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Abstract

Objective: Children in Flint, Michigan, have experienced myriad sociodemographic adversities exacerbated by the
Flint water crisis. To help inform child-focused prevention and intervention efforts, we aimed to describe patterns of
neurodevelopmental outcomes among preschoolers who experienced the Flint water crisis before age 2 years.

Method: Participants were 170 preschoolers who completed a comprehensive neurodevelopmental assessment battery,
including directly administered measures of cognitive and executive functioning and maternal-report of adaptive skills
and behavioral problems. We used latent profile analysis to derive subgroups. Multivariate multinomial logistic regression
was conducted to examine the predictors of profile memberships, including child sex and maternal/family-level factors
selected from an array of measured exposures using least absolute shrinkage and selection operator regression.

Results: Three latent profiles were identified: Profile 1—relative weakness in all domains (50%); Profile 2—normative
functioning in all domains (34.1%); and Profile 3—relative strengths in executive function and behavior (15.9%). Profile 1
showed lower scores across cognitive and behavioral domains. Profile 2 demonstrated abilities within the normal range
across domains. Profile 3 showed relative strength in executive functioning with few behavior problems, despite lower
cognitive performance. Children across all profiles showed adaptive behavior in the adequate range. Child sex and
maternal IQ were significant predictors of profile membership.

Conclusions: Children in Flint demonstrated diverse patterns of development in the face of sociodemographic and
environmental adversities. Comprehensive screening and neurodevelopmental profiling of children in this at-risk
population are needed to identify areas of needs and inform appropriate service delivery.
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Background
There are few places in the USA where the inequitable
distribution of resources and opportunities for children
are more striking than Flint, MI. Compared to a rate of
17% in the USA [1], about 70% of children in Flint live
in poverty [2]. These children have historically experi-
enced greater exposure to structural racism,

malnutrition, parental unemployment, neighborhood
violence, and limited access to health and educational
services [3, 4]. Compounding these already significant
and long-standing adversities facing the Flint commu-
nity, the Flint water crisis, which began in April 2014,
added unprecedented trauma including governmental
indifference, population-wide lead exposure, an outbreak
of deadly legionnaire’s disease, and increased stress [5,
6]. Emblematic of public health and environmental in-
justice, the Flint water crisis amplified socioeconomic
and racial inequalities exposing this vulnerable
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population to a heightened risk for poor neurodevelop-
mental outcomes. While multiple agencies mobilized to
provide support and resources to children and families
in Flint [3], relatively little was known about their spe-
cific needs and areas of strength. The current study was
initiated to understand variation across neurodevelop-
mental outcomes in this cohort of preschool-aged chil-
dren and to understand predictors of those outcomes in
order to inform early identification and intervention
processes.
Prior studies have documented racial and/or socioeco-

nomic inequalities in multiple exposures that matter for
child developmental outcomes and are in part deter-
mined by upstream, social factors, including family pov-
erty, parental incarceration, residential segregation, and
neighborhood violence and quality [7–10]. In turn, these
factors influence many aspects of the child’s environ-
ment known to impact neurodevelopment, including
levels of cognitive enrichment, quality early childcare
and schooling, psychosocial stress, and exposure to a
variety of toxins (e.g., lead, air pollution, phthalates, and
flame retardants) [11–15]. While these adverse environ-
mental exposures further increase the risk of suboptimal
developmental outcomes, children are likely to show
varying degrees of susceptibility partly due to the pres-
ence or absence of protective factors (e.g., positive par-
enting practices, high-quality early education, adequate
nutrition) [16–19]. Moreover, aspects of neurodevelop-
ment are rarely affected in isolation, and the impact of
toxic chemical and non-chemical exposures on multiple
biological and psychological processes can lead to differ-
ent patterns of functioning that may manifest across the
life course [10, 20, 21]. Recognizing the multifactorial in-
fluences on multiple domains of early childhood neuro-
development, it is necessary to consider the core aspects
of early development simultaneously to identify sub-
groups of children that show similar neurodevelopmen-
tal patterns.
Latent profile analysis (LPA) is one approach for iden-

tifying such subgroups. Unlike variable-oriented ap-
proaches that often treat individual differences as
nuisances, LPA is a person-centered, model-based ap-
proach to derive latent subgroups with similar patterns
of performance across multiple neurodevelopmental do-
mains within a given sample. LPA has been employed to
describe variable neurodevelopmental patterns within at-
risk populations, such as sensory subtypes in children
with autism spectrum disorder [22] and executive func-
tions in children with attention-deficit hyperactivity dis-
order (ADHD) [23]. In the current study, we used LPA
to characterize neurodevelopmental patterns in a sample
of preschool-aged children living in Flint, MI, and ex-
posed to the water crisis postnatally. We included scores
from standardized measures of core early developmental

aspects known to be impacted by lead and other social
and environmental exposures (i.e., cognitive functioning,
executive functioning, adaptive behavior, and behavior
problems) with the goal of identifying outcome profiles
and their correlates to inform service and support alloca-
tions for this vulnerable group of children.

Method
Participants
Mother-child dyads were invited to participate if the
child was born between 3/1/2012 and 4/24/2014 (before
the water source change) and if the child resided in the
City of Flint and received water from the Flint water dis-
tribution system for some time between 4/25/2014 and
10/15/2015. These dates were chosen to include those
children exposed to the water crisis in the early postna-
tal period (within the first two years of life) who were
also old enough to complete robust, direct assessments
of neurodevelopment at the in-person visit.
While implementing a fully representative sample

strategy was beyond the scope of this study, we took sev-
eral steps to improve the representativeness of our sam-
ple. Our primary method of contacting families was
through lists of eligible children provided by the Mich-
igan Department of Health and Human Services
(MDHHS) Michigan Care Improvement Registry (MCIR;
including all children who ever received immunizations)
and the Hurley Medical Center the only Children’s Hos-
pital. Together, the two lists produced 2005 children
making up for the majority of total population who
might be eligible for the study estimated based on birth
data from Michigan Department of Health & Human
Services, Division of Vital Records & Health Statistics.1

Study invitation letters were mailed to potentially eligible
dyads with an opt-out response option, and then, a
series of attempts were made to contact families through
telephone and email invitations. Mother-child dyads
were also recruited through advertisements at local pre-
schools, elementary schools, community centers, and
parent groups, as well as through social media and word
of mouth.
Families who expressed interest in participation were

screened for eligibility. Mothers were excluded if they
were not the biological mother of the child, if they were
non-English speaking, or if they did not reside with and/

1Based on geocoded Michigan birth certificate record data available
through the Michigan Department of Health & Human Services,
Division of Vital Records & Health Statistics, we estimated that there
were about 130 live births per month in the City of Flint between 2012
and 2014. Based on our inclusion criteria, the earliest month of birth is
July 2012 to be eligible, resulting in an estimated eligible population of
2860 based on 22 months of eligible births. Therefore, the total
numbers on the two registry lists we recruited from would account for
70% (2005 out of 2860) of the estimated eligible population, allowing
us to capture the majority of the population.
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or consistently care for their child since birth, to ensure
the accuracy of retrospective data collected on birth out-
comes, infant feeding practices, and water use history.
Children were excluded if they were wards of the state,
if their birth weight was less than 1500 g, if gestational
age was less than 32 weeks, or if they had a known gen-
etic syndrome. To ensure that they could validly
complete the tests included in the direct assessment bat-
tery, children were also excluded if they were currently
nonverbal, or had significant hearing or visual impair-
ments. A total of 390 mother-child dyads participated in
screening, of whom 284 were determined to be eligible,
and 272 agreed to enroll. Of those, 184 attended an in-
person assessment. Children with measured IQs in the
range of intellectual disability (IQ<70; n=7; see Table S1
for detailed scores on the neurodevelopmental measures)
were excluded from the LPA due to concerns about the
validity of their neurodevelopmental assessments given
the non-clinical setting, where research assistants who
were less experienced in managing challenging behaviors
and eliciting responses from children with more promin-
ent delays administered the assessments. We excluded
those missing three or more of five LPA indicators prior
to imputation (see Fig. 1 flowchart for details on partici-
pant recruitment and selection for analyses).

Procedure
We developed a comprehensive assessment battery to
evaluate skills across multiple developmental domains
and collected parent-report information on child devel-
opment and behaviors from mothers. Mothers com-
pleted online surveys, and mother-child dyads
completed in-person visits with trained research assis-
tants that included direct assessments of children and
additional in-person surveys completed by the mother.
All research assistants received training and supervision
in the administration of direct assessments from a li-
censed clinical psychologist.
The institutional review board at the authors’ institu-

tions reviewed and approved the study protocol, and the
MDHHS and Hurley Medical Center approved the affili-
ated recruitment protocol. Verbal informed consent
from mothers was obtained prior to screening and on-
line data collection. Written informed consent and par-
ent permission were obtained from the mother at the
beginning of study visits, and verbal assent was obtained
from the child.

Measures
Neurodevelopmental assessment
The neurodevelopmental assessment battery was de-
signed to capture comprehensive early developmental
aspects of cognitive and language development, adaptive

behaviors, and behavior problems. The following mea-
sures were included in this battery.
Wechsler Preschool and Primary Scale of

Intelligence–Fourth Edition (WPPSI–IV) is a widely
used and well-validated intelligence test designed for
children ages 2 years, 6 months to 7 years, 7 months
[24]. The current analysis used the norm-referenced
standard scores corresponding to full-scale IQ (FSIQ)
with a mean of 100 and Standard Deviation (SD) of
15. Composite scores on specific cognitive aspects,
verbal comprehension, fluid reasoning, and working
memory, were also generated.
NIH Toolbox Cognitive Batteries [25] are sets of mea-

sures designed to assess cognition in the general popula-
tion with brief tasks that could be administered on
tablets. Child participants were administered the two
subtests from the Early Childhood Cognition Battery on
executive functioning: Flanker Inhibitory Control and
Attention Test (Flanker, measuring inhibitory control)
and Dimensional Change Card Sort Test (DCCS, meas-
uring cognitive flexibility).
Child Behavior Checklist for Ages 1.5–5 (CBCL 1.5–5;

[26]) is a parent-report measure on child behaviors, with
99 problem items rated from 0 “Not true” to 2 “Very
true.” Raw scores and norm-referenced T-scores can be
derived for the Internalizing, Externalizing, and Total
Problems scales; syndrome scales; and DSM-oriented
scales. T-scores of 64 and above for Internalizing, Exter-
nalizing, and Total Problems scales are considered to be
in the clinical range of concern.
Vineland Adaptive Behavior Scale (Vineland-II; [27];

Vineland 3; [28]). Both Vineland-II and Vineland 3
were used in the current study. Initially, the
Vineland-II comprehensive interview form was admin-
istered over the phone with the biological mother by
trained study staff (N=40). Based on the feedback
from the study staff and participants (e.g., scheduling
difficulty, length of assessment), we switched to using
the Vineland-3 online parent report form for the rest
of the participants to reduce the burden. Both ver-
sions yield domain standard scores for Communica-
tion, Daily Living Skills, Socialization, and Motor
skills, as well as an Adaptive Behavior Composite
(ABC) score. Supplementary Table S1 includes the
domain level standard scores and ABC score on both
versions/administration formats, showing largely
similar ranges and distributions.
Clinical Evaluation of Language Fundamentals

Preschool-Second Edition (CELF-P-2 [29]) evaluates the
language skills of preschool-aged children and provides
norm-referenced standard scores for core language skills
based on their performance on three subsets (e.g.,
sentence structure, word structure, and expressive
vocabulary).
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Social Responsiveness Scale-2 (SRS-2 [30]) is a 65-item
parent-report questionnaire designed as a continuous
measure of “autistic traits.” The preschool form was used
in the current study, and raw scores from the Social
Communication Impairments and Repetitive and Re-
stricted Behaviors domains were commonly used in
analyses.

Demographic and socio-environmental exposures
Demographic and socio-environmental variables were
collected through parent report. These included house-
hold income level, maternal demographic characteristics
(i.e., educational attainment, employment status, and

relationship status), maternal mental health (i.e., symp-
tom levels of depression and stress, substance abuse, ex-
periences of domestic violence, social support, and life
orientation), maternal parenting characteristics (i.e.,
child-rearing practices: nurturance and conflict, know-
ledge of effective parenting, criticism toward their child),
home environment (i.e., levels of cognitive stimulation),
and any adverse childhood experiences. Maternal cogni-
tive abilities were measured using NIH Toolbox batteries
[25] and included as a candidate predictor given that
previous studies showing association between maternal
IQ and child outcomes [31–33]. See supplementary
Table S3 for details of each measure used to assess each

Fig. 1 Participant recruitment and selection flowchart
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exposure variable. Additionally, child biological sex
was also considered as a risk factor given that males
are at greater risk for neurodevelopmental disorders
[34] and more susceptible to environmental exposures
[35–38].

Analysis plan

Latent profile indicators We used a combination of
theory and data-driven approaches to select LPA indica-
tors from the full neurodevelopmental battery, focusing
on measures that capture different domains of child neu-
rodevelopmental functioning comprehensively. We
chose to only include total scores of measures that sum-
marized broad domains of functioning (e.g., cognitive
performance, total behavior problems) rather than sub-
scales scores (e.g., verbal IQ, internalizing behavior), be-
cause (1) subscale scores and total scores were highly
correlated (see Tables S5-S8) and total scores are meant
to capture the information in the subscale scores and (2)
the total scores are more reliable and show higher con-
vergent validity with other tests of the same construct
(e.g., cognitive functioning, [39]; adaptive skills, [40]).
We also evaluated correlation coefficients between the
different total scores across measures to ensure that in-
dicators included were somewhat distinct, which we op-
erationalized as absolute values of correlation
coefficients of less than 0.7 (See supplementary Tables
S4). This process resulted in five global measures of
child neurodevelopment being entered into the LPA
models for classification: WPPSI FSIQ (general cognitive
performance), Flanker age-corrected standard score (ex-
ecutive function, attention), DCCS age-corrected stand-
ard score (executive function, attention shifting), CBCL
total problem T-score (general behavior problems), and
Vineland ABC standard score (adaptive behavior).

Latent profile analyses We used the R package mice
(multivariate imputation by chained equation; [41]) to
handle missing data with multiple imputation. With the
complete imputed dataset, LPA was conducted using R
package mclust [42]. Models with different numbers of
profiles (1-profile to 9-profile models) and different
parameterization of covariance matrices were fitted. The
fit indicators (Bayesian Information Criterions, BICs) of
models were examined to select the best model (i.e., with
the highest BIC). Once the best model was identified,
children were assigned to their most likely profiles based
on the posterior probabilities. We describe the differ-
ences in the five LPA indicators across the resulting pro-
files and compare profiles on additional developmental
and behavioral measures in the battery using ANOVA
with post hoc tests. To adjust for multiple comparisons,

we applied a Bonferroni corrected significance threshold
of 0.0024 for 21 comparisons.

Identifying predictors of profile membership To se-
lect salient predictors among the array of socio-
environmental factors described above, we applied least
absolute shrinkage and selection operator (LASSO) re-
gression with categorical profile membership as the
dependent variables. For the LASSO regression, all con-
tinuous variables were standardized with a mean of 0
and SD of 1 to be so that variables were on the same
scale for the LASSO model estimation, and the categor-
ical variables were dummy coded. Multivariate multi-
nomial logistic regression models were fit to examine
the association between the LASSO-selected predictors
and profile membership; child sex was added to the
models given that it is an important predictor of neuro-
developmental outcomes and child age and maternal age
were added as covariates. We conceptualized race as a
social construct confounded with many other socio-
demographic variables we already included in the
LASSO regression for predicting profile membership.
Given that one cannot intervene on race but rather the
many disproportionate burdens with which it is associ-
ated, we did not include race as a primary predictor.
However, we did conduct sensitivity analysis with race
(non-African American vs. African American) included
in the multinomial logistic regression.

Results
Of the 177 children who scored higher than 70 on the
WPPSI FSIQ, seven were excluded due to missing data
for more than three out of the five classifying variables
listed (more than 60% missing). This resulted in a final
analytic sample of N=170. Mean child age at the time of
assessment was 5.47 years (SD=0.38) (Table 1). About
half (51.18%) of the children were male, and a majority
(67.93%) were African American, with a large proportion
of children living in low SES households (52.18% with
annual income below $15,000; 47.64% of the mothers
with a high school degree or less; 76.63% of mothers
were not partnered). Demographics of our sample
largely reflected those of the total population of families
in Flint, with our sample having a slight over-
representation of African Americans (see Supplement
Table S9).

Person-center LPA results
Of the 1-profile to 9-profile models with 14 different co-
variance parameterizations tested, the 3-profile model
with a diagonally distributed covariance structure was
selected as the best model using BIC criteria (see Sup-
plementary Table S10). In the 3-profile model solution,
half of the sample was classified to Profile 1 “Relative
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weakness in all domains” (50%), about a third of the
sample to Profile 2 “Normative functioning in all do-
mains” (34.1%), and the smallest proportion to Profile 3
“Relative strengths in executive function and behavior”
(15.9%).
The three profiles showed statistically significant dif-

ferences across the five indicator variables, with the

largest differences in cognitive and language abilities
(Fig. 2, Table 2). Notably, all three profiles were charac-
terized by adaptive behavior skills in the “Adequate”
range as measured by the Vineland ABC score. Further,
the three profiles were compared across all available
measures of neurodevelopmental domains to provide
more detailed depictions of the profiles: Profile 1

Table 1 Demographic information and descriptive characteristics of the analytic sample (N=170)

N %

Child gender Male 87 51.18

Child race White 26 15.29

Black or African American 117 68.82

Multi-race 23 13.53

Other 2 1.18

Missing 2 1.18

Child ethnicity Hispanic 14 8.24

Maternal education Less than high school 21 12.35

High school or GED 60 35.29

Vocational/technical school or some college/associate degree 72 42.35

College or graduate degree 15 8.82

Missing 2 1.18

Maternal employment Working full-time 29 17.06

Working part-time 58 34.12

Not employed 60 35.29

Disabled, not able to work 19 11.18

Retired 1 0.59

Missing 3 1.76

Maternal marital status Single moms 133 78.24

Missing 3 1.76

Household income Less than $10,000 59 34.71

$10,000–$15,000 31 18.24

$15,001–$25,000 19 11.18

$25,001–$35,000 16 9.41

$35,001–$45,000 8 4.71

$45,001–$55,000 8 4.71

$55,001 and up 9 5.29

Don’t know 14 8.24

Missing 6 3.53

Mean (SD) Range

Child age (N=170) 5.47 (0.38) [4.05, 6.04]

Mother age (N=170) 31.39 (6.38) [21.25, 52.95]

WPPSI FSIQ Standard(Std) Score (N=167) 88.99 (11.89) [70, 120]

DCCS Std Score (N=162) 94.43 (13.03) [59, 117]

Flanker Std Score (N=158) 94.72 (13.36) [62, 135]

CBCL Total Problems T Score (N=164) 51.79 (14.67) [28, 93]

Vineland ABC score (N=146) 95.66 (15.21) [51, 140]

Vineland ABC score, Vineland adaptive behavior composite standard score
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“Relative weakness in all domains” showed the lowest
scores on measures of cognitive performance and the
highest scores on the CBCL total problems with adaptive
behavior skills in the adequate range (Table 2). Add-
itionally, Profile 1 showed the lowest language skills on
the CELF-P-2 and significantly higher social communi-
cation impairments on the SRS compared to Profile 2.
Profile 1 also has the highest percentage of children
meeting the clinical cut-offs on CBCL problem scales
(32.84% on externalizing problems and 38.24% on in-
ternalizing problems); Profile 2 “Normative functioning
in all domains” showed the highest cognitive perform-
ance (WPPSI FSIQ mean 102.02, SD 7.20, and 100%
above the score of 85) and significantly higher executive
functioning and adaptive functioning than Profile 1. On
assessments not included in the LPA, children in Profile
2 scored the highest in the language skills on the CELF-
P-2 (Table 2); Profile 3 “Relative strengths in executive
function and behavior” had a unique profile across the
five LPA indicator variables. Children classified in Profile
3 had lower scores on the WPPSI, similar to Profile 1.
However, they had high scores on executive functioning
measures (the NIH Toolbox Flanker and DCCS) that
were, on average, comparable to or even higher than
Profile 2 (see Table 2). Moreover, in the behavioral do-
mains, Profile 3 had the lowest severity on CBCL behav-
ioral problem scores and SRS social impairment scores,
with the fewest cases meeting the clinical cut-off for

internalizing (8.33%), externalizing (0%), or total prob-
lems (0%) on the CBCL.

Predictors of profiles
We selected Profile 2, the normative functioning group,
to serve as the reference group for both the LASSO re-
gression and multinomial logistic regression model to
examine risk factors associated with subgroup member-
ship. Of the predictors examined, the LASSO model se-
lected two predictors of profile membership: maternal
IQ and household income level based on the model fit
index of AICC corrected for small sample bias (AICC=
135.51, BIC=143.68). The multivariate multinomial lo-
gistic regression model included child sex, maternal IQ,
and household income while controlling for child age
and maternal age (R2=0.25). Compared to the normative
functioning Profile 2, girls were less likely to be in Pro-
file 3 “Relative strength in executive function and behav-
ior” (OR=0.26, p=0.03), and children of mothers with
lower IQ were more likely to be in Profile 1 “Relative
weakness in all domains” (odds ratio [OR]=0.46, p=
0.004) (see Table 3). Children from higher-income
households were more likely to be in Profile 2 (norma-
tive functioning) than in Profile 1 “Relative weakness in
all domains” (see Table 3), though findings were margin-
ally significant (OR=0.55, p=0.058). In sensitivity ana-
lysis, race was not a significant correlate of profile

Fig. 2 Line plot with standardized scores of the three profiles across the five indicator variables included in the LPA. Note: The figure shows the
standardized scores of five indicator variables in the model by profiles: NIH Toolbox Dimensional Change Card Sort Test (DCCS) and Flanker
Inhibitory Control and Attention Test (Flanker), WPPSI full scale IQ (FSIQ), Vineland Adaptive Behavior Composite Score, and reversed CBCL total
problems scores (the scores were reversed to be in the consistent direction with other measures on the graph, with higher scores indicating
better performance/fewer problems)
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Table 2 Descriptive statistics on child measures across profiles

Variable Profile 1
(N=85; 50%)

Profile 2
(N=58; 34.12%)

Profile 3
(N=27; 15.88%)

p* Effect
size (η2)

Post hoc
comparisons*

Mean (SD), IQR Mean (SD), IQR Mean (SD), IQR

Child age 5.42 (0.4) 5.48 (0.35) 5.6 (0.35) 0.0785 0.03

Child sex (% of male) 56.47% 37.93% 62.96% 0.0383

WPPSI FSIQ Std Score 81.9 (7.96), 14 102.02 (7.2), 9 83.26 (4.9), 7 <.001* 0.63 2>1; 2>3

% of FSIQ≥85 36.14% 100% 33.33%

DCCS Std Score 86.41 (12.03), 20 102.07 (9.35), 9 103.32 (4.44), 9 <.001* 0.38 2>1; 3>1

Flanker Std Score 85.31 (11.14), 25 105.47 (8.59), 12 100.44 (3.98), 0 <.001* 0.50 2>1; 3>1

CBCL Total Problems Tscore 56.1 (15.9), 26 48.57 (13.27), 16 45.69 (8.99), 16 0.0007* 0.09 1>3

% met clinical cut-off 36.25% 10.34% 0%

Vineland ABC score 93.03 (16.62), 17 101.56 (13.15), 17.5 90.24 (9.79), 11 0.0014* 0.09 2>1

WPPSI GA Std Score 81.55 (9.54), 14 100.58 (8.31), 11 82.74 (5.91), 8 <.001* 0.52 2>1; 2>3

WPPSI NVI Std Score 81.89 (10.15), 11 99.68 (10.45), 15 83.84 (6.58), 9 <.001* 0.42 2>1; 2>3

WPPSI VCI Std Score 84.46 (10.9), 14 102.6 (11.28), 18 86.56 (8.01), 14 <.001* 0.39 2>1; 2>3

WPPSI FRI Std Score 82.33 (13.61), 19 96.63 (13.85), 24 84 (11.12), 7 <.001* 0.20 2>1; 2>3

WPPSI WM Std Score 87.71 (12.01), 15 101.63 (11.78), 20 95.31 (11.8), 16 <.001* 0.22 2>1

CELF-P-2 Core Language Std Score 85.02 (11.89), 13 103.1(10.5), 16 90.16(8.56), 8 <.001* 0.36 2>1; 2>3

Vineland Motor Std Score 90.96 (16.86), 19 100.54 (14.38), 17.5 88.67 (15.66), 24 0.0013* 0.09 2>1

Vineland Communication Std Score 90.52 (17.05), 21 98.42 (11.62), 12 91.67 (10.89), 14 0.0101 0.06

Vineland Daily Living Std Score 97.05 (17.87), 25 105.58 (13.53), 15 93.71 (10.46), 10 0.0021 0.08

Vineland Socialization 95.74 (16.71), 17 101.66 (15.91), 25 92.67 (12.04), 20 0.0416 0.04

Std Score

SRS-2 Repetitive Behavior Raw Score 7.91 (6.8), 8 5.02 (4.72), 5.5 4.31 (2.66), 3 0.0026 0.07

SRS-2 Social Communication Impairment Raw Score 46.37 (18.76), 29 34.59 (18.44), 25.5 37.62 (13.58), 16 0.0008* 0.09 1>2

CBCL Externalizing Raw Score 17.31 (11.2), 16 10.82 (9.1), 13 9.4 (6.57), 10 0.0002* 0.11 1>2; 1>3

% of met clinical cut-off 32.84% 10.90% 0%

CBCL Internalizing Raw Score 14.22 (12.2), 17 9.19 (9.02), 6 7 (5.28), 4.5 0.003 0.08

% of met clinical cut-off 38.24% 12.96% 8.33%

FRI fluid reasoning, FSIQ full scale IQ, GA general ability, IQR interquartile range, NVI nonverbal, SD standard deviation, SRS Social Responsiveness Scale-2, VCI
verbal comprehension, WM Working Memory
*Bonferroni corrected threshold p<0.0024

Table 3 Results from multinomial logistic regression with Profile 2 as the reference group

Profile 1 “Relative weakness
in all domains”

Profile 3 “Relative strengths in
executive function and behavior”

Odds ratio 95% CL p Odds ratio 95% CL p

LASSO-selected predictors Maternal IQ 0.46 [0.27, 0.78] 0.004 0.85 [0.44, 1.63] 0.626

Household income 0.55 [0.30, 1.02] 0.058 0.65 [0.32, 1.33] 0.240

Demographic predictors Child sex Male [Reference] -- -- [Reference] -- --

Female 0.43 [0.18, 1.03] 0.059 0.26 [0.08, 0.89] 0.032

Covariates Child age 0.81 [0.51, 1.29] 0.383 2.34 [1.01, 5.43] 0.045

Maternal age 1.33 [0.86, 2.05] 0.196 0.97 [0.53, 1.79] 0.923
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membership nor did it significantly contribute to vari-
ance explained (△R2=0.03; ps>0.05).

Discussion
We aimed to understand variability neurodevelopmental
profiles within a well-characterized sample of preschool
children in Flint, MI. While some children showed sig-
nificant deviations from same-aged peers in one or more
developmental domains assessed, others showed profiles
suggesting limited neurodevelopmental risk. LPA re-
vealed three profiles characterized by varying levels of
functioning across developmental domains (cognitive
abilities, executive functioning, behavior problems, and
adaptive behavior skills): Profile 1 “Relative weakness in
all domains,” Profile 2 “Normative functioning in all do-
mains,” and Profile 3 “Relative strengths in executive
function and behavior”.
Children in Profile 1, representing half of the sample,

showed the lowest scores in all domains of cognitive
abilities, language abilities, and executive functioning, as
well as elevated behavior problems (i.e., greater social
impairment and externalizing problems). Nonetheless,
children in Profile 1 showed adequate levels of adaptive
behaviors on average, indicating that their everyday
functioning is relatively intact even in the context of
other delays and difficulties. Profile 3 had similarly low
cognitive and language abilities as Profile 1. However,
they exhibited the highest executive functioning (within
the average range) and fewest behavior problems (with
none meeting clinical cut-offs for either total or exter-
nalizing problems). This is consistent with previous find-
ings showing that better executive function is associated
with higher emotion regulation skills [43] and fewer be-
havior problems [44]. Given the observed delays in at
least some developmental domains for children in Pro-
files 1 and 3, early screening and surveillance efforts are
warranted to identify and support children who might
not otherwise come to the attention of professionals. Es-
pecially for children like those in Profile 3 with few
parent-reported behavior problems (i.e., CBCL), their
parents might be less likely to seek service [45, 46], and
thus, these children might be less likely to receive early
intervention. Children in Profile 2, the normative func-
tioning class, exhibited average-range abilities across the
multiple neurodevelopmental domains measured in the
current study. These children demonstrate resilience in
the face of multiple early adverse experiences. Many pre-
vious LPA studies with young children at risk (e.g., chil-
dren born preterm [47, 48] or attending special
education services [49]) identified three to four profiles,
with the largest group performing within the average
range (e.g., often named as the normative group or typ-
ically developing group). However, in the current sam-
ple, the normative functioning Profile 2 takes up only

around one-third of the sample, whereas the lowest-
performing Profile 1 was the largest group. These find-
ings possibly indicate that more children in the current
Flint sample experience delays across neurodevelopmen-
tal domains as a result of the water crisis and many
other socio-environmental exposures [2, 3].
These different outcome profiles identified by the LPA

also highlight the need for additional research to under-
stand differential susceptibility to multiple adversities
and potential sources of resilience. In our exploratory in-
vestigation of possible predictors of profile memberships,
we identified child sex and maternal IQ as significant
predictors, and household income level as a marginally
significant predictor. Consistent with previous research
showing a male-dominant sex ratio for neurodevelop-
mental disorders [34, 50], Profile 3, with delays in cogni-
tive and adaptive functioning, had a higher proportion of
males compared to the normative Profile 2. We also
found that children whose mothers had lower cognitive
functioning were more likely to be in Profile 1 than in
the normative Profile 2. These findings are consistent
with previous studies showing positive associations be-
tween maternal IQ and child outcomes [33, 51, 52].
Taken together with the marginally significant associ-
ation with household income, children in Profile 1 would
likely benefit from a more enriched early learning envir-
onment with comprehensive family-level support to em-
power mothers who themselves might face increased
challenges related to lower cognitive functioning and/or
living in poverty.
Our study has several limitations. With only one data

point, the current study provides a snapshot of the neu-
rodevelopmental profiles of a sample of Flint children
who were born before the onset of the water crisis. Not
surprisingly, given our study population’s life circum-
stances, we had difficulties reaching and recruiting fam-
ilies to participate in the current study (only 184
mother-child dyads completed the full study protocol
out of 640 contacted), raising concerns about potential
sampling bias. It is possible that parents who were
already concerned about their children’s development
were more likely to participate so that they could receive
a comprehensive neurodevelopmental assessment, and/
or it is possible that families facing the greatest hard-
ships (and whose children may also have been at in-
creased risk for neurodevelopmental difficulties) were
less likely to participate because of the burden associated
with the study protocol. Further, our findings might not
be representative of children who experience additional
health challenges (e.g., born preterm or with low birth
weight, nonverbal, deaf or blind) as we excluded those
children due to concerns about the validity of neurode-
velopmental assessments. While subgrouping methods
like LPA have well-acknowledged limitations [53, 54]
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and our findings might be subject to sampling bias, our
final sample did, in fact, reflect the socio-demographic
characteristics of the broader Flint population (see Table
S9).
Findings of differential outcome profiles in the Flint

sample have possible implications for understanding the
development of children in other communities in USA
who experience comparable socio-environmental expo-
sures [55, 56], though replications of the profiles and
profile predictors in other samples are needed. More-
over, the different neurodevelopmental profiles provide
further support for multifinality in child development
and suggest careful considerations of tailored interven-
tions to meet the needs of individual children and fam-
ilies. Further, it is important to acknowledge that all
children in Flint, regardless of current abilities, may re-
quire additional long-term supports and services given
exposure to multiple psychosocial stressors (including
the water crisis) and the time-lag in the manifestation of
potential consequences (e.g., specific learning disabilities
that may not appear until later in school age). Future op-
portunities for research include sequential longitudinal
neurodevelopmental assessments, correlation of profiles
with historic lead exposure, and evaluation of the impact
of mitigating interventions and services.

Conclusion
Collectively, our findings demonstrate the importance of
considering multiple aspects of development simultan-
eously and the utility of person-centered approaches for
evaluating the needs of children in at-risk communities.
We identified three neurodevelopmental profiles among
a sample of preschool-aged children who experienced
the Flint water crisis, suggesting diverse developmental
patterns in response to myriad social and environmental
exposures, with adaptive behavior skills as a relative
strength despite highly varying degrees of functioning in
other domains. Therefore, comprehensive screening and
neurodevelopmental profiling of children in the Flint
community are needed to support appropriate service
delivery. Our findings also suggest that boys as well as
children with mothers with lower cognitive functioning
and/or lower-levels of household income might be more
vulnerable to delays in different developmental domains.
Future longitudinal studies are also necessary to examine
the effect of the multiple environmental and chemical
exposures on neurodevelopment and long-term outcome
among children in Flint and other at-risk communities.
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