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Associations of residential green space with internalizing and externalizing behavior in early childhood
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Abstract
Background
Green space exposures may promote child mental health and well-being across multiple domains and stages of development. The aim of this study was to investigate associations between residential green space exposures and child mental and behavioral health at age 4–6 years.

Methods
Children’s internalizing and externalizing behaviors in the Conditions Affecting Neurocognitive Development and Learning in Early Childhood (CANDLE) cohort in Shelby County, Tennessee, were parent-reported on the Child Behavior Checklist (CBCL). We examined three exposures—residential surrounding greenness calculated as the Normalized Difference Vegetation Index (NDVI), tree cover, and park proximity—averaged across the residential history for the year prior to outcome assessment. Linear regression models were adjusted for individual, household, and neighborhood-level confounders across multiple domains. Effect modification by neighborhood socioeconomic conditions was explored using multiplicative interaction terms.

Results
Children were on average 4.2 years (range 3.8-6.0) at outcome assessment. Among CANDLE mothers, 65% self-identified as Black, 29% as White, and 6% as another or multiple races; 41% had at least a college degree. Higher residential surrounding greenness was associated with lower internalizing behavior scores (-0.66 per 0.1 unit higher NDVI; 95% CI: -1.26, -0.07) in fully-adjusted models. The association between tree cover and internalizing behavior was in the hypothesized direction but confidence intervals included the null (-0.29 per 10% higher tree cover; 95% CI: -0.62, 0.04). No associations were observed between park proximity and internalizing behavior. We did not find any associations with externalizing behaviors or the attention problems subscale. Estimates were larger in neighborhoods with lower socioeconomic opportunity, but interaction terms were not statistically significant.

Conclusions
Our findings add to the accumulating evidence of the importance of residential green space for the prevention of internalizing problems among young children. This research suggests the prioritization of urban green spaces as a resource for child mental health.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s12940-024-01051-9.
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Background
The residential neighborhood context has been identified as an important contributor to behavioral and mental health and development [1–3]. Natural environments in particular may promote healthy development for children, even early in childhood [4]. Given the plasticity of the developing brain, early life may be an especially important window for these exposures [5, 6]. This early developmental window is of further interest as the onset of externalizing and internalizing behavior problems in early life are linked to poorer outcomes in several domains later in life. Externalizing behaviors, characterized by behavior directed outwards at an individual’s environment, include attention problems, rule-breaking, and aggressive behavior [7]; may interfere with functioning in school and social settings; and are associated with further externalizing behaviors in adolescence, as well as substance use disorders, lower academic achievement, accidental injury, and obesity across the life course [8]. Behavior problems in the internalizing domain include behaviors directed towards the self, such as depression, anxiety, and social withdrawal [9]. Internalizing symptoms can also emerge in early life and are associated with subsequent internalizing problems in adolescence and adulthood, substance use, and other significant functional impairments.
The evidence to date suggests an inverse relationship between green space and behavior problems in childhood, particularly for externalizing behaviors [10]. In early school-age children, research on green space and behavior has primarily focused on attention, including Attention Deficit/Hyperactivity Disorder (ADHD) symptoms and diagnosis, working memory, and attentional and inhibitory control [11–13]. Prior studies are also suggestive of an association between green space and internalizing behavior, though results are generally less consistent than those for the externalizing domain. Among school-age children and adolescents, studies of residential green space have observed associations of higher green space with reduced symptoms of depression or anxiety [14–16]. Though internalizing behavior problems can emerge early in childhood, few studies of green space have focused on outcomes in this domain at these younger ages.
Natural environments may affect child behavioral and mental health through multiple mechanisms. Exposures to green space, including public green space, may promote child physical activity and free play, facilitate social connections, or reduce adverse environmental exposures [17, 18]. Some of these mechanisms may be operating at the neighborhood scale or require time spent playing in green spaces. Exposures may also directly influence cognitive processing or psychophysiological mechanisms. Prior observational and experimental studies have largely been informed by Attention Restoration Theory (ART) or Stress Recovery Theory (SRT). ART suggests that natural environments facilitate recovery of cognitive processing resources by allowing for restoration of directed attention [19–21]. This hypothesized mechanism has motivated the focus on attention outcomes in children. However, SRT suggests that contact with nature may also directly impact perceived stress and physiological measures of the stress response, including regulation of autonomic nervous system activity and the hypothalamic–pituitary–adrenal (HPA) axis [22]. Overall greenness in the immediate neighborhood and specific green space forms such as tree canopy, may be particularly relevant for these mechanisms [23].
Though there is a rapidly accumulating literature on the relationship between green space and behavioral and mental health, several limitations of this literature have been identified [4, 10, 24]. Some studies have been limited to a single residential location at a single time point or only considered one green space exposure measure; relatively few studies have examined exposures in the first years of life or included multiple green space indicators. A number of prior studies have been unable to adjust for potentially important confounders, including measures such as maternal depression or neighborhood socioeconomic characteristics. Studies with large sample sizes have also often been limited to a categorical diagnosis to assess behavioral and mental health outcomes or have used study populations of older children.
We investigated the relationships between residential green space exposures and child behavioral and mental health within the Conditions Affecting Neurocognitive Development and Learning in Early Childhood (CANDLE) study. Specifically, we examined both internalizing and externalizing behaviors at age 4–6 in this well-characterized, socioeconomically and racially diverse cohort. We explored effect modification by neighborhood socioeconomic opportunity and by child sex, and conducted a number of sensitivity analyses to assess the robustness of modeled relationships.

Methods
Study population
The CANDLE study is a longitudinal pregnancy cohort located in Shelby County, TN [25, 26]. This observational cohort is one of three cohort studies within the ECHO-PATHWAYS consortium [27]. The CANDLE study was established specifically to investigate determinants of child neurodevelopment. Pregnant women (N = 1503) were enrolled in CANDLE between 2006 and 2011 (births in 2007–2011). Women were excluded from participation in the CANDLE study if they were considered to have a high medical risk pregnancy, which was defined as having an existing chronic disease requiring medication or a known pregnancy complication at the time of recruitment. Each woman provided informed consent upon enrollment. When children were between ages 4 and 6, CANDLE mothers completed a suite of surveys, and mother-child dyads attended an in-person study visit. The analytic sample was restricted to those who reported a current address within Shelby County, TN at the time of the study visit or who reported a residential history within Shelby County for at least 75% of the year prior to the study visit in order to assess residential green space exposures. The CANDLE study was approved by the University of Tennessee Health Science Center Institutional Review Board (IRB). The current analysis was conducted by ECHO-PATHWAYS and was approved by the University of Washington IRB.

Child behavior
The preschool (1.5-5 years) version of the Achenbach System of Empirically Based Assessment Child Behavior Checklist (CBCL) was administered at the age 4–6 study visit for children < 6 years old [28]. Mothers reported “not true” (coded as 0), “somewhat or sometimes true” (coded as 1), or “very true or often true” (coded as 2), for 99 child behaviors. Each question was asked in reference to the two months prior to the study visit and missing responses were treated as zeroes. Responses to these individual items were summed to calculate the broadband scores and related syndrome subscales. Assessment of child behavior in early life commonly relies upon parent-report to evaluate behavior across multiple contexts. A particular strength of this tool is that it includes a wide range of behaviors. The CBCL has been validated for use in community samples and is widely used in both clinical and research settings [7].
The primary outcomes of interest in this analysis were the broadband internalizing score, the broadband externalizing score, and the attention problems subscale. At the preschool age, the attention problems syndrome scale contributes to the broadband externalizing score and has shown diagnostic value in screening for ADHD [29]. In secondary analyses, we explored the four syndrome scales in the internalizing domain: the emotionally reactive, anxious/depressed, somatic complaints, and withdrawn scales, as well as the other subscale in the externalizing domain: aggressive behavior. In both primary and secondary analyses, we used raw scores modeled as discrete variables. For descriptive purposes only, CBCL scores were dichotomized at clinical and borderline-clinical thresholds, defined as a t-score greater than 63 or a t-score greater than or equal to 60, respectively.

Green space
In this study, we examined three distinct measures of exposure to green space. First, the Normalized Difference Vegetation Index (NDVI) was used to assess the overall greenness of the area surrounding the residential location. We calculated NDVI at each participant residence using 2011 annual data at 30 m resolution from the NASA Global Web-Enabled Landsat Data (GWELD) [30]. Water (indicated by pixels with a value less than zero) was excluded, resulting in a scale ranging from 0 to 1 in each pixel of the dataset. We considered average NDVI within a 300 m buffer weighted by the residential history across the year prior to the age 4–6 study visit as the primary exposure. NDVI weighted by the residential history from age 1 to age 4 was explored in a secondary analysis. Using only a single address, at which the child had lived the longest, was explored in a sensitivity analysis. A 300 m buffer was used in the primary analysis because a distance of 300 m has often been used in policy and urban planning, as well as in prior epidemiologic studies, particularly when accessibility to green space is of interest [31]. A smaller buffer likely reflects more private rather than public green space, whereas buffers of 1000 m have been justified based on 5–10 min walking distances for adults; we explored these exposures in secondary analyses [32].
The second exposure measure used in this study was the percent of land area covered by tree canopy. Tree cover data were obtained from the US Environmental Protection Agency (EPA) EnviroAtlas and reflect the percent of the census block group covered by trees in 2008–2013 [33]. This measure includes street trees, parks, urban forests, and single trees on various properties, which were derived from 1 m resolution landcover data and aggregated to the census block group level. Percent tree canopy was weighted by the residential history across the year prior to the age 4–6 study visit in primary analyses; we also explored exposures averaged over the residential history from age 1 to age 4 or at the single longest-lived address.
We also examined a measure of access to green spaces: park proximity to the residence was calculated as Euclidean distance from the home location to the nearest boundary of a park in meters, using data on park boundaries in 2019 compiled by the Trust for Public Land [34]. Distance to the nearest park was calculated for the address at the time of outcome assessment as the primary measure and for the address at which the child lived the longest in a sensitivity analysis. In further sensitivity analyses, we calculated the distance to the nearest small park (< 2 acres), neighborhood park (2–20 acres), and community park (> 20 acres), separately [35]. Unlike the other two green space measures for which a higher value represents greater exposure to natural environments, park proximity was coded such that a lower value represents closer proximity, conceptualized as better access.

Covariates
An extensive suite of variables has been collected in CANDLE, including both maternal and child information. Maternal education was reported in five categories (less than high school, high school degree, technical school, college degree, or graduate/professional degree). Self-reported maternal race was included as Black, White, or another race/multiple races. Given the history of residential segregation and discrimination in the US, maternal race was considered a proxy measure for access to neighborhood resources and exposure to stressors, as well as a proxy for broader environmental conditions in the community. Household income was reported in 8 categories ($0-$15,000 was the lowest category, each of the next 6 categories were in increments of $10,000, and the highest category was $75,000 or more) at the age 4–6 visit. We converted income to a continuous variable by selecting the midpoint of each category; due to right-censoring, in the highest category the Pareto distribution was used to assign the income level [36]. This continuous income variable was then adjusted for the number of adults and children in the household at the age 4–6 visit using the OECD equivalence scale, which assigns a value of 1 to the first adult in the household and a value of 0.5 for each additional adult and a value of 0.3 for each child in the household [37]. Maternal IQ was assessed using the Wechsler Abbreviated Scale of Intelligence (WASI) first edition, four-subtext form [38, 39] and maternal depression was assessed using the Center for Epidemiological Studies-Depression scale (CES-D) at the age 4–6 study visit [40]; both were included as continuous covariates. The preschool version (parent-report for ages 2–5) of the Parenting Relationship Questionnaire (PRQ) was administered at the age 4–6 visit for all children and the attachment score was used as a continuous variable [41]. Maternal tobacco smoking during pregnancy was defined as either self-report of tobacco use or a urinary cotinine level greater than 200 ng/mL in a 2nd or 3rd trimester sample. Gestational age at birth was obtained from medical records and dichotomized; preterm was defined as a gestational age < 37 weeks. Residential instability was calculated as number of changes of address between the child’s birth to the age 4–6 study visit from reported residential history and specified as a count.
Several child behaviors were also reported at age 4–6 in CANDLE and were included in extended models. Physical activity was reported as how many times in a normal week the child engaged in vigorous physical activity in three categories (never or occasionally, once or twice per week, and three or more times per week). Screen time, specified as including watching television and using a computer, was reported as the number of hours per day.
Address histories were also used to characterize several neighborhood-level conditions. Urbanicity was assessed at the census tract level using census designations based on population density. Neighborhood resources were operationalized using the socioeconomic and education opportunity subscales of the Childhood Opportunity Index (COI) at the census tract level [42]. The socioeconomic scale is comprised of several variables at the census tract level, including poverty rate, homeownership rate, median household income, and employment rate. The education scale includes factors related to early childhood education, elementary education, secondary and post-secondary education, and educational resources. COI was weighted across the same address history as the green space exposure of interest. Both COI-socioeconomic and COI-education subscales were included separately in the models as covariates. In effect modification analyses, we examined the COI socioeconomic subscale as an effect modifier. In extended models, we accounted for living near a major roadway. Distance to the nearest major roadway (class A1, A2, or A3 road) was dichotomized at 150 m to indicate a near-road residence.

Statistical analysis
Descriptive statistics were calculated for exposures, outcomes, and covariates. We used linear regression with robust standard errors to assess the association between green space and the continuous raw CBCL scores.
We used a staged model approach to covariate adjustment. Covariates were identified a priori by reviewing the literature. Model 1 was considered minimally-adjusted, with only child sex and child age at outcome assessment included as covariates in the model. Model 2 was additionally adjusted for socioeconomic status, neighborhood resources, and proxies for socioeconomic resources; specifically, the covariates in model 2 included maternal education, household income adjusted for household size, maternal race, residential stability, COI socioeconomic scale, COI education scale, and urbanicity. Model 3 was considered primary and includes all of the covariates in model 2 as well as further adjustment for some additional factors related to child neurodevelopment, including maternal IQ, maternal depression, PRQ attachment score, maternal smoking during pregnancy, and preterm birth. Sensitivity analyses included a set of extended models, each with further adjustment for another individual or environmental factor, including child physical activity, child screen time, and a residential location near a major roadway. Effect modification by neighborhood SES (COI socioeconomic scale) and child sex was assessed by inclusion of a multiplicative interaction term in the model.
All data manipulations, visualizations, and analysis were conducted in R 3.6 (The R Foundation for Statistical Computing; Vienna, Austria).


Results
In CANDLE, 1,030 participants completed the CBCL at the age 4–6 study visit. There were 943 children in the final analytic sample with at least one of the three primary green space exposure measures and CBCL scores at age 4–6 (see details of exclusions in Supplemental Fig. 1).
Characteristics of the participants are shown for the analytic sample overall and by quartile of NDVI exposure in Table 1. Approximately half of the sample were boys and the mean age of children at the time of the CBCL assessment was 4.3 years (SD 0.4). Participant characteristics were generally similar to those of Shelby County overall [43]. In this sample, 65% of mothers self-identified as Black, 29% as White, and 6% as another race or multiple races; 41% had a college or graduate/professional degree. The mean internalizing domain raw score was 6.21 (SD 6.17) and T-score was 45 (SD 10.8) (Table 2); 5.3% of children in this sample had an internalizing score above the clinical threshold and 11.0% had an internalizing score above the borderline-clinical threshold. The mean externalizing domain raw score was 9.18 (SD 7.57) and T-score was 44.9 (SD 10.4); 4.8% and 7.7% of children in this sample had an externalizing score above the clinical and borderline-clinical thresholds, respectively. In this sample, 2.2% of children scored above clinical thresholds in both the internalizing and externalizing domains.
Table 1Characteristics of the analytic sample


	 	Full analytic sample
(n = 943)
	Sample by quartile of NDVI in 300 m

	Q1
(n = 230)
	Q2
(n = 230)
	Q3
(n = 229)
	Q4
(n = 230)

	Child variables
	 	 	 	 	 	 	 	 	 	 
	Categorical
	n
	(%)
	n
	(%)
	n
	(%)
	n
	(%)
	n
	(%)

	Boys
	465
	(49)
	115
	(50)
	113
	(49)
	108
	(47)
	120
	(52)

	Girls
	478
	(51)
	115
	(50)
	117
	(51)
	121
	(53)
	110
	(48)

	Preterm birth
	83
	(9)
	20
	(9)
	17
	(7)
	26
	(11)
	19
	(8)

	SHS exposure
	287
	(31)
	71
	(31)
	74
	(32)
	67
	(30)
	65
	(28)

	Continuous
	mean
	(SD)
	mean
	(SD)
	mean
	(SD)
	mean
	(SD)
	mean
	(SD)

	Age (yrs)
	4.3
	(0.4)
	4.3
	(0.4)
	4.3
	(0.4)
	4.3
	(0.4)
	4.3
	(0.4)

	Physical activity
	1.6
	(0.7)
	1.5
	(0.8)
	1.7
	(0.7)
	1.6
	(0.7)
	1.6
	(0.7)

	Screen time
	2
	(4.2)
	1.8
	(3.7)
	2.1
	(4.2)
	2
	(4.3)
	2
	(4.6)

	Maternal and household variables
	 	 	 	 	 	 	 	 	 	 
	Categorical
	n
	(%)
	n
	(%)
	n
	(%)
	n
	(%)
	n
	(%)

	Maternal race
	 	 	 	 	 	 	 	 	 	 
	   Black
	611
	(65)
	166
	(72)
	156
	(68)
	151
	(66)
	123
	(53)

	   White
	273
	(29)
	46
	(20)
	61
	(27)
	67
	(29)
	94
	(41)

	   Another race or multiple races
	59
	(6)
	18
	(8)
	13
	(6)
	11
	(5)
	13
	(6)

	Maternal education
	 	 	 	 	 	 	 	 	 	 
	   <High school
	52
	(6)
	8
	(3)
	15
	(7)
	7
	(3)
	20
	(9)

	   High school degree
	376
	(40)
	93
	(40)
	100
	(44)
	94
	(41)
	81
	(36)

	   Technical school
	124
	(13)
	30
	(13)
	29
	(13)
	38
	(17)
	21
	(9)

	   College degree
	237
	(25)
	65
	(28)
	53
	(24)
	52
	(23)
	61
	(27)

	   Graduate/prof degree
	147
	(16)
	34
	(15)
	28
	(12)
	38
	(17)
	45
	(20)

	Maternal smoking during pregnancy
	81
	(9)
	8
	(3)
	25
	(11)
	21
	(9)
	22
	(10)

	Near road
	264
	(28)
	83
	(36)
	77
	(34)
	55
	(24)
	43
	(19)

	Continuous
	mean
	(SD)
	mean
	(SD)
	mean
	(SD)
	mean
	(SD)
	mean
	(SD)

	Adjusted HH income (USD)
	17,903
	(13,514)
	17,129
	(13,224)
	17,302
	(13,170)
	17,932
	(13,699)
	19,697
	(13,973)

	Maternal IQ percentile
	40.3
	(30.7)
	40.2
	(29.4)
	36.7
	(29.8)
	40.7
	(31.4)
	44.1
	(32.4)

	Maternal depression score
	8.6
	(7.2)
	9
	(8.4)
	9
	(7.2)
	7.8
	(6.3)
	8.2
	(6.8)

	PRQ attachment score
	52.9
	(9.7)
	53.3
	(9.9)
	53.2
	(10.1)
	52.3
	(9.2)
	52.5
	(9.8)

	Neighborhood COI scales
	mean
	(SD)
	mean
	(SD)
	mean
	(SD)
	mean
	(SD)
	mean
	(SD)

	Socioeconomic
	-0.113
	(0.260)
	-0.131
	(0.271)
	-0.116
	(0.257)
	-0.106
	(0.238)
	-0.101
	(0.272)

	Education
	-0.047
	(0.068)
	-0.047
	(0.063)
	-0.052
	(0.063)
	-0.05
	(0.064)
	-0.037
	(0.079)


Abbreviations: SHS = secondhand smoke, HH = household, PRQ = Parenting Relationship Questionnaire, COI = Childhood Opportunity Index



Table 2CBCL scales in the analytic sample


	 	Full analytic sample
	Sample by quartile of NDVI in 300 m

	(n = 943)
	Q1 (n = 230)
	Q2 (n = 230)
	Q3 (n = 229)
	Q4 (n = 230)

	Raw broadband scores
	 	 	 	 	 	 	 	 	 	 
	Internalizing a
	6.21
	(6.17)
	6.66
	(6.82)
	6.40
	(6.44)
	5.51
	(5.05)
	6.06
	(6.02)

	Externalizingb
	9.18
	(7.57)
	9.25
	(7.54)
	9.25
	(8.03)
	9.37
	(7.29)
	8.56
	(7.21)

	Internalizing syndrome scalesa
	 	 	 	 	 	 	 	 	 	 
	Emotionally reactive
	1.65
	(2.00)
	1.76
	(1.98)
	1.65
	(2.16)
	1.42
	(1.73)
	1.66
	(2.00)

	Anxious/depressive
	1.80
	(2.03)
	1.97
	(2.27)
	1.86
	(2.06)
	1.57
	(1.72)
	1.75
	(2.00)

	Somatic complaints
	1.33
	(1.75)
	1.48
	(1.95)
	1.39
	(1.74)
	1.23
	(1.58)
	1.21
	(1.61)

	Withdrawn
	1.43
	(1.83)
	1.45
	(1.87)
	1.50
	(1.97)
	1.29
	(1.53)
	1.44
	(1.82)

	Externalizing syndrome scalesb
	 	 	 	 	 	 	 	 	 	 
	Attention problems
	2.20
	(1.94)
	2.35
	(1.98)
	2.08
	(1.92)
	2.20
	(1.86)
	2.10
	(1.95)

	Aggressive behavior problems
	6.98
	(6.17)
	6.90
	(6.09)
	7.17
	(6.60)
	7.17
	(6.00)
	6.46
	(5.83)


aThe range of CBCL scores in the internalizing domain in this sample was 0–44, 0–15, 0–12, 0–12, and 0–14 for the internalizing score, emotionally reactive scale, anxious/depressed scale, somatic complaints scale, and withdrawn scale, respectively
bThe range of CBCL scores in the externalizing domain in this sample was 0–43, 0–9, and 0–36 for the externalizing score, attention problems scale, and aggressive behavior scale, respectively



The distributions of green space are shown in Table 3. Among those with a COI socioeconomic subscale value above the median versus below the median, mean (SD) of NDVI in a 300 m buffer was 0.593 (0.083) and 0.591 (0.076), respectively. Mean tree cover was 37% (SD 12%) and 38% (SD 12%) among participants with a COI socioeconomic subscale value above and below the median, respectively. In this cohort, 28% of participants lived within 300 m of the nearest park; 11% lived within 300 m of a community park (> 20 acres).
Table 3Distribution of primary green space exposures in the analytic sample (n = 943)


	Exposure
	Mean
	(SD)
	Min
	25th p.
	Median
	75th p.
	Max

	NDVI in 300 m buffera
	0.592
	(0.08)
	0.249
	0.543
	0.596
	0.647
	0.789

	Tree Cover (%) b
	37.6
	(12.0)
	4.4
	29.1
	37.3
	45.7
	80.7

	Park proximity (m) c
	795
	(862)
	3
	282
	549
	987
	8417


a NDVI was weighted by the address history over the year prior to the age 4–6 study visit
b Tree cover was defined as the percentage of census block group, weighted by address history over year prior to age 4–6 study visit
c Park proximity was defined as distance from the address at the age 4–6 study visit to the edge of the nearest park



Internalizing
Higher levels of residential surrounding greenness were significantly associated with lower internalizing scores (Fig. 1). Effect estimates are reported per 0.1 unit NDVI, which approximates the IQR in this sample. Estimated coefficients were generally small, approximately 10% of the standard deviation of broadband scores observed in our sample. In the fully-adjusted model, a 0.1 unit higher NDVI exposure was significantly associated with a 0.66 units lower internalizing score (95% CI: -1.26, -0.07; p = 0.030). Higher NDVI was also significantly associated with a lower anxious/depressed score (β -0.20; 95% CI: -0.40, -0.01; p = 0.041) and a lower somatic complaints score (β -0.18; 95% CI: -0.35, -0.01; p = 0.040). Effect estimates tended to be consistent across the different covariate adjustment approaches in models 2 and 3 and in sensitivity analyses with further adjustment for living near a major roadway, child physical activity, or screen time (Supplemental Table 1). Differences in the internalizing score were similar for NDVI in larger (1000 m) buffer sizes and slightly attenuated for exposure in the 100 m buffer (Supplemental Table 2). Effect estimates were similar for exposures weighted by the address history from age 1 to 4, but were attenuated with exposures calculated at a single address representing the longest residence time (Table 4).
[image: ]
Fig. 1Associations between residential green space and CBCL scores. Figure legend: Differences (95% confidence intervals) in the CBCL scores are shown per (A) 0.1 unit higher NDVI, (B) 10% higher tree cover, and (C) 500 m further distance to the nearest park. NDVI and tree cover exposures were averaged over the residential history across the year prior to the outcome assessment. Park proximity was calculated for the current address at the time of the outcome assessment. Models were adjusted for child sex, child age at outcome assessment, maternal education, household income adjusted for household size, maternal race, socioeconomic COI scale, education COI scale, urbanicity, residential stability, maternal IQ, maternal depression, maternal smoking during pregnancy, and preterm birth


Table 4Association of green space exposures in multiple exposure windows with child behavior


	Exposure window
	NDVI a
	Tree Cover a

	β (95% CI)
	β (95% CI)

	Internalizing score
	 	 
	 Year prior to age 4–6 study visit
	-0.66 (-1.26, -0.07)
	-0.29 (-0.62, 0.04)

	 Age 1–4
	-0.58 (-1.13, -0.03)
	-0.31 (-0.65, 0.04)

	 Longest childhood address
	-0.31 (-0.75, 0.13)
	-0.24 (-0.53, 0.04)

	Externalizing score
	 	 
	 Year prior to age 4–6 study visit
	-0.36 (-1.00, 0.27)
	-0.34 (-0.72, 0.04)

	 Age 1–4
	-0.21 (-0.88, 0.46)
	-0.31 (-0.73, 0.11)

	 Longest childhood address
	-0.09 (-0.65, 0.48)
	-0.30 (-0.68, 0.07)

	Attention problems
	 	 
	 Year prior to age 4–6 study visit
	-0.06 (-0.23, 0.10)
	-0.06 (-0.17, 0.05)

	 Age 1–4
	0.01 (-0.17, 0.19)
	0.01 (-0.11, 0.12)

	 Longest childhood address
	0.00 (-0.16, 0.16)
	0.00 (-0.10, 0.10)


a Difference (95% confidence interval) in CBCL scores are shown per 0.1 unit higher NDVI and per 10% higher tree cover. Models were adjusted for child sex, child age at outcome assessment, maternal education, household income adjusted for household size, maternal race, socioeconomic COI scale and education COI opportunity, urbanicity, residential stability, maternal IQ, maternal depression, PRQ attachment score, maternal smoking during pregnancy, and preterm birth



While effect estimates were in the hypothesized direction (Fig. 1), confidence intervals included the null for the association between tree cover and internalizing behavior (β -0.29 per 10% higher tree cover; 95% CI: -0.62, 0.04; p = 0.082). A 10% higher tree cover was associated with a 0.11 units lower anxious/depressed score (95% CI: -0.22, 0.00; p = 0.047). Findings were consistent across models that further adjusted for additional covariates (Supplemental Table 1) and in models with tree cover weighted by address history across various windows in early childhood (Table 4). No associations were observed between park proximity and internalizing scores in primary or sensitivity analyses (Fig. 1 and Supplemental Table 1), including those restricting the exposure metric by park size (Supplemental Table 3).

Externalizing
All confidence intervals included the null for effect estimates of NDVI exposures on the broadband externalizing score as well as externalizing domain subscales (Fig. 1). Regression coefficients for NDVI tended to be similar across model staging adjustment (Supplemental Table 1). Estimated differences in externalizing broadband scores tended to be larger when NDVI was assessed in larger buffer sizes, but confidence intervals still included the null (Supplemental Table 2).
Estimates of associations between tree cover and each of the externalizing scales had confidence intervals that included the null (Fig. 1). In secondary analyses, we observed similarly null associations across varying exposure windows (Table 4) and additional adjustment for several covariates did not change effect estimates (Supplemental Table 1).
In primary analyses, no associations were observed with distance from the nearest park and externalizing behavior (Fig. 1). In a sensitivity analysis looking at distance to the nearest parks when classified by park size (Supplemental Table 4), there was some suggestion that living 500 m farther from the nearest community park (> 20 acres) was associated with a higher score on the attention problems scale (0.05, 95% CI: 0, 0.11, p = 0.07), though this result is from an exploratory sensitivity analysis and therefore should be interpreted cautiously.

Effect modification
We assessed effect modification by the COI socioeconomic scale as a measure of neighborhood socioeconomic conditions (Table 5) and child sex (Supplemental Table 4). Analysis of effect modification by neighborhood conditions suggested a larger association between NDVI and both internalizing and externalizing scores in neighborhoods with a lower COI socioeconomic subscale value indicating lower socioeconomic opportunity. However, p-values for the interaction term were all greater than 0.05. No effect modification by the neighborhood socioeconomic opportunity index was observed for tree canopy or park proximity. In interaction models by child sex, estimates were larger among boys than girls for associations between NDVI and child behavior, but all p-values for interaction were greater than 0.05.
Table 5Effect modification of associations between green space and CBCL scores by COI socioeconomic subscale


	COI socioeconomic subscale percentile a
	NDVI b
β (95% CI)
	Tree Cover b
β (95% CI)
	Park proximity b
β (95% CI)

	Internalizing score
	 	 	 
	 25th p.
	-0.84 (-1.76, 0.08)
	-0.30 (-0.76, 0.17)
	-0.20 (-0.72, 0.32)

	 50th p.
	-0.63 (-1.19, -0.08)
	-0.29 (-0.62, 0.03)
	-0.13 (-0.44, 0.19)

	 75th p.
	-0.40 (-1.04, 0.24)
	-0.29 (-0.66, 0.08)
	-0.04 (-0.27, 0.19)

	Interaction p-value
	0.46
	0.98
	0.56

	Externalizing score
	 	 	 
	 25th p.
	-0.63 (-1.51, 0.25)
	-0.34 (-0.83, 0.15)
	-0.29 (-0.87, 0.30)

	 50th p.
	-0.32 (-0.93, 0.30)
	-0.34 (-0.72, 0.04)
	-0.14 (-0.50, 0.22)

	 75th p.
	0.04 (-0.73, 0.81)
	-0.35 (-0.83, 0.14)
	0.02 (-0.26, 0.30)

	Interaction p-value
	0.25
	0.98
	0.31

	Attention problems
	 	 	 
	 25th p.
	-0.11 (-0.31, 0.09)
	-0.05 (-0.19, 0.08)
	-0.03 (-0.18, 0.12)

	 50th p.
	-0.06 (-0.23, 0.11)
	-0.06 (-0.17, 0.04)
	0.00 (-0.10, 0.09)

	 75th p.
	0.00 (-0.23, 0.24)
	-0.07 (-0.20, 0.06)
	0.02 (-0.06, 0.11)

	Interaction p-value
	0.40
	0.86
	0.50


a Effect modification was assessed by including a multiplicative interaction term between green space and the COI socioeconomic scale in the model. A higher value in the neighborhood scale indicates more socioeconomic opportunity. P-values shown are for the interaction term. Models were adjusted for child sex, child age at outcome assessment, maternal education, household income adjusted for household size, maternal race, socioeconomic COI scale and education COI opportunity, urbanicity, residential stability, maternal IQ, maternal depression, PRQ attachment score, maternal smoking during pregnancy, and preterm birth
b Differences in CBCL scores (95% confidence intervals) are shown for a 0.1 unit higher NDVI, 10% higher tree cover, and living 500 m closer to a park, at the 25th percentile, 50th percentile, and 75th percentile of the COI socioeconomic scale





Discussion
In this study of over 900 children aged 4–6 years enrolled in a longitudinal birth cohort, higher total residential surrounding greenness within 300 m of the residential location, but not tree cover or park proximity, was associated with lower levels of internalizing problems in young children ages 4–6. Results in secondary analyses suggest that these associations were driven largely by items on the anxious/depressed and somatic complaints syndrome scales. No associations were observed between green space and externalizing outcomes. Results from sensitivity analyses were generally consistent with conclusions from the primary analysis.
Our study further supports and extends existing literature suggesting a relationship between green space and internalizing behaviors among school-age children. For example, Madzia et al. observed lower anxiety t-scores with higher NDVI in 800 m, as well as lower depression and somatization t-scores with higher NDVI in 200 m [16]. These associations were identified among children at age 12 years, but not at age 7 years, using the Behavior Assessment System for Children, Second Edition (BASC-2) to assess behavior in a cohort in Cincinnati, OH. Amoly et al. similarly identified associations between higher green space and lower internalizing behaviors in a pediatric cohort ages 7–10, using the Strengths and Difficulties Questionnaire (SDQ) to assess child behaviors [44]. Other studies provide more limited evidence for associations between green space and internalizing behavior, with some associations only observed when accounting for exposure at the school location, only with exposure in larger buffer sizes, only among some subgroups, or among adolescents [15, 45–49]. Our study addresses some limitations identified in this prior work, including adjusting for factors that may have biased previously observed associations away from the null such as maternal depression. We also contribute to this literature by investigating associations earlier in the life course, and our results suggest the relevance of green space in this early window for internalizing behavior outcomes. Furthermore, to reduce exposure misclassification we obtained detailed address histories and used NDVI exposures at a fine spatial scale, which allowed us to investigate exposures averaged in multiple buffer sizes and across multiple periods in early childhood.
In contrast to much of the prior research, we did not observe an association between green space and externalizing behavior. Studies relying on parent-report of child behaviors include those that identified associations between higher neighborhood greenness and lower scores on broadband externalizing measures, including among nationally representative samples of children in Australia and South Korea [48–50]. Among those that further probed associations with subsets of behaviors within the externalizing domain, several have identified relationships with attention problems and hyperactivity scores [44, 47, 49, 51]. Some studies have also identified associations between more green space and lower conduct problem or aggressive behavior scores in older children and adolescents [16, 47, 49, 52]. There is variability in the published literature on this topic; several studies have reported effects only in some subgroups or null findings across all externalizing scales [45, 50, 53]. Though some of our sensitivity analyses hinted at associations with attention problems or aggressive behavior, we conducted many tests without adjusting for multiple comparisons and thus these sensitivity results should be interpreted cautiously.
Many behaviors within the externalizing domain, including those related to ADHD, may be more likely to be identified as problems once children reach school-age; therefore, associations between green space and externalizing behaviors may be harder to detect among younger children. Some of the strongest observational evidence for the relationship between green space and attention-related outcomes comes from several large population-based cohort studies from urban settings in multiple countries, that suggest an inverse association between NDVI and ADHD diagnosis that may be explained in part by reduced exposure to traffic-related air pollution [11, 54–56]. Notably, our study included a younger sample than these prior studies, which included children ranging in age from 7 to 17 years.
While an array of potential benefits of tree canopy have been hypothesized, the quantitative evidence for the relationship of tree cover with child health is still limited [57]. We did not observe associations of either internalizing or externalizing behaviors with tree canopy in the current study, though effect estimates were in the hypothesized direction. One limitation of the tree cover exposure measure we used was that it was only available at the census block group geography. This limited our ability to determine whether estimates differed from NDVI due to the presence of tree cover or due to the choice of areal unit (300 m radial buffer versus census block group) and prevented us from exploring associations with tree canopy across multiple buffer sizes. The location of the trees may also be relevant; our exposure measure did not distinguish between trees lining the roadway versus aggregated in park areas. More research is needed to evaluate these questions.
Health promoting associations have also been observed when access to green space was operationalized as proximity to the nearest urban green space or city park [58, 59]. Unlike these previous studies, we did not observe associations between proximity from parks and any subscales. One limitation of the current study is that we do not have a measure of neighborhood park use or whether the nearest park includes a playground that may be more often frequented by younger children and their caregivers. In contrast, the NDVI measure represents a cumulative exposure that reflects both intentional and unintentional green space exposure, which may in part explain why we observed associations of internalizing behavior with NDVI but not with park proximity. Perceptions of safety and availability of park amenities for families with young children including shaded areas, may also influence park use and were not captured in our exposure measure.
Multiple mechanisms have been theorized for the relationship between green space and health outcomes, including child behavior [57, 60, 61]. Experimental evidence suggests that cognitive processing tasks requiring control of attention towards both internal and external stimuli or suppression of both internal and external distractors may be sensitive to features of natural environments [21]. Our finding of a relationship of internalizing behavior with overall greenness, but not park proximity, is consistent with these hypothesized mechanisms. Some studies also suggest that green space may reduce exposure to air pollutants, though this literature lacks formal mediation analyses [60]. In our analysis, the results did not substantively change when distance to the nearest major roadway was added to the models as a proxy for traffic-related air pollution. Across all ages, urban green space may also provide spaces for physical activity, which may in turn improve both executive functioning and mental health [62]. In our models, further adjustment for child physical activity did not change the results though formal investigation of mediation in future work is warranted, ideally with objective physical activity measurement.
Green space may be particularly important for children and families with access to fewer resources. Populations with lower SES are more likely to experience higher levels of adverse stressors and environmental exposures and may be more reliant on resources within the residential neighborhood, each of which may suggest a greater potential benefit of residential green space exposures [63]. Several studies have identified relationships between green space and child behavioral and mental health that are more pronounced among those with lower parent educational attainment levels, lower household income, or lower area-level SES [45, 53, 59, 64]. However, others have identified stronger associations between green space and health in higher income areas and suggest that this may be due to higher perceived quality of green space translating to increased use of those spaces and improved health outcomes [46, 65]. Overall, evidence of effect modification by SES at either individual or neighborhood levels in prior studies is mixed, with some estimating a stronger association with green space in the group with lower SES and others estimating a stronger association with green space in the group with higher SES [45, 46, 53, 59, 65]. Though not statistically significant, the magnitude of the association between NDVI and internalizing behavior in this study was estimated to be larger for those in neighborhoods with lower socioeconomic opportunity. Further confirmation of this trend in future work could support urban green space as a resource to promote health equity.
This analysis from a well-characterized, socioeconomically and racially diverse pediatric cohort in an urban area in the US contributes to the growing literature on the relationship between green space and mental health and addresses several current gaps in our knowledge of the relationship of green spaces to children’s development. Few studies have explored relationships of natural environments to child behavior in the US in a cohort of this size and fewer still have examined multiple forms of green space. Importantly, we were able to examine multiple green space exposures, including a measure of green structure (i.e. tree cover) as well as public green space (i.e. park proximity), using a highly-resolved address history across childhood. An additional strength of this study was our ability to account for a suite of potential confounders at both the individual and neighborhood levels.
This analysis was also subject to several limitations. First, while the CBCL is a well-established, validated, widely-used tool in research settings and appropriate for this age, it relies on parent report of child behaviors and may be subject to outcome misclassification. Some mothers may be more or less likely to report problems to clinicians in a research setting or responses may be relative to other children the parent observes in the child’s peer group, which may have on average either more or fewer problems than national norms. Underreporting of behavior may have contributed to attenuation of any true effects in this analysis. Second, due to the particular urban setting in which the CANDLE cohort resides in Shelby County, green space measures were generally high. It is possible that any effects of green space on externalizing outcomes may occur at lower levels and taper off at higher levels of exposure, which could explain the null results observed here for externalizing behavior and attention problems. Lastly, we did not have information about green space at any childcare locations or the amount of time children spent outside in natural environments. While residential green space is frequently considered in the literature, these measures may not fully capture the relevant park spaces or tree canopy exposures for children.

Conclusions
Our finding of a relationship between surrounding greenness and internalizing score extends the literature in older samples to this younger age group, highlighting the importance of this relationship early in the life course. Future work using data from school-age and adolescence in the CANDLE cohort may be able to examine this question with more refined exposure and outcome assessments, including incorporation of school-based exposures and child-report of externalizing and internalizing symptoms.
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