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abstractBACKGROUND AND OBJECTIVES: Both the social environment and the physical environment are 

increasingly recognized as important to childhood diseases such as asthma. This study 

tested a novel hypothesis: that living in areas high in greenspace may help buffer the effects 

of difficult family relationships for children with asthma.

METHODS: A total of 150 children (ages 9–17), physician-diagnosed with asthma, participated 

in this study. To assess difficulties in parent-child relationships, parents and children 

completed measures of harsh/inconsistent parenting and parental hostility. Residential 

greenspace was calculated by using satellite-derived Normalized Difference Vegetation 

Index with a buffer of 250 m around the residential address. Outcomes included both 

clinical and biological measures: asthma control and functional limitations, as well as 

airway inflammation (fractional concentration of exhaled nitric oxide) and glucocorticoid 

receptor expression in T-helper cells.

RESULTS: After controlling for potential confounding variables, including family income, 

child demographics, and child medical variables, few main effects were found. However, 

interactions between residential greenspace and difficult family relationships were found 

for asthma control (P = .02), asthma functional limitations (P = .04), airway inflammation 

(P = .007), and the abundance of glucocorticoid receptor in T-helper cells (P = .05). These 

interactions were all in a direction such that as the quality of parent-child relationships 

improved, greenspace became more strongly associated with better asthma outcomes.

CONCLUSIONS: These findings suggest synergistic effects of positive environments across the 

physical and social domains. Children with asthma appear to benefit the most when they 

both live in high greenspace areas and have positive family relationships.
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WHAT’S KNOWN ON THIS SUBJECT: Previous 

research has documented detrimental effects of 

diffi cult family relationships on childhood asthma, 

but whether living in high greenspace areas can 

buffer these effects of diffi cult family relationships 

for children is not known.

WHAT THIS STUDY ADDS: This study documents 

the importance of considering both the social 

environment and the physical environment for 

childhood asthma. For children with asthma to 

benefi t from greenspaces, they may also need to 

have positive family relationships present.
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Residential greenspace has been 

receiving increasing attention as 

beneficial to mental and physical 

health in children and adults. 1        – 12 

One reason why greenspace 

might benefit health is that it has 

relaxing, restorative properties 

that can mitigate experiences 

of stress. 13,  14 If true, one might 

expect greenspace’s effects to be 

particularly beneficial to those in 

highly stressful environments. For 

children, one particularly salient 

type of stressful environment may be 

difficult relationships with parents, 

such as one in which there is harsh 

and inconsistent parenting or in 

which children experience hostility 

from their parents. In the current 

study, we tested this hypothesis by 

investigating interactions between 

greenspace and difficult family 

relationships on children’s asthma.

There is some evidence that 

greenspace is associated with asthma 

outcomes,  3,  15 – 17 although findings are 

mixed.18 – 20 One reason for this may 

be that social factors, such as family 

relationship characteristics, affect 

this relationship (eg, by affecting 

how much time children can spend 

outside). There is a large amount 

of literature linking psychological 

stress to asthma,  21,  22 with negative 

family relationship characteristics 

(such as harsh parenting) being one 

important stressor that is correlated 

with childhood asthma onset and 

symptoms.23 – 25 However, we are 

not aware of any previous studies 

that have investigated whether 

family relationship difficulties might 

moderate the effects of greenspace 

on childhood asthma.

We tested associations with 

both clinical asthma indicators 

as well as with asthma-relevant 

biological markers. We assessed 

a noninvasive marker of airway 

inflammation: the fractional 

concentration of exhaled nitric oxide 

(FeNO). FeNO levels increase as 

asthma control deteriorates,  26 

and decrease when treatment 

reduces airway inflammation. 27 

In addition, we investigated the 

expression of glucocorticoid 

receptors (GR) in T-helper cells. 

Glucocorticoids are transduced 

through receptors located inside cells 

(eg, T-helper lymphocytes) which 

coordinate immune responses that 

underlie airway inflammation. 28 

Psychosocial stress is associated 

with a lower responsiveness of 

cells to glucocorticoid’s anti-

inflammatory properties. 29, 30 Thus, 

a decreased abundance of GR in 

T-helper cells may dampen their 

ability to transduce cortisol’s anti-

inflammatory signals, thereby 

facilitating airway inflammation.

Hence, the current study considers 

the joint contribution of social and 

physical environment characteristics 

in childhood asthma. We tested 

interactions between residential 

greenspace and difficult family 

relationships (harsh/inconsistent 

parenting behaviors and parental 

hostility) in predicting (1) clinical 

outcomes, including asthma control 

and asthma functional limitations; 

and (2) biological markers relevant 

to asthma, including airway 

inflammation and expression of GR 

protein in T-helper cells among a 

sample of children with asthma.

METHODS

Study Participants

A total of 150 children ages 9 to 17, 

physician-diagnosed with asthma, 

were recruited from Chicago and 

outlying suburbs/cities through 

1 health care system, NorthShore 

University Health System, and 1 

federally qualified health center, 

Erie Family Health Center. Mailings 

were sent to families about the 

study (14% refused to participate). 

Children came to the research center 

between 2013 and 2014 with 1 

parent (88% mothers). Families 

were required to be fluent in English 

(<1% were excluded for this reason), 

and children had to be free of acute 

respiratory illness at the time of 

the visit and have no other chronic 

physical illnesses other than asthma. 

Children gave written assent and 

parents provided written consent. 

This study was approved by the 

Northwestern, NorthShore, and Erie 

Institutional Review Boards (see 

 Table 1).

Measures

Greenspace

We used the satellite-derived 

Normalized Difference Vegetation 

Index to assess a continuous 

measure of greenness across study 

2

TABLE 1  Descriptive Information About the Sample (n = 150)

Mean SD %

Child age 14.12 2.07

Sex, % male 57

Ethnicity, % white 49

Atopic status, % yes 82

Asthma severity 2.40 1.00

β agonist 1.36 1.97

Inhaled corticosteroid 2.40 2.99

Residential greenspace 0.20 0.04

Harsh/inconsistent parenting 22.52 2.58

Perceived parent hostility 21.81 5.38

Asthma control 20.84 3.54

Asthma functional limitations 6.27 1.25

FeNO, ppb 41.19 34.92

T-helper cell GR expression 62.68 17.26

β agonist and inhaled corticosteroid use refers to the number of days in the past week that medication has been taken. 

Asthma severity is rated on a 4-point scale (1–4). Greenspace ranges from −1 to 1. Harsh/inconsistent parenting ranges 

from 11 to 44. Parent hostility ranges from 14 to 56. Asthma control ranges from 5 to 25. Asthma functional limitations 

range from 1 to 7 (higher numbers indicate fewer limitations). T-helper cell GR expression refers to the mean fl uorescence 

intensity of glucocorticoid receptors in T-helper cells.
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regions. The Normalized Difference 

Vegetation Index ranges from −1 

to 1 (where 1 indicates a fully 

green space) based on land surface 

reflectance of visible (red) and near 

infrared parts of spectrum. 31 All 

images with less than 10% cloud 

cover from Landsat 8 Operational 

Land Imager and Thermal Infrared 

Sensor were downloaded from 

January 1, 2013 to November 1, 

2014, for the Chicago region to obtain 

a minimum of 2 measurements per 

season. We used ESRI ArcGIS Desktop 

(Release 10.1, Esri, Redlands, CA) 

to process relevant maps (see 

Supplemental Information).

Average greenness values in each 

season were extracted for buffers 

of 250-m radii around each study 

participant’s home address, and 

then averaged across the year. We 

conceptualized both greenspace and 

family environments as exerting 

cumulative effects over time on 

asthma, and hence this measure 

provides an indicator of long-term 

greenness exposure, independent 

of the time of year in which children 

participated in the study. Measures 

of greenspace have been found to 

be stable over multiple years. 17 The 

buffer area that was used is similar 

to that recommended by the World 

Health Organization,  32 has been 

used in previous studies,  12,  33– 35 

corresponds to other assessments 

of residential greenness,  36 and is 

thought to reflect greenness directly 

accessible to each home (∼5-minutes’ 

walking distance along walkable 

roads or pathways from a study 

participant’s home). 32

Diffi cult Family Relationships

Parents completed a questionnaire 

about parenting practices. 37 Eleven 

items assessed the frequency of 

harsh and inconsistent parenting 

behaviors (eg, telling child to get out 

of the house when the child does 

something wrong, disciplining one 

time but not another for the same 

offense) on a 4-point scale (ranging 

from “never” to “always”), creating 

a range of scores from 11 to 44. 

Higher scores indicate more harsh/

inconsistent parenting.

Children completed a questionnaire 

about parent hostility (in a separate 

room from parents). 37 Fourteen 

items assessed the frequency 

of hostility (eg, parent yelling, 

criticizing, or insulting them) on 

the same 4-point scale as described 

previously, creating a range of scores 

from 14 to 56. Children completed 

the questionnaire about their 

mother (given that not all children 

had a father present). Higher scores 

indicate greater parent hostility.

Both measures are considered trait 

(long-term) measures, have been 

used in numerous previous studies, 

have established reliability, and 

have demonstrated validity in being 

associated with mental and physical 

health outcomes. 38 – 40

Asthma Control Test

Parents completed the Asthma 

Control test,  41 a 5-item questionnaire 

with established reliability and 

validity that assesses asthma 

symptoms, use of rescue medications, 

and the effects of asthma on daily 

functioning over the previous 4 

weeks. Higher numbers indicate 

more well-controlled asthma.

Asthma Functional Limitations

Parents completed the Pediatric 

Asthma Caregiver Quality of Life 

Questionnaire,  42 which contains a 

scale assessing functional limitations 

(eg, child’s asthma caused the family 

to change their plans). This measure 

has established reliability and 

validity,  42 and higher scores indicate 

fewer asthma-related limitations.

Airway Infl ammation

FeNO was measured via an 

electrochemical analyzer according to 

American Thoracic Society guidelines 

using the NIOX system (Aerocrine 

AB, Solna, Sweden). No caffeine, food, 

or exercise was allowed for 1 hour 

before the start of testing.

T-Helper Cell Expression of GR Protein

Blood was collected in sodium 

heparin vacutainers. After red 

blood cells had been lysed and 

removed, the cell suspension was 

incubated with 10% normal human 

serum for 15 minutes to reduce 

nonspecific binding. Cells were 

stained with mouse, anti-human CD3 

and CD4 antibodies (PE and APC, 

respectively; BD Biosciences, San 

Jose, CA) to identify T-helper cells. 

After the cells had been fixed and 

permeabilized, they were stained 

for intracellular GR with a mouse, 

anti-human antibody (fluorescein 

isothiocyanate; AbD Serotec, 

Hercules, CA), similar to previous 

studies. 43 Data were acquired by 

using a Guava 6HT2L (Millipore, 

Billerica, MA) and analyzed with 

FlowJo (Tree Star Inc, Ashland, OR). 

The T-helper cell population was 

gated based on scatter profiles and 

color signal quadrants. Within this 

gate, mean fluorescence intensity was 

calculated as the average fluorescein 

isothiocyanate event signal, which 

corresponds to the abundance of GR 

protein in the T-helper population.

Covariates

Covariates included family 

socioeconomic status (family 

income), season of visit, demographic 

characteristics of the child (age, sex, 

ethnicity coded as white or other), 

and medical variables, including 

asthma severity (mild intermittent, 

mild persistent, moderate, severe), 

atopic status (ImmunoCAP 

Phadiatop, Portage, MI; yes/no), 

inhaled corticosteroid use, and β 

agonist use (number of times in 

the past week for both). To identify 

the unique effects of greenness 

and family relationships, medical 

variables that might have their 

own associations with, and hence 

confound associations of greenness 

or family relationships with 
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outcomes such as asthma control, 

were included as covariates.

Statistical Analyses

In preliminary analyses, we 

conducted correlations of covariates 

with asthma variables. In the primary 

analyses, we conducted hierarchical 

multiple regression analyses 

according to the recommendations of 

Aiken and West,  44 in which asthma 

measures were predicted from (1) 

covariates described previously, (2) 

main effects of greenspace and family 

relationships, and (3) the interaction 

between greenspace and family 

relationships. Interaction coefficients 

can be interpreted such that positive 

coefficients mean that at high levels 

of one variable, there is a positive 

association between the second 

variable and the outcome variable. 

Predictor variables were centered 

before analyses. We also included 

figures for illustrative purposes. 

Because both greenspace and 

family relationships are continuous 

variables, these figures are created 

with estimated regression lines 

plotted at ±1 SD of these variables.

RESULTS

Preliminary Analyses

Greenspace and difficult family 

relationships were not associated 

with each other (r = 0.01, P = .87, 

and r = −0.10, P = .24 for harsh/

inconsistent parenting and parent 

hostility, respectively). Associations 

of asthma variables with covariates 

were as follows: asthma control 

scores were inversely associated 

with asthma severity (r = −0.52, P < 

.001), number of days of β agonist use 

(r = −0.41, P < .001), and ethnicity, 

such that white children had better 

asthma control (t = 3.19, P = .002). 

More asthma functional limitations 

(lower scores) were associated with 

higher asthma severity (r = −0.33, 

P < .001), higher number of days of β 

agonist use (r = −0.32, P < .001), and 

ethnicity, such that white children 

had fewer asthma limitations (t = 

5.10, P < .001). FeNO was associated 

with atopic status, such that those 

with positive atopic status had 

higher FeNO scores (t = 3.82, P < 

.001) and with ethnicity, such that 

white children had lower FeNO 

scores (t = 2.24, P = .03). T-helper 

cell expression of GR was associated 

with child age (r = 0.22, P = .01), and 

with sex, such that girls had a greater 

abundance of GR (t = 1.96, P = .05).

Greenspace, Family Relationships, 
and Children’s Clinical Asthma 
Profi les

See  Tables 2 and  3 for details of all 

regression results.

Asthma Control

There were no main effects of either 

greenspace or harsh/inconsistent 

parenting on asthma control; 

however, there was a significant 

interaction between greenspace and 

harsh and inconsistent parenting 

predicting child asthma control 

(β = −.15, P = .02). For illustrative 

purposes, we depict this interaction 

in  Fig 1, which illustrates that as 

the extent of harsh/inconsistent 

parenting decreases, the effect of 

greenspace becomes more positive 

such that more greenspace is 

associated with better asthma 

control.

Asthma Functional Limitations

There were no main effects of either 

greenspace or parent hostility 

on asthma functional limitations; 

however, there was a significant 

interaction between greenspace 

and perceived parental hostility 

on asthma functional limitations 

(β = −.14, P = .04). This interaction 

operated in the same way as for 

asthma control, whereby as parental 

hostility decreased, more greenspace 

became associated with fewer 

asthma functional limitations (higher 

scores).

Greenspace, Family Relationships, 
and Children’s Biological Profi les

T-Helper Cell Expression of GR Protein

There were no main effects of either 

greenspace or harsh/inconsistent 

parenting on expression of GR; 

however, there was a significant 

interaction between greenspace 

and harsh/inconsistent parenting in 

predicting the expression of GR in 

children’s T-helper cells (β = −.17, 

P = .05). For illustrative purposes, 

we depict the interaction in  Fig 2. 

This figure reveals that as harsh/

inconsistent parenting decreases, 

the relationship between greenspace 

and GR expression becomes more 

positive; that is, more greenspace is 

associated with a greater abundance 

of GR protein in children’s T-helper 

cells.

FeNO

There were no significant main 

effects of either greenspace or 

children’s perceptions of parent 

hostility on FeNO scores. There 

was a significant interaction 

between greenspace and children’s 

perceptions of parent hostility in 

predicting airway inflammation (β = 

.22, P = .007). See  Table 2 for details 

of regression results. Consistent with 

the other interaction patterns, as 

parental hostility decreased, more 

greenspace became associated with 

lower airway inflammation.

DISCUSSION

This study tested the role that 

difficult family relationships and 

residential greenspace play in 

childhood asthma. Although the 

study is correlational and hence 

we cannot draw conclusions about 

causality, we documented a number 

of interactions across both clinical 

and biological asthma measures. 

These interactions were all in a 

direction suggesting that as family 

environments become less negative, 

greenspace has more beneficial links 

to clinical outcomes, such as asthma 
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control, and to disease-relevant 

biological processes, such as airway 

inflammation, in children. These 

findings could not be explained by 

family socioeconomic status, child 

demographic characteristics, or child 

medical variables, such as atopic 

status. Rather, they highlight the 

utility for pediatricians of considering 

the social environment in conjunction 

with the physical environment 

when trying to understand complex 

diseases such as childhood asthma. 45

Previous research has explored 

interactions between physical and 

social environments with respect 

to factors such as neighborhood 

air pollution,  46 – 48 but none has 

conducted such tests with respect 

to greenspace. A focus on positive 

neighborhood qualities may help 

with future intervention approaches 

to promoting children’s health, and 

consistent with this idea, there is 

an emerging literature on factors 

that predict positive interactions 

with neighborhood greenspaces. 49 

In the current study, rather than 

mitigating the detrimental effects 

of highly stressful environments (as 

initially hypothesized), greenspace 

appeared to synergize with more 

positive psychosocial environments; 

that is, when both greenspace was 

high and parent-child relationships 

were good, children exhibited the 

best asthma profiles. Thus, positive 

family relationships may serve as 

a resilience factor that helps to 

promote the benefits of greenspace 

(or vice versa). We cannot infer 

causal relationships from these data, 

but they suggest the possibility that 

children may gain the most from 

environments that are positive across 

multiple dimensions, including both 

the physical and the social.

In our study, patterns differed 

depending on whether harsh/

inconsistent parenting or children’s 

perceptions of parent hostility were 

used as the family relationships 

measure. The pattern of interactions 

was consistent across psychosocial 

5

TABLE 2  Regression Analyses of Greenspace and Children’s Report of Parent Hostility Predicting 

Child Asthma Outcomes

β 95% Confi dence Interval P

Asthma control

 Age 0.06 −0.12 to 0.34 .35

 Sex −0.07 −1.45 to 0.46 .31

 Ethnicity 0.11 −0.30 to 1.80 .16

 Family income 0.09 −0.11 to 0.40 .27

 Severity −0.41 −1.96 to −0.93 <.001

 Inhaled corticosteroid use 0.04 −0.11 to 0.21 .55

 β agonist use −0.30 −0.78 to −0.30 <.001

 Atopic status 0.13 −0.07 to 2.47 .06

 Season of visit 0.00 −0.50 to 0.52 .97

 Greenspace 0.05 −9.05 to 17.46 .53

 Parent hostility −0.11 −0.16 to 0.02 .12

 Greenspace × Parent hostility 0.03 −2.28 to 3.34 .71

Asthma functional limitations

 Age 0.14 0.01 to 0.17 .04

 Sex 0.04 −0.24 to 0.45 .55

 Ethnicity 0.20 0.13 to 0.89 .009

 Family income 0.33 0.10 to 0.28 <.001

 Severity −0.13 −0.35 to 0.02 .07

 Inhaled corticosteroid use −0.05 −0.08 to 0.04 .48

 β agonist use −0.26 −0.25 to −0.08 <.001

 Atopic status 0.07 −0.24 to 0.67 .35

 Season of visit 0.01 −0.17 to 0.20 .86

 Greenspace 0.02 −4.27 to 5.27 .84

 Parent hostility −0.08 −0.05 to 0.01 .24

 Greenspace × Parent hostility −0.14 −2.04 to −0.05 .04

T-helper cell GR expression

 Age 0.18 0.11 to 2.85 .03

 Sex 0.19 0.76 to 12.28 .03

 Ethnicity −0.16 −11.80 to 1.14 .11

 Family income 0.08 −0.92 to 2.10 .44

 Severity −0.18 −6.16 to −0.00 .05

 Inhaled corticosteroid use 0.00 −0.971 to 1.00 .98

 β agonist use 0.08 −0.77 to 2.14 .35

 Atopic status 0.03 −6.55 to 9.25 .74

 Season of visit −0.01 −3.15 to 2.89 .93

 Greenspace 0.06 −52.56 to 108.84 .49

 Parent hostility 0.21 0.14 to 1.21 .01

 Greenspace × Parent hostility −0.11 −28.32 to 5.55 .19

FeNO

 Age −0.08 −4.06 to 1.31 .31

 Sex −0.07 −16.18 to 6.47 .40

 Ethnicity −0.13 −21.35 to 3.55 .16

 Family income −0.01 −3.19 to 2.83 .91

 Severity −0.01 −6.60 to 5.59 .87

 Inhaled corticosteroid use −0.15 −3.67 to 0.20 .08

 β agonist use 0.17 0.11 to 5.88 .04

 Atopic status 0.25 8.27 to 38.41 .003

 Season of visit 0.02 −5.20 to 6.86 .79

 Greenspace −0.01 −168.89 to 145.76 .89

 Parent hostility 0.02 −0.90 to 1.21 .77

 Greenspace × Parent hostility 0.22 12.88 to 77.91 .007

β data are standardized coeffi cients; 95% confi dence interval is around the unstandardized β coeffi cient. Regression 

analyses were conducted in a stepwise fashion. Thus, the coeffi cients for all variables except the interaction term 

represent the main effect of that variable (with no interaction term included). The coeffi cients for interaction terms 

represent the interaction effect with main effects of all covariates and independent variables included. Ethnicity is coded 

as white or other. Inhaled corticosteroid and β agonist use refer to the number of days in the past week that participants 

took that medication. T-helper cell GR expression refers to the mean fl uorescence intensity of glucocorticoid receptors 

in T-helper cells.
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variables. However, associations 

with specific asthma outcomes 

varied by family relationships 

measure. Although the reasons 

for these differences are unclear, 

harsh/inconsistent parenting and 

children’s perceptions of parent 

hostility were not significantly 

correlated (r = 0.15), suggesting that 

these variables reflect 2 different 

psychosocial processes. Children 

who perceive their parents as hostile 

toward them may feel unsupported 

or unloved by parents, which may 

translate into the children being less 

likely to do activities in greenspaces 

together with their parent. Thus, 

even if these children are living 

in high greenspace areas, because 

of their difficult relationships at 

home, these children may not be 

interacting with these greenspaces 

together with their families as 

much as those in more supportive 

family environments, meaning 

that the benefits of greenspace 

for inflammatory processes 50 and 

for activity 5 are not accruing as 

readily. Although speculative, this 

may explain interaction effects of 

parent hostility and greenspace on 

children’s airway inflammation and 

asthma functional limitations. This 

explanation also would be consistent 

with the broader literature on 

neighborhood environments 

and children’s health that has 

documented that neighborhood 

conditions (eg, dilapidated housing) 

are associated with parent reports of 

children’s health status via effects on 

family functioning (eg, difficulties in 

parenting). 51

Harsh/inconsistent parenting practices 

interacted with greenspace to predict 

asthma control and the abundance of 

GR within T-helper cells. This parenting 

variable is more about the predictability 

with which parents act; for example, 

whether parents punish one time but 

not another for the same behavior. 

Over time, this type of day-to-day 

unpredictability may create the type 

of chronic stress that has been found 

6

TABLE 3  Regression Analyses of Greenspace and Harsh and Inconsistent Parenting Practices 

Predicting Child Asthma Outcomes

β 95% Confi dence 

Interval

P

Asthma control

 Age 0.05 −0.15 to 0.31 .50

 Sex −0.06 −1.40 to 0.53 .37

 Ethnicity 0.11 −0.26 to 1.86 .14

 Family income 0.10 −0.09 to 0.42 .20

 Severity −0.41 −1.98 to −0.93 <.001

 Inhaled corticosteroid use 0.05 −0.11 to 0.22 .51

 β agonist use −0.31 −0.80 to −0.31 <.001

 Atopic status 0.12 −0.19 to 2.37 .09

 Season of visit 0.01 −0.47 to 0.55 .88

 Greenspace 0.05 −8.72 to 18.04 .49

 Parenting −0.02 −0.21 to 0.163 .82

 Greenspace × Harsh/inconsistent parenting −0.15 −9.44 to −0.73 .02

Asthma functional limitations

 Age 0.12 −0.01 to 0.15 .08

 Sex 0.04 −0.25 to 0.43 .59

 Ethnicity 0.21 0.15 to 0.89 .007

 Family income 0.34 0.11 to 0.29 <.001

 Severity −0.12 −0.33 to 0.04 .11

 Inhaled corticosteroid use −0.07 −0.09 to 0.03 .31

 β agonist use −0.27 −0.26 to −0.08 <.001

 Atopic status 0.07 −0.22 to 0.68 .31

 Season of visit 0.03 −0.14 to 0.22 .69

 Greenspace 0.03 −3.85 to 5.60 .72

 Parenting −0.14 −0.14 to −0.01 .04

 Greenspace × Harsh/inconsistent parenting −0.06 −2.21 to 0.92 .42

T-helper cell GR expression

 Age 0.20 0.24 to 3.02 .02

 Sex 0.17 −0.01 to 11.73 .05

 Ethnicity −0.18 −12.66 to 0.51 .07

 Family income 0.05 −1.14 to 1.92 .62

 Severity −0.16 −5.89 to 0.42 .09

 Inhaled corticosteroid use −0.04 −1.23 to 0.82 .69

 β agonist use 0.10 −0.62 to 2.33 .25

 Atopic status 0.05 −5.58 to 10.53 .54

 Season of visit −0.01 −3.30 to 2.88 .89

 Greenspace 0.06 −55.05 to 109.65 .51

 Parenting −0.08 −1.67 to 0.56 .33

 Greenspace × Harsh/inconsistent parenting −0.17 −53.10 to −0.22 .05

FeNO

 Age −0.07 −3.91 to 1.41 .36

 Sex −0.07 −15.98 to 6.65 .42

 Ethnicity −0.13 −21.37 to 3.45 .16

 Family income −0.01 −3.19 to 2.78 .89

 Severity −0.02 −6.84 to 5.41 .82

 Inhaled corticosteroid use −0.14 −3.59 to 0.33 .10

 β agonist use 0.17 0.16 to 5.89 .04

 Atopic status 0.25 8.04 to 38.07 .003

 Season of visit 0.02 −5.40 to 6.64 .84

 Greenspace −0.02 −172.18 to 142.29 .85

 Parenting 0.06 −1.43 to 2.91 .50

 Greenspace × Harsh/inconsistent parenting −0.09 −80.81 to 23.00 .27

β data are standardized coeffi cients; 95% confi dence interval is around the unstandardized β coeffi cient. Regression 

analyses were conducted in a stepwise fashion. Thus, the coeffi cients for all variables except the interaction term 

represent the main effect of that variable (with no interaction term included). The coeffi cients for interaction terms 

represent the interaction effect with main effects of all covariates and independent variables included. Ethnicity is coded 

as white or other. Inhaled corticosteroid and β agonist use refer to the number of days in the past week that participants 

took that medication. T-helper cell GR expression refers to the mean fl uorescence intensity of glucocorticoid receptors 

in T-helper cells.
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to reduce immune cell responsiveness 

to the anti-inflammatory properties of 

cortisol,  30,  52 and hence potentially to 

worsen asthma control. Here, the effects 

of chronic stress may overwhelm the 

benefits of greenspace, thus resulting 

in greenspace being associated with 

beneficial effects under conditions of 

low, but not high, harsh/inconsistent 

parenting.

Strengths of the current study 

include the interdisciplinary 

approach of studying psychological 

factors in conjunction with physical 

environment factors when trying to 

better understand child health. In 

addition, the objective measure of 

residential greenness derived from 

satellite images is another strength. 

A third strength is the assessment 

of immunologic mechanisms within 

the context of a chronic disease. This 

allowed us to test hypotheses that 

exposure to greenspace promotes 

better regulation of inflammatory 

processes. 50 Limitations of the 

current study include the study 

design, which prevents conclusions 

about causality or directionality. 

Hence alternative explanations (eg, 

child psychological traits that covary 

with difficult family relationships, 

or neighborhood characteristics 

that covary with greenspace) are 

always possible. Future studies that 

can manipulate either greenspace or 

family environments would provide 

stronger evidence about causality. 

Other limitations include greenspace 

measures not informing us about 

actual time spent by participants in 

green areas, or about the specific 

characteristics of those greenspaces 

(eg, what percentage are parks, 

what types of allergenic trees are 

present). Further, residual exposure 

misclassification is always a possibility. 

Although we specified a rationale for 

the 250-m circular buffer, the radius 

and shape of this buffer is 

still somewhat arbitrary.

Future studies that are able to 

assess daily personal exposures 

to greenspace, as well as daily 

interactions between parents 

and their children, could provide 

additional information about the 

timing of the relationship of these 

2 factors to childhood asthma. With 

questionnaires, there is always the 

possibility of self-report biases, such 

as parents being unlikely to report 

themselves as harsh parents; however, 

this was why we included a child 

report as well. In addition, future 

studies also may want to include 

observed behavioral measures of 

parenting. We also note that our 

conclusions largely center around 

individual-level implications of 

family relationship difficulties and 

greenspace, rather than implications 

for population-level associations 

of greenspace with asthma. Finally, 

this study was not able to address 

alternative mechanisms by which 

greenspace might have effects on 

asthma, such as through pollution-

buffering effects (although evidence for 

these effects is somewhat mixed 53), or 

exposure to microbial diversity. 18,  50

CONCLUSIONS

The current study demonstrated 

interactions between residential 

greenspace and difficult 

7

 FIGURE 1
Interaction of greenspace by harsh/inconsistent parenting predicting Asthma Control Test scores in 
children. Graph refl ects estimated regression lines drawn from −1 SD to +1 SD of the greenspace 
variable. Low and high on harsh/inconsistent parenting also refers to ±1 SD.

 FIGURE 2
Interaction of greenspace by harsh/inconsistent parenting predicting T-helper cell expression 
(CD3+CD4+) of GR protein, as measured by mean fl uorescence intensity (MFI) in children. Graph 
refl ects estimated regression lines drawn from −1 SD to +1 SD of the greenspace variable. Low and 
high on harsh/inconsistent parenting also refers to ±1 SD.
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family relationships. As family 

relationships became less 

negative, associations became 

stronger between greenspace 

and better asthma control, 

fewer functional limitations, less 

airway inflammation, and greater 

abundance of GR in T-helper 

cells. Although conclusions 

are preliminary, given the 

observational data, these findings 

suggest that for children with 

asthma to benefit from high 

greenspace areas, positive family 

relationships may need to be 

present. If validated in future 

research through experimental 

designs, it would suggest that to 

maximize our ability to improve 

asthma outcomes in children, 

researchers and clinicians may 

need to develop multimodal 

interventions that target not only 

children’s experiences in their 

physical environment but their 

family environments as well.

8

ABBREVIATIONS

FeNO:  fractional concentration of 

exhaled nitric oxide

GR:  glucocorticoid receptor
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