —
 Married (vs. unmar ried) .51 — .55 — .57 —
 Speaks pri mar ily English (vs. oth er wise) .67 — .72 — .73 —

Note: The table pres ents com bined esti ma tes from 50 impu ta tions.
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1284   G. T. Wodtke et al.

con tam i na tion. Let m = (m1,m2 ,m3) rep re sent a sequence of expo sures to neigh
bor hoods with dif fer ent lev els of lead con tam i na tion from base line through the 
end of fol lowup. By exten sion, let Y (a,m) denote a child’s vocab u lary abil ity 
had the child pre vi ously lived in a sequence of neigh bor hoods, pos si bly con trary 
to fact, with lev els of dis ad van tage given by a and lev els of lead con tam i na tion 
given by m.Withthisnotation,theaveragejointeffectscanbeformallydefinedas

 AJE(a,a′,m,m′) = E Y (a,m)−Y (a′,m′)( ),  (3)

which rep re sents the expected dif fer ence in vocab u lary abil ity if chil dren were 
exposed to the sequence of neigh bor hood dis ad van tage and lead con tam i na tion 
definedby{a,m}  rather than some other sequence {a′,m′}.  We model the aver age 
joint effects using the para met ric func tion

 AJE(a,a′,m,m′) = γ avg(a)− avg(a′)⎡⎣ ⎤⎦ + θ avg(m)− avg(m′)⎡⎣ ⎤⎦ ,  (4)

where {γ ,θ} together capture the influence of concentrated disadvantage and lead
contamination.Althoughthismodelisrestrictive,experimentationwithmoreflexible
specifications,includingseveralthatpermitcomplexformsofinteractionandnonlin
e ar ity, yields sim i lar results (see parts A and B of the online appen dix).

Under this model, the aver age joint effects can be sep a rated into the sum of a con
trolled direct effect of neigh bor hood com po si tion and a con trolled medi a tor effect of 
leadcontamination.Specifically,thecontrolleddirecteffectisgivenby

 CDE a,a′( ) = E Y a,m( )−Y a′,m( )( ) = γ avg a( )− avg a′( )⎡⎣ ⎤⎦.  (5)

This expres sion rep re sents the expected dif fer ence in vocab u lary abil ity if chil dren were 
exposed to neigh bor hoods with dif fer ent lev els of con cen trated dis ad van tage but the 
same level of lead con tam i na tion. Similarly, the con trolled medi a tor effect is given by

 CME m,m′( ) = E Y a,m( )−Y a,m′( )( ) = θ avg m( )− avg m′( )⎡⎣ ⎤⎦. (6)

This expres sion rep re sents the expected dif fer ence in vocab u lary abil ity if chil dren 
were exposed to neigh bor hoods with dif fer ent lev els of lead con tam i na tion but the 
same socio eco nomic com po si tion.

Finally, we exam ine the dif fer ence between the aver age total effect and the con
trolled direct effect, which can be interpreted as a mea sure of the degree to which lead 
con tam i na tion medi ates the effect of neigh bor hood dis ad van tage. Under the mod els 
outlined pre vi ously, this dif fer ence can be expressed as fol lows:

 ATE(a,a′)−CDE(a,a′) = (β − γ ) avg(a)− avg(a′)⎡⎣ ⎤⎦ ,  (7)

which cap tures an effect of neigh bor hood pov erty oper at ing through a mech a nism 
that involves lead con tam i na tion.

Identification

Theaveragetotaleffectcanbeidentifiedundertheassumptionofsequentialignora
bility (Robins et al. 2000). This assump tion can be for mally expressed as
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1285Neighborhood Effect Mediation via Lead Contamination

 Y (a) ⊥ At |C,Lt ,At − 1,Mt − 1∀ t,  (8)

where ⊥ denotes sta tis ti cal inde pen dence; At denotes a child’s observed expo sure to 
neigh bor hood dis ad van tage at time t; At − 1 and Mt − 1, respec tively, denote a child’s 
his tory of expo sure to neigh bor hood dis ad van tage and envi ron men tal lead through 
time t −1; Lt denotes a child’s his tory of timevary ing covariates through time t;  
and C denotes the vec tor of base line con trols. In words, this assump tion states that the 
poten tial out comes of expo sure to neigh bor hood dis ad van tage, Y (a), must be inde
pen dent of a child’s observed expo sure at each time point, At, con di tional on the 
observed past, {C,Lt ,At − 1,Mt − 1}. Substantively, the assump tion implies that there 
must not be any unob served con found ers for the effects of neigh bor hood com po si tion 
on vocab u lary abil ity.

Thejoint,controlleddirect,andcontrolledmediatoreffectscanbeidentifiedunder
the fol low ing set of two sequen tial ignorability assump tions (VanderWeele 2009):

 Y a,m( )⊥ At |C,Lt ,At − 1,Mt − 1∀ t  (9)

 Y a,m( )⊥ Mt |C,Lt ,At ,Mt − 1∀ t.  (10)

As before, ⊥ denotes sta tis ti cal inde pen dence, and underbars denote var i able his to ries. 
This set of assump tions requires that there not be any unob served con found ers for the 
effects of either neigh bor hood dis ad van tage or lead con tam i na tion on vocab u lary abil ity.

We attempt to sat isfy the assump tions outlined pre vi ously by adjusting for the 
most pow er ful pre dic tors of both neigh bor hood selec tion and child out comes. Then, 
to address the likely pres ence of unob served confounding, we con duct a for mal sen
sitivityanalysisthatreevaluatesourfindingsacrosshypotheticalpatternsofnonran
dom selec tion into neigh bor hoods.

Estimation

Estimating the effects of timevary ing expo sures is meth od o log i cally chal leng ing. 
Eveniftheignorabilityassumptionsoutlinedpreviouslyaresatisfied,conventional
meth ods of covariate adjust ment remain biased when any con found ers are them selves 
timevary ing and affected by prior expo sures. This pat tern of dynamic selec tion is 
depicted graph i cally in Figure 1 via the car ry over and feed back effects between the 
con tex tual expo sures, {At ,Mt}, and timevary ing char ac ter is tics of fam i lies, Lt.

Adjusting naively for timevary ing con found ers may lead to two forms of bias: (1) 
bias from overcontrolling inter me di ate path ways if the focal expo sures affect the out
come indi rectly via the timevary ing con found ers (Wodtke et al. 2011); and (2) bias 
from endog e nous selec tion if unob served fac tors affect both the timevary ing con
found ers and the out come (Elwert and Winship 2014). In the lat ter sit u a tion, adjust
ing naively for the timevary ing con found ers would induce a spu ri ous asso ci a tion 
between the expo sures and out come.

To address these chal lenges, we esti mate con tex tual effects using RWR (Wodtke 
2020; Wodtke et al. 2020; Wodtke and Zhou 2020), which is implemented in two 
steps. First, the con found ers at each time point are regressed on all  prior var i ables and 
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1286   G. T. Wodtke et al.

then residualized. Second, to esti mate the con tex tual effects of inter est, the out come 
isregressedonpriorexposuresandtheresidualizedconfoundersfromthefirststage.
Because residualizing the timevary ing con found ers with respect to the observed past 
purges them of their asso ci a tion with prior expo sures, these terms can be included 
in an out come regres sion to adjust for confounding with out engen der ing bias due to 
over con trol or endog e nous selec tion.

Specifically,RWRestimatesoftheATE(a,a′) come from a regres sion that can be 
expressed as

 E(Y |C,L,A,M) = α0 + αα1TC⊥ + αα2
T

t∑Lt⊥ +β avg(A)+α3 t∑ Mt
⊥ ,  (11)

where C⊥ = C − E(C) denotes a vec tor of base line covariates cen tered on their mar
ginal means, Lt⊥ = Lt − E(Lt |C,Lt − 1,At − 1,Mt − 1) denotes a resid ual trans for ma tion of 
the timevary ing con found ers, and Mt

⊥ = Mt − E(Mt |C,Lt ,At ,Mt − 1) denotes a sim i
lar resid ual trans for ma tion of the medi a tor. These resid ual terms are esti mated from a 
setoffirststageregressionsforE(Lt |C,Lt − 1,At − 1,Mt − 1) and E(Mt |C,Lt ,At ,Mt − 1).  
They are then substituted into the out come regres sion to adjust for observed con
founding of the rela tion ship between neigh bor hood dis ad van tage and vocab u lary 
ability. If these regressions are correctly specified and exposure to neighborhood 
dis ad van tage is sequen tially ignor able, RWR esti ma tes of β[avg(a)− avg(a′)] from 
Eq. (11) are con sis tent for the ATE(a,a′).

Similarly, the joint effects are esti mated from another regres sion with the form

 E Y |C,L,A,M( ) = η0 + ηη1
TC⊥ + ηη2

T
t∑Lt⊥ + γ  avg A( )+ θ avg M( ),  (12)

where C⊥ and Lt⊥areresidualtermsdefinedasearlier.Thisregressiondiffersfrom
that outlined pre vi ously only in that it includes avg(M) as a pre dic tor, which is com
puted from untrans formed rather than residualized val ues of the medi a tor, to esti mate 
thejointeffectsofinterest.Undertheassumptionsofcorrectmodelspecificationand
sequen tial ignorability for both neigh bor hood dis ad van tage and lead con tam i na tion, 
RWR esti ma tes of γ[avg(a)− avg(a′)] and θ[avg(m)− avg(m′)] from Eq. (12) are 
con sis tent for the CDE(a,a′) and CME(m,m′), respec tively. By exten sion, their sum 
is con sis tent for the AJE(a,a′,m,m′).

The sim plic ity of RWR is pre mised on sev eral strong mod el ing con straints. For 
exam ple, the regres sions outlined pre vi ously con strain the con tex tual effects of inter
est to be invari ant across the covariates. In a set of ancil lary ana ly ses, we relax these 
con straints by includ ing twoway inter ac tions between ele ments of C⊥ and Lt⊥, on 
the one hand, with mea sures of neigh bor hood dis ad van tage and envi ron men tal lead 
con tam i na tion, on the other. Including these inter ac tions allows for effect mod er a
tion by char ac ter is tics of chil dren and their fam i lies—for exam ple, by gen der, race, 
and house hold income. Because we con struct inter ac tion terms using the residualized 
covariates, the total and joint effects of inter est can still be com puted as outlined  
pre vi ously (Wodtke et al. 2020).

We also esti mate these effects using the method of resid ual bal anc ing (Zhou and 
Wodtke 2020).AswithRWR,residualbalancingisimplementedbyfirstregressing
the con found ers at each time point on all  prior var i ables and then com put ing  
resid u als. Next, a set of weights is constructed to sat isfy the fol low ing two con di
tions: (1) the residualized con found ers are orthog o nal to future expo sures, past 
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1287Neighborhood Effect Mediation via Lead Contamination

expo sures, and past con found ers in the weighted sam ple; and (2) the entropy of the 
weights is min i mized. Weighted regres sions sim i lar to those outlined pre vi ously 
but omit ting the residualized covariates can then be used to esti mate the effects of 
neigh bor hood dis ad van tage and lead con tam i na tion. In this way, resid ual bal anc ing 
adjusts for dynamic selec tion while obvi at ing the need for restric tive mod el ing 
assump tions.

We compute standard errors for all effect estimates using the stratified cluster
boot strap to adjust for the PHDCN’s com plex sam ple design (Rao and Wu 1988).4 
We then repeat this anal y sis across 50 com plete data sets with miss ing val ues for 
all  var i ables sim u lated via mul ti ple impu ta tion, and we com bine esti ma tes fol low
ing Rubin (1987). Overall, the pro por tion of miss ing infor ma tion in this anal y sis is 
approximately17%andprimarilyreflectspanelattrition.5

Sensitivity Analysis

Unobserved confounding is a ubiq ui tous threat to causal infer ence in obser va tional 
stud ies and may lead to bias in esti ma tes of con tex tual effects. To account for this pos
si bil ity, we imple ment a for mal sen si tiv ity anal y sis. With this approach, confounding 
bias is mod eled using a selec tion func tion that cap tures hypo thet i cal depar tures from 
the ignorability assump tions outlined pre vi ously (Brumback et al. 2004). Consider, 
for exam ple, an anal y sis of a pointintime neigh bor hood expo sure, a. In this set ting, 
bias in esti ma tes of the total effect would occur if

 E Y (a)|A = a,C( ) ≠ E Y (a)|A = ′a ,C( ),  (13)

that is, if the observed mean out come is not exchange able with the coun ter fac tual 
mean out come. Its form and mag ni tude can be mod eled with the selec tion func tion

 s(a, ′a ) = E Y (a)|A = a,C( )− E Y (a)|A = ′a ,C( ) = (a − ′a )τ,  (14)

where τisanunknownsensitivityparameterthatdeterminesthesignandmagnitude
of bias in esti ma tes of the total effect. If τ > 0, these esti ma tes are biased upward 
because chil dren in more dis ad van taged neigh bor hoods dif fer from those in less 
dis ad van taged neigh bor hoods on unob served fac tors that improve their vocab u lary 
skills. If τ < 0, esti ma tes are biased down ward because chil dren in more dis ad van
taged neigh bor hoods dif fer from those in less dis ad van taged neigh bor hoods on unob
served fac tors that sup press their vocab u lary skills.

4 This method is implemented by selecting with replace ment jk −1 neigh bor hood clus ters from within 
each sam pling stra tum, where jk denotes the num ber of clus ters in stra tum k.
5 Replication code is avail  able at https:  /  /github  .com  /gtwodtke  /nhood_mediation_lead. The data on which 
it is based are restrictedaccess and can only be obtained under con trac tual arrange ments that pre clude us 
from dis sem i nat ing them. Researchers inter ested in obtaining these data can fol low the pro ce dures out
lined at https:  /  /www  .icpsr  .umich  .edu  /web  /pages  /ICPSR  /access  /restricted  /index  .html for the PHDCN and 
at https:  /  /www  .chicago  .gov  /city  /en  /depts  /cdph  /provdrs  /health_data_and_reports  .html for the BLL sur veil
lance data. The Neighborhood Change Database can be licensed from GeoLytics, Inc. (https:  /  /geolytics 
 .com), and it is also avail  able through some aca demic library sys tems.
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A biascorrected esti mate for the total effect can be obtained by (1) com put ing a 
bias term equal to B(τ) = ′a∑ (A− ′a )P(A = a′)τ; (2) using it to con struct an adjusted 
out come equal to Y B(τ) = Y − B(τ); and (3) substitut ing the adjusted out come into the 
regres sion used to esti mate the effect of inter est. The degree to which infer ences 
about this effect are sen si tive to unob served confounding can be assessed by eval u at
ing the biascorrected esti ma tes across a range of plau si ble val ues for τ.

Similarly, non ran dom selec tion into two pointintime expo sures, a and m, can be 
mod eled as

s(a, ′a ,m, ′m ) = E Y (a,m)|A = a,M = m,C( )− E Y (a,m)|A = ′a ,M = ′m ,C( )
 = (a − ′a )φ+ (m− ′m )ψ,  (15)

where bias in pointintime var i ants of the con trolled direct, con trolled medi a tor, and 
aver age joint effects is governed by φ, ψ, and (φ+ψ), respec tively. Biascorrected 
esti ma tes of these effects can be com puted by constructing a bias term, B(φ,ψ) = 

′a∑ (A− ′a )P(A = a′)φ+ ′m∑ (M − ′m )P(M = m′)ψ, and by rep li cat ing the anal y sis on 
an adjusted out come, Y B φ,ψ( ) = Y − B(φ,ψ).

We gen er al ize this approach for the pres ent study, in which the expo sures of inter
est are timevary ing. In this set ting, we use sep a rate selec tion func tions to model 
unob served confounding at each time point, and we mod ify the bias terms so that they 
reflectaccumulatedselection frombaseline through theendof followup.Specifi
cally, the bias terms are given by B(τ) = t∑ at ′∑ (At − at ′)P(At = at ′)τ and B φ,ψ( ) = 

t∑ at ′∑ (At − at ′)P At = at ′( )φ+ t∑ mt ′∑ Mt −mt ′( )P Mt = mt ′( )ψ. We com pute adjusted 
outcomesasoutlinedpreviouslyandusethemtorefitEqs.(11)and(12),fromwhich
we obtain biascorrected esti ma tes for the effects of inter est. To facil i tate inter pre ta
tion, we cal i brate the sen si tiv ity param e ters such that a oneunit change cor re sponds 
to the amount of bias elim i nated from our focal effect esti ma tes by vir tue of adjusting 
for paren tal edu ca tion. The results, then, cap ture sen si tiv ity to mul ti ples of observed 
confounding from non ran dom selec tion on this covariate.

Results

Figures 2 and 3 dis play the dis tri bu tion of con cen trated dis ad van tage and ele vated 
BLLs across Chicago cen sus tracts in 1997, when the PHDCN was con clud ing its 
firstwaveofdatacollection.Severalpatternsareevident.First,inanalarmingnum
ber of Chicago neigh bor hoods, a major ity of res i dent chil dren have ele vated BLLs. 
Second, dis ad van taged and leadcon tam i nated neigh bor hoods are spa tially con cen
trated on Chicago’s South and West Sides, which are pre dom i nantly Black and suf fer 
from high rates of pov erty. Finally, even though neigh bor hood com po si tion and lead 
con tam i na tion are tightly cou pled in Chicago, dis ad van taged neigh bor hoods with 
lower lev els of lead con tam i na tion and advan taged neigh bor hoods with higher lev els 
of lead con tam i na tion both exist in non triv ial num bers.

ThefirstrowofTable 3 pres ents esti ma tes for the total effect of sustained expo sure 
to dis ad van taged neigh bor hoods on recep tive vocab u lary abil ity mea sured around the 
timeof schoolentry.Specifically, theseestimatescontrast scoreson thePPVTunder
con tin u ous res i dence in a neigh bor hood that is 0.7 stan dard devi a tions above the  
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1289Neighborhood Effect Mediation via Lead Contamination

city wide mean on our index of con cen trated dis ad van tage (the 75th per cen tile) rather 
than a neigh bor hood that is 0.9 stan dard devi a tions below the mean (the 25th per cen
tile).All estimates for the total effect are substantively large and statistically signifi
cant at strin gent thresh olds. They indi cate that liv ing in a dis ad van taged neigh bor hood  

Fig. 2 Spatial distribution of concentrated disadvantage and elevated bloodlead levels in Chicago, 1997. In 
accordance with CDPH policy, estimates for census tracts with fewer than 10 tested children are suppressed 
fromthisfigure.Forvisualcontinuity,we impute thesesuppressedestimatesfromnearby tractswitha
sufficientlylargenumberofobservations.

Fig. 3 Bivariate relationship between concentrated disadvantage and environmental lead contamination 
across Chicago census tracts, 1997. In accordance with CDPH policy, tracts with fewer than 10 tested chil
drenin1997aresuppressedfromthisfigure.Thesolidlinerepresentsfittedvaluesfromathinplatespline,
whilethedashedlinesrepresentupperandlowerlimitsofa95%confidenceinterval.
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1291Neighborhood Effect Mediation via Lead Contamination

through out early child hood reduces recep tive vocab u lary abil ity by about one third of a 
stan dard devi a tion. This effect size is com pa ra ble to those reported pre vi ously in obser va
tional and quasiexper i men tal stud ies of neigh bor hood effects in Chicago (BurdickWill 
et al. 2011) and is con sis tent with exper i men tal esti ma tes from the Chicago study site of 
the Moving to Opportunity dem on stra tion pro gram (Orr et al. 2003). However, reported 
esti ma tes of neigh bor hood effects are het ero ge neous, and ours exceed those documented 
at the Moving to Opportunity study sites in New York, Bos ton, and Los Angeles.

The mid dle rows of Table 3 pres ent esti ma tes for the con trolled direct effect, the 
con trolled medi a tor effect, and then their sum—that is, the aver age joint effect. As 
with the total effect, we report esti ma tes for a con trolled direct effect that com pares 
neigh bor hoods 0.7 stan dard devi a tions above with those 0.9 stan dard devi a tions 
below the mean on our index of con cen trated dis ad van tage. For the con trolled medi
a tor effect, we report esti ma tes that com pare neigh bor hoods with an ele vated blood
lead prev a lence of 65% rather than 30%, which cor re spond approx i ma tely with the 
upper and lower quar tiles of the city wide dis tri bu tion.

EstimatesofthejointeffectfromacrossRWRspecificationsandfrommodelsfit
withresidualbalancingweightsareallsimilarinmagnitudeandstatisticallysignifi
cant at strin gent thresh olds. They indi cate that sustained expo sure to both dis ad van
taged and leadcon tam i nated neigh bor hoods dur ing early child hood reduces recep tive 
vocabularyabilitybyabouttwofifthsofastandarddeviation.Moreover,estimates
for the con trolled direct and medi a tor effects sug gest that the del e te ri ous impact of 
neighborhood disadvantage is driven by disparate exposures to lead. Specifically,
esti ma tes for the con trolled direct effect are close to 0 and fail to approach con ven
tional thresholds for statistical significance.A failure to reject the null hypothesis
of no direct effect implies that we can not rule out the pos si bil ity that the total effect 
of neigh bor hood dis ad van tage may operate exclu sively through lead con tam i na tion. 
Estimates of the con trolled direct effect, how ever, are impre cise, which is due in part 
to col lin ear ity among the expo sure and medi a tor. Given the impre ci sion of these esti
ma tes, our results are also con sis tent with only par tial medi a tion.

Estimates for the con trolled medi a tor effect, by con trast, are sub stan tively large 
andstatisticallysignificant.Theyindicatethatsustainedexposuretoneighborhoods
with higher ver sus lower lev els of lead con tam i na tion would reduce vocab u lary abil
itybyabouttwofifthsofastandarddeviationevenifallchildrenwereexposedtothe
same level of con cen trated dis ad van tage. By way of ref er ence, prior research sug
gests that an increase in bloodlead con cen tra tion from 1 to 10 µg/dL is linked with 
declines in cog ni tive abil ity rang ing from one third to one half of a stan dard devi a tion 
amongyoungchildren(Canfieldetal.2003; Lanphear et al. 2005).

The bot tom row of Table 3 eval u ates whether the total effect dif fers from the con
trolled direct effect, for mally test ing whether lead con tam i na tion explains the link 
between neigh bor hood dis ad van tage and vocab u lary abil ity. Estimates of the dif fer
ence are sub stan tively large, and p val ues from tests of the null hypoth e sis that these 
effects are equal pro vide con sid er able evi dence against this pos si bil ity. Thus, our 
results indi cate that neigh bor hood effects dur ing early child hood are at least partly 
explained by a causal mech a nism involv ing lead con tam i na tion.

Figure 4 dis plays biascorrected esti ma tes from the sen si tiv ity anal y sis. The upper 
left panel sum ma rizes the sen si tiv ity of esti ma tes for the aver age total effect to unob
servedconfounding.Specifically,itdisplayshowestimatesforthetotaleffectwould
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change if there were unob served selec tion into neigh bor hoods with dif fer ent lev els of 
con cen trated dis ad van tage. When the sen si tiv ity param e ter in this plot is equal to 0, 
theestimateisthesameasthatfromourbaselineRWRspecification.Largervalues
of the sen si tiv ity param e ter—in abso lute terms—rep re sent a greater degree of unob
served selec tion and thus a more pro nounced bias cor rec tion.

The upper right panel of Figure 4 sum ma rizes the sen si tiv ity of esti ma tes for the 
average joint effect tounobserved confounding.Specifically, it displayshowesti
ma tes for the joint effect would change if there were unob served selec tion into 
neigh bor hoods of dif fer ent socio eco nomic com po si tion and with dif fer ent lev els of 
lead con tam i na tion. When both sen si tiv ity param e ters in this plot are equal to 0, the  

Fig. 4 Biascorrected effect estimates, Project on Human Development in Chicago Neighborhoods birth 
cohort (n =1,266).Inthetwodimensionalplots,dashedlinesrepresent95%confidenceintervalsbased
onthestratifiedclusterbootstrapwith500replications.Inthethreedimensionalplot,thedarkgrayplane
representsthebiasadjustedpointestimates,thelightgrayplanesrepresent95%confidenceintervals,and
the white plane provides a reference at 0. Tau, phi, and psi are scaled to equal the bias eliminated from 
our focal effect estimates by virtue of adjusting for parental education. ATE = average total effect. AJE = 
average joint effect. CDE = controlled direct effect. CME = controlled mediator effect.

D
ow

nloaded from
 http://read.dukeupress.edu/dem

ography/article-pdf/59/4/1275/1624632/1275w
odtke.pdf by guest on 29 N

ovem
ber 2022



1293Neighborhood Effect Mediation via Lead Contamination

estimateisthesameasthatfromourbaselineRWRspecification.Largermultiples
of φ rep re sent a greater degree of unob served selec tion into neigh bor hoods with dif
fer ent lev els of con cen trated dis ad van tage, whereas larger mul ti ples of ψ rep re sent 
a greater degree of unob served selec tion into neigh bor hoods with dif fer ent lev els of 
lead con tam i na tion.

The lower pan els of Figure 4 sum ma rize the sen si tiv ity of the con trolled direct and 
medi a tor effects to each of these two forms of unob served selec tion, respec tively. The 
lower left panel dis plays how esti ma tes for the con trolled direct effect would change 
if there were unob served selec tion into neigh bor hoods of dif fer ent socio eco nomic 
com po si tion, and the lower right panel shows how esti ma tes for the con trolled medi
a tor effect would change if there were unob served selec tion into neigh bor hoods with 
dif fer ent lev els of lead con tam i na tion.

Across all  four plots, our infer ences appear robust to dif fer ent forms of unob
served selec tion. Even when τ = φ = ψ = 2—that is, when the mag ni tude of bias due 
to unob served selec tion is assumed to be twice as strong as the bias that would arise 
by vir tue of omit ting con trols for paren tal edu ca tion—adjusted esti ma tes for the total, 
joint, and con trolled medi a tor effects are neg a tive, sub stan tively large, and sta tis
tically significant,whereas estimates for the controlled direct effect remain small
andinsignificant.Giventhatparentaleducationisamongthemostpowerfuldeter
mi nants of neigh bor hood selec tion and child devel op ment, this level of confounding 
by unob served fac tors is extreme and seems unlikely, although we can not rule it out 
empir i cally.

Asanadditionalassessmentofpossibleselectionbias,wealsoperformafalsifi
ca tion test by eval u at ing whether neigh bor hood effects on cog ni tive abil ity can be 
explained by lead con tam i na tion among older chil dren in the PHDCN who were aged 
6–12 at base line. Children older than 6 years are less sen si tive to lead con tam i na tion 
than infants and tod dlers. If our focal medi a tor were truly uncon founded, we would 
expect any evi dence of medi a tion among these older chil dren to be less pro nounced 
than for the birth cohort because of older chil dren’s com par a tively lower sen si tiv ity 
to lead haz ards. Results from this anal y sis, presented in part C of the online appen dix, 
pro vide lit tle evi dence of medi a tion via lead con tam i na tion among older chil dren, 
therebydisconfirmingthefalsificationtestandfurtherbolsteringconfidenceinour
causal infer ences targeting early child hood.

Discussion

The effects of neigh bor hood pov erty have been exten sively stud ied among older 
chil dren. However, com par a tively lit tle research has explored con tex tual effects 
dur ing early child hood, and the mech a nisms hypoth e sized to explain them remain 
shrouded in a “black box” (Sampson 2012). In this study, we inves ti gate whether 
liv ing in a dis ad van taged neigh bor hood from birth through school entry affects 
vocab u lary skills, focus ing on the medi at ing role of expo sure to neu ro toxic lead. 
Using novel counterfactualmethods and longitudinal data,we find that grow
ing up in a dis ad van taged neigh bor hood sub stan tially reduces vocab u lary abil ity 
dur ing early child hood and that this effect operates through a causal mech a nism 
involv ing lead con tam i na tion.
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Ourfindingssuggestthatthegenesisofcognitivedisparitiescanbetracedpartly
to neigh bor hoods and their envi ron men tal health risks. Studies have indi cated that 
socio eco nomic dif fer ences take root when chil dren are very young and have var i
ously impli cated paren tal behav ior, fam ily resources, or genet ics in gen er at ing these 
early gaps (Hurt and Betancourt 2016; Nisbett 2011). Results from the PHDCN reveal 
thathigherorderpatternsofspatialstratificationarealsoimportantdeterminantsof
cog ni tive devel op ment. Beyond char ac ter is tics of fam i lies and indi vid u als, chil dren’s 
neigh bor hoods shape their expo sure to envi ron men tal tox ins, such as lead, which in 
turn affect their cog ni tion.

This study also has impor tant impli ca tions for eco log i cal social the ory, accounts 
of which typ i cally focus on inter me di ate mech a nisms that are most rel e vant for older 
chil dren and ado les cents, such as school qual ity, access to adult role mod els, and col lec
tive super vi sion (Jencks and Mayer 1990; Sampson 2012; Wilson 1987). Each of these 
mech a nisms may trans mit neigh bor hood effects on cer tain out comes and at cer tain 
times,buttheirinfluenceduringtheearliestphasesofdevelopmentiscircumscribedby
nat u ral lim i ta tions on the social inter ac tions of infants and tod dlers. This study sug gests 
that in the search for mech a nisms connecting neigh bor hood pov erty to child out comes, 
attentiontothedevelopmentalspecificityofdifferentputativemediatorswillbeimpor
tant.Duringearlychildhood,wefindsupportforatheoreticalmodelthatviewsneigh
borhoodeffectsasfirst arising fromdisparities inexposure toenvironmentalhealth
haz ards, although fac tors rang ing from lim ited childcare options to vio lent crime may 
also play a medi at ing role at this devel op men tal stage. During more advanced devel op
men tal peri ods, schools, peers, and role mod els likely become more impor tant.

Research on neigh bor hood effects is fre quently crit i cized for hav ing lim ited capac ity 
to inform pol icy either because of con cerns about the cred i bil ity of causal infer ences 
or because this body of work reveals lit tle about inter me di ate mech a nisms that might 
serve as points of inter ven tion (Sampson 2012). Short of conducting a sequen tially ran
domizedfieldexperiment,ouranalysisprovidessomeofthemorecredibleevidence
that neigh bor hood dis ad van tage caus ally affects cog ni tive devel op ment. Further, we 
iden tify a cogent mech a nism that explains these effects. Thus, our study has impli ca
tions for pol icy. It sug gests that pro grams to abate lead paint in homes, replace lead 
plumb ing, and remove leadcon tam i nated soil not only will improve child out comes 
over all but may also mit i gate the con se quences of spa tially con cen trated pov erty.

Finally, this study con trib utes to meth ods for research on con tex tual effects by 
intro duc ing new pro ce dures for ana lyz ing timevary ing expo sures. RWR and resid
ualbalancingavoidtheproblemsthatafflictconventionalmethodsinthepresenceof
dynamic selec tion. Additionally, com pared with other meth ods designed to side step 
these con cerns, such as inverse prob a bil ity weighting, RWR and its var i ants are more 
robustandefficient(Wodtke2020; Wodtke et al. 2020). We there fore expect these 
methodstofindwideapplicationinthesocialsciences.

Although this study makes impor tant con tri bu tions to the ory, pol icy, and 
meth ods, it is not with out lim i ta tions. First, despite our efforts to mit i gate unob
served confounding, it remains pos si ble that we failed to con trol for impor tant 
covariates or that any lin ger ing bias is stron ger than assumed in the sen si tiv ity 
anal y sis, in which case our causal infer ences would be mis taken. Second, we 
focus on only one dimen sion of cog ni tive devel op ment—recep tive vocab u lary 
skills—but many other abil i ties may also be sen si tive to neigh bor hood con di tions  
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dur ing early child hood. Third, we ana lyze cumu la tive effects, but infor ma tion 
on sen si tive expo sure peri ods would be valu able. In part D of the online appen
dix, we report pointintime effects to explore whether expo sures at cer tain peri
ods (e.g., infancy vs. pre school) mat ter more than oth ers. Unfortunately, we 
lack the data needed to precisely estimate these effects and cannot draw firm 
con clu sions about dif fer en tial sen si tiv ity across early child hood. Fourth, we ana
lyze only the areal risk of lead expo sure because we can not match chil dren in the 
PHDCN with their indi vid ual BLLs in the CDPH sur veil lance data base. Finally, we 
rely on data from a cohort of chil dren born in Chicago nearly three decades ago, 
and the degree to which lead expo sure explains neigh bor hood effects may dif fer 
across time and place.

Indeed, BLLs among chil dren in Chicago have declined since the launch of the 
PHDCN. In the online appen dix, Figure E.1 shows that ele vated bloodlead prev a
lence rates declined steadily over time in Chicago. By 2010, few Chicago neigh bor
hoods had prev a lence rates over 30%, even though much higher rates were typ i cal 
onlyadecadeearlier.Thesteepdeclineinleadexposurepartlyreflectsthesuccessof
sur veil lance, reg u la tion, and abate ment efforts expanded as part of the Illi nois Lead 
Program and other such ini tia tives admin is tered by the U.S. Department of Housing 
and Urban Development (Billings and Schnepel 2018; Sorensen et al. 2019). It fol
lows that lead con tam i na tion may no lon ger be as pow er ful a medi a tor as indi cated 
by our study and that neigh bor hood effects on early cog ni tive devel op ment may 
have atten u ated over time.

The explan a tory role of lead expo sure may also be par tic u lar to cer tain cit ies or 
regions. Urban areas in the Midwest and Northeast tend to suf fer the highest lev
els of lead con tam i na tion because of their wide spread use of lead plumb ing, their 
metal processing indus try, and their aging hous ing stock (Jacobs et al. 2002; Pell and 
Schneyer 2016). Thus, what makes Chicago an ideal case for eval u at ing our the o ret i
cal model might also make it a spe cial case. Consistent with this cau tion ary per spec
tive on gen er al iz abil ity, stud ies focused on Chicago often yield some of the larg est 
esti ma tes of neigh bor hood effects (BurdickWill et al. 2011).

Nevertheless, con tem po rary cohorts of chil dren in dis ad van taged neigh bor hoods 
remain at greater risk of lead expo sure in many Amer i can cit ies, and even at the lower 
doses that are now more com mon, lead can harm their devel op ing brains. Moreover, 
lead is just one of many neu ro tox ins con cen trated in poor com mu ni ties. Arsenic, mer
cury, man ga nese, and other chemicals that are known or suspected to inter fere with the 
cen tral ner vous sys tem are also more per va sive in dis ad van taged, minor ity neigh bor
hoods (Hamblin 2014; Israel 2012). As social sci en tists begin to illu mi nate the black 
box of neigh bor hood effects, they should there fore pri or i tize research on the role of 
envi ron men tal health haz ards. Its lim i ta tions not with stand ing, this study pro vi des con
sid er able evi dence that grow ing up in a dis ad van taged neigh bor hood inhib its cog ni tive 
developmentbecausetheseenvironmentsareliterallytoxicforchildren.■
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