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A B S T R A C T

Background: Noise pollution has been linked to impaired development in a variety of language-related skills in 
laboratory settings. While studies have focused on school environments, residential noise exposure’s impact 
remains underexplored.
Methods: We used multilevel regression models to examine the association between noise exposure measured 
using deterministic noise modelling and language development in kindergarten-aged children in Vancouver, 
Canada, between April 1, 2000 and December 31, 2005, measured through a questionnaire completed by 
kindergarten teachers (the Early Development Instrument). The models were adjusted for median income level 
and English as a Secondary Language (ESL) status, as well as random effects on teachers, and we explored the 
potential interaction effects of greenness, measured using satellite imagery.
Results: The study included 33,153 children for which there were data on noise exposure and indicators of 
language development. The mean noise level was 63.5 dB(A), and the mean percentage of greenness within a 
250-meter radius buffer zone was 31.8 %. We found that an increase in residential exposure to noise indepen
dently increased the odds of not meeting developmental expectations in basic literacy (OR: 1.18, 95 % CI: 
1.12–1.25), advanced literacy (OR: 1.11, 95 % CI: 1.07–1.16), and communication and general knowledge (OR: 
1.10, 95 % CI: 1.06–1.14). Greenness was found to have interaction effects with basic and advanced literacy skills 
in noisy environment.
Conclusion: This study found residential exposure to noise was associated with poorer language development 
outcomes, with interaction effects of greenness observed in literacy skills. Future studies should also examine the 
long-term effects of residential exposure to noise on language development.

1. Introduction

Early language development is a key aspect in children’s develop
ment, playing a crucial role in preparing children’s communicative and 
perceptual intelligence for participation in kindergarten (McCarthy, 
1946), protecting children from the increased risk for social exclusion 
and exposure to bullying (Topping et al., 2011). Prior studies suggest 

socioeconomic risk factors significantly influence children’s language 
developmental trajectories (Pace et al., 2017). While the social and 
communicative mechanisms that affect children’s early language 
development have been studied extensively, there has been little 
research on the impact of environmental physical properties, such as 
noise, greenness, and air pollution (Evans, 2021).

Noise pollution has been associated with poorer language 
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comprehension skills such as speech perception (Hazan & Barrett, 2000; 
Rönnberg et al., 2010; Wightman & Kistler, 2005), reading compre
hension (Clark et al., 2006; Maxwell & Evans, 2000), and cognitive load 
(Hygge et al., 2002). Children are particularly susceptible to noise 
distraction because of their still-developing ability to store phonological 
and lexical knowledge (Hazan & Barrett, 2000; Rönnberg et al., 2010; 
Wightman & Kistler, 2005), and auditory selective attention (Wightman 
& Kistler, 2005). An association between exposure to aircraft noise and 
poor language developmental outcomes has been observed in studies of 
school-aged children (Clark et al., 2006; Maxwell & Evans, 2000), which 
has been shown to be independent of acoustical conditions during 
assessment (Hygge et al., 2002; Maxwell & Evans, 2000). While these 
studies found associations between chronic exposure to noise and lan
guage skills, they were limited to aircraft noise or school sites. However, 
the impact of residential noise exposure on children’s language devel
opment might also be important, as preschool children spend the ma
jority of their time at home. While two recent studies found no 
association between home-based noise exposure and language devel
opmental outcomes (Jungewelter et al., 2024; Simon et al., 2022), their 
short-term or indirect measurement may have limited their ability to 
capture cumulative neighbour-level effects of residential noise. Resi
dential greenness has been found to improve memory skills (Dadvand 
et al., 2015), increase resistance to noise annoyance (Thompson et al., 
2019), and reduce chronic stress (Bloemsma et al., 2021), potentially 
modifying the association between noise and language development. 
However, the simultaneous effects of exposure to both noise and 
greenness have not been explored in large-area samples. Jarvis et al. 
(2021) working with the same cohort as this study found no association 
between residential greenness and a broader spectrum of language and 
cognitive development, but they did not utilize specific metrics of lan
guage development; this paper offers a more targeted exploration of how 
noise and greenness impact language development.

We used a population-based birth cohort of kindergartner-aged 
children who had Early Development Instrument measurement (EDI; 
Janus & Offord, 2007) data for Metro Vancouver, Canada, to examine 
the association between residential exposure to noise and language 
development and joint effects with greenness. We hypothesized that 
there would be a negative association between increasing residential 
exposure to noise and language development outcomes. We hypothe
sized that greenness would modify the association between residential 
exposure to noise and language development outcomes, whereby 
increasing greenness would reduce the impact of noise on language 
development.

2. Methods

2.1. Study population

Drawing on existing data from the “Born to be Wise” study (van den 
Bosch et al., 2018), we examined the association between residential 
noise exposure and children’s language development outcomes in a 
population-based cohort of 33,153 infants born in Metro Vancouver, 
British Columbia (BC), Canada, between April 1, 2000, and December 
31, 2005. The starting cohort comprised all live, singleton births to 
women residing in Metro Vancouver (van den Bosch et al., 2018), and 
was constructed using administrative data from several sources, 
including the BC Ministry of Health (British Columbia Ministry of 
Health, 2011b; British Columbia Ministry of Health, 2011a), the BC Vital 
Statistics Agency (British Columbia Vital Statistics Agency, 2011a, 
2011b), Perinatal Services BC (BC Perinatal Data Registry, 2017), and 
the Human Early Learning Partnership (Human Early Learning Part
nership, 2011), accessed through Population Data BC (Population Data, 
2021). A consolidation file provided by Population Data BC, which in
cludes demographic data and geocodes, was used to link data at an in
dividual level. A probabilistic-deterministic linking technique was 
utilized to link individual-level data, including information on maternal 

health, residency during pregnancy, medication, and hospital records 
for both mother and child from pregnancy to age five (Population Data, 
2021).

To be eligible for inclusion in the analyses, participants had to have 
attended kindergarten between the 2005–06 and 2010–11 school years, 
be enrolled in the mandatory provincial health insurance and Medical 
Services Plan, and have resided in the study region from the time of the 
child’s birth until the time of the outcome assessment. Children who 
moved out of the study region or had gaps in their residential history 
were excluded. Residential noise and greenness exposures were sum
marized as annual values for each 6-digit postal code. For each exposure, 
a cumulative estimate was calculated as the mean of annual values over 
the exposure period, between birth and the year of EDI assessment, using 
weighted averaging to account for changes in the addresses of partici
pants who moved. Metro Vancouver is densely populated, and the ma
jority of urban 6-digit postal codes reflect small geographic regions with 
around 35 individuals (Government of Canada, 2017). There were 
25,435 unique postal codes in our cohort. In urban areas, six-digit postal 
codes typically represent a city block or building, with a positional ac
curacy of 100–160 m (Khan et al., 2018). We excluded children for 
whom we did not have noise data, and those with speech and hearing 
impairment.

2.2. Variable measurement

2.2.1. Outcomes
The Early Development Instrument (EDI) is designed to measure 

trends and patterns in children’s physical, emotional, social, and 
cognitive development at kindergarten, and has been used for 
population-level monitoring of child development for over two decades 
(Early Years Development Instrument - Overview, 2021). Kindergarten 
teachers in participating schools evaluate each child at age five based on 
observations from the preceding six months, assessing development 
across five domains: (i) physical health and well-being, (ii) social 
competence, (iii) emotional maturity, (iv) language and cognitive 
development, and (v) communication and general knowledge (Janus & 
Offord, 2007). The EDI has been shown to be a valid and reliable tool for 
measuring children’s developmental outcomes (Brinkman et al., 2017; 
Forer & Zumbo, 2011; Janus et al., 2011). From the EDI, we selected 
three sub-domains, basic literacy, advanced literacy, and communication 
and general knowledge, as outcomes, taken from the primary EDI do
mains, (i) language and cognitive development and (ii) communication 
skills and general knowledge (see Table 1). Each sub-domain is scored 
from multiple items relevant to children’s language and cognitive skills, 
and these were used in the selected domains (Table 1), with higher 
scores indicating better developmental outcomes (Janus & Offord, 
2007). For example, the subdomain “basic literacy” is assessed through 
observations made by kindergarten teachers regarding the child’s ability 
to interact with a book, recognition of certain letters and their corre
sponding sounds, awareness of rhyming words, understanding of writing 
direction, and capability to write their names. Children who meet ex
pectations for only a few or none of the subdomain items were consid
ered to be below developmental expectations, suggesting that they have 
a level of development likely to hinder their success in school (Janus 
et al., 2005). To assess the incidence of not meeting developmental ex
pectations in children (Early Development Instrument. (n.d.)), we coded 
children who did not meet developmental expectations as outcomes of 
interest.

2.2.2. Noise
We estimated residential exposure to noise using an established 

Vancouver noise map on a 10 m X 10 m grid averaged over each 6-digit 
postal code polygon area (Gan et al., 2012). Based on data from 2003, 
the noise map calculated annual average 24-hour community noise 
levels using CADNA-A software (Gan et al., 2012). Input data included 
road geometry, junctions, traffic speed and volume, trains, aeroplanes, 
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topography, and building heights and footprints, and other features 
(Gan et al., 2012), and the construction and evaluation of this deter
ministic model are described in detail elsewhere (Gan et al., 2012). This 
noise map has been widely used in Vancouver-based noise research (e.g., 
Gehring et al., 2014), demonstrating its applicability in urban environ
mental health research. This study employed the A-weighted Day
–Evening–Night Noise Level (LDEN) metric, a measure of equivalent 
continuous noise level (LDEN, dB(A)), which includes penalties for eve
ning (5 dB) and night (10 dB) reflecting an increased sensitivity to noise 
during these periods.

2.2.3. Greenness
This study employed a unique Landsat-derived greenness time series 

to estimate residential exposure to greenness. Details of the metric have 
been described elsewhere (Czekajlo et al., 2020). In brief, annual 
Landsat satellite image composites (with a spatial resolution of 30 m) 
were utilized in the study dataset from 1984 to 2016 to detect three 

spectral features per pixel: vegetation (i.e., green vegetation), high al
bedo (e.g., impermeable surfaces), and darkness (e.g., shadows cast by 
objects, such as buildings) (Czekajlo et al., 2020). For each year, a sub- 
pixel linear spectral unmixing algorithm was used to calculate the yearly 
proportion of each spectral attribute per pixel in the study area. In this 
study, greenness was represented as an annual proportion of the vege
tation characteristic per pixel for each year of the study, from birth 
through kindergarten. The mean percentage of vegetation within a 250 
m buffer surrounding participants’ six-digit postal code centroid was 
used to assess residential exposure to greenness. Because we expected 
children to spend a substantial amount of their time at or near their 
home prior to attending primary school, we chose a buffer size of 250 m 
to serve as a proxy for exposure within walking distance of home.

2.2.4. Covariates
The study accessed the BC Perinatal Registry and the BC Vital Sta

tistics Agency utilizing individual Provincial Health Numbers to acquire 
information on mother and child health status. The BC Perinatal Data 
Registry records 99.9 % of BC births (BC Perinatal Data Registry, 2017). 
We accessed data on prenatal, intrapartum, and postpartum mother and 
baby care, birth outcomes (i.e., gestational age, birth head circumfer
ence, birth weight and Apgar 5 minutes), the number of living children 
at home, and maternal behaviours during pregnancy, such as tobacco, 
alcohol, and drug use. Other biological information on children, such as 
biological sex, date of birth, and maternal age at birth, was obtained 
from BC Vital Statistics. Data on children’s English as a second language 
(ESL) status (Yes or no) was provided by the Human Early Learning 
Partnership. We controlled for the age of the child, as teacher EDI as
sessments for kindergarten children are conducted in February, and this 
timing could disadvantage younger children across all EDI domains, 
according to previous studies (Guhn et al., 2020; Janus & Duku, 2007).

Statistics Canada’s data (2006 census) were employed to identify 
neighbourhood-level demographic variables. These included depriva
tion score, education level, lone parent family (single parent) rate, un
employment rate, visible minority rate, and household median income 
level. Census dissemination areas (DAs), a small, relatively stable 
geographic unit, were used to ensure accuracy. For instance, household 
median income level was measured to compare individuals residing 
within the specific DAs. In addition to individual census variables, we 
incorporated a census- and geographically-based index of marginaliza
tion using the material deprivation dimension of the Canadian 
Marginalization (CAN-Marg) Index (Matheson et al., 2010). This index 
was categorized into five quintiles based on their distribution, with the 
fifth (the highest) quintile representing the most deprived, and the first 
(lowest) quintile representing the least deprived. This index has been 
widely implemented in epidemiological research in Canada and is 
derived from factor analysis of various census variables (Kim & Mueller, 
2007; Matheson et al., 2012). It has been found to be consistent over 
different periods and geographic regions (Centre for Research on Inner 
City Health, 2006). Neighbourhood urbanicity (urban, rural–urban 
fringe) was derived from Statistics Canada using six-digit postal codes 
(Statistics Canada, 2011). “Urban” was defined as those areas with a 
population of at least 50,000 in the surrounding census metropolitan 
area. The rural–urban fringe includes small urban areas separate from 
the urban core, while rural encompasses all areas outside the urban core 
and rural–urban fringe.

2.3. Statistical analyses

We used logistic regression models to characterize the association 
between the residential exposure to noise and not meeting develop
mental expectations for each language-related outcomes (i.e., basic lit
eracy, advanced literacy, and communication and general knowledge). 
Final multilevel logistic regression models were employed to examine 
the association, adjusting for median family income and ESL status, and 
including teachers as a random effect to account for data clustering. 

Table 1 
The language related outcomes and under-expectations criteria in the Early 
Development Instrument (EDI).

Domain 
Subdomain

Related skills Criteria for achieving 
“Under Expectations”

Language & Cognitive Development
Basic Literacy • knows how to handle a book 

(e.g., turn a page)
• is able to identify at least 10 

letters of the alphabet
• is able to attach sounds to 

letters
• is showing awareness of 

rhyming words
• is able to participate in 

group reading activities
• is experimenting with 

writing tools
• is aware of writing 

directions in English (left to 
right, top to bottom)

• is able to write his/her own 
name in English

have two or fewer of the 
eight skills

Advanced Literacy • is able to read simple words
• is able to read complex 

words
• is able to read simple 

sentences
• is able to write simple words
• is able to write simple 

sentences
• is interested in writing 

voluntarily (and not only 
under the teacher’s 
direction)

have only one or none of 
the six skills

Communication Skills & General Knowledge
Communication and 

General 
Knowledge

• ability to listen in English
• ability to tell a story
• ability to take part in 

imaginative play
• ability to communicate own 

needs in a way 
understandable to adults 
and peers

• ability to understand on 
first try what is being said to 
him/her

• ability to articulate clearly, 
without sound substitutions

• ability to use language 
effectively in English

• answers questions showing 
knowledge about the world 
(e.g., leaves fall in the 
autumn, apple is a fruit, 
dogs bark)

rate as poor or very poor on 
the first seven items and 
almost never demonstrate 
general knowledge
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Other covariates were included in subsequent sensitivity analyses. 
Covariates for the final (parsimonious) models were initially chosen 
based on prior literature and subsequently retained if they altered the 
main effect coefficient by 10 % or more (Budtz-Jørgensen et al., 2007). 
Final models minimized overfitting and multicollinearity, while full 
models with all possible covariates (Figure A in supplementary file) were 
compared with final models to confirm the consistency of the results.

We examined the interaction between noise and greenspace, begin
ning by examining the association between greenness and language 
developmental outcomes, without including noise. An interaction test 
and stratified analyses were then performed to assess the relationship 
between noise and greenness with language development. The interac
tion test evaluated whether the association between noise and language 
development varied by greenness, while the stratified analysis described 
their associations with language outcomes. The exposures were classi
fied as Gray and Noisy (low vegetation, high noise), Green and Noisy 
(high vegetation, high noise), Gray and Quiet (low vegetation, low 
noise), and Green and Quiet (high vegetation, low noise) (Table A in 
supplementary file). We focused on the extreme quartiles (Q1 and Q4) to 
increase exposure contrast.

2.3.1. Sensitivity analyses
Given that the prevalence of not meeting developmental expecta

tions is not a rare outcome, the odds ratio might exaggerate the risk of 
noise exposure. Therefore, to test the robustness of our findings, we 
modeled individual scores as a continuous variable (on a scale of 0–10) 
in each subdomain using linear regression to examine its association 
with noise (Table B, supplementary file). We also assessed interaction 
effects between noise and greenness on these outcomes (Table C, sup
plementary file).

All statistical analyses were completed using R 4.2.3. (R Core Team, 
2025). Ethics approval for this study was granted by the University of 
British Columbia Behavioral Research Ethics Board (certificate H18- 
00908). The data that underlie this study were accessed via Popula
tion Data BC with the approval of Data Stewards and terms of use were 
outlined in data sharing agreements that restricted the use of data for 
research purposes.

3. Results

3.1. Descriptive statistics

Participants with missing or invalid noise data (n = 54), unknown 
and diagnosed or parental-reported hearing (n = 753) or speech (n =
2,068) impairments, or those older than seven years (n = 7) were 
excluded. There was some overlap for exclusion, resulting in an analytic 
dataset of 31,887 participants. Descriptive and correlation analyses 
suggested no statistically significant differences between the full dataset 
(n = 33,153) and our analytical sample (n = 31,887). There were 3,121 
children (10.0 %) not meeting developmental expectations in basic lit
eracy, 6,366 children (20.9 %) not meeting developmental expectations 
in advanced literacy, and 10,674 children (33.9 %) not meeting devel
opmental expectations in communication and general knowledge.

Table 2 shows cohort characteristics. The mean cumulative resi
dential noise exposure between birth and year of EDI assessment was 
63.5 LDEN dB(A), and the mean cumulative percentage of greenness 
within a 250 m residential buffer was 31.8 %. Of the 31,887 subjects, at 
the time of EDI assessment, approximately 44.0 % of children were 
“older” (born between January and June versus July to December; N =
14,043), and 50.8 % were male (N = 16,210). Approximately 31.7 % of 
the children were identified as ESL (N = 10,030) and 53.0 % of the 
children had moved at least once (N = 16,915). The birth outcome 
metrics (e.g., gestational age, Apgar scores, etc.) were found to be within 
normal ranges, with no unusual patterns observed. The median house
hold income was $ 25,796 (CAD). The average unemployment rate was 
5.5 %, the average low education rate was 18.6 %, and the average lone 

parent rate was 15.4 %. The average perceived minority rate was 44.7 
%. Most participants lived in the urban core (N = 29,348, 92.8 %). The 
smallest fraction of material deprivation was in quintile 5 (most mate
rially deprived; N = 1,967, 6.3 %).

3.2. Association between residential noise and language development

The results of the unadjusted logistic regression models are provided 
in Table 3. Data presented are the odds ratio of not meeting develop
mental expectations in language-related development outcomes for one 
interquartile range (IQR) increase in exposure to noise (LDEN) at chil
dren’s residences. As such, for every IQR increase in residential exposure 
to noise (6.2 LDEN), the odds of not meeting developmental expectations 
were 1.25 times higher for basic literacy (95 % CI: 1.20–1.31), 1.15 

Table 2 
Characteristics of the sample cohort in Metro Vancouver, Canada.

Variables Total sample (31,887)

Environmental exposure variablesa

Noise, LDEN dB(A) 63.5 ± 4.8
Vegetation, %b 31.8 ± 8.6
Individual-level covariates
Older cohort (Jan to June) n, (%) 14,043 (44.0)
Male n, (%) 16,210 (50.8)
Maternal age year 31.0 ± 5.2
Gestational age weeks, mean ± SDb 39.0 ± 1.7
Birth head circumference cm, mean ± SDb 34.6 ± 1.7
Birth weight grams, mean ± SDb 3,407.7 ± 529.7
Apgar 5 min Mean ± SDb 9.1 ± 0.6
Wave n, (%) ​
(2004–––2007) 4,805 (15.1)
(2007–––2009) 12,920 (40.5)
(2009–––2011) 14,162 (44.4)
English as a Secondary Language (ESL) identifiedb 10,030 (31.7)
Moved during follow-up n, (%) 16,915 (53.0)
Number of living children at homeb 0.7 ± 0.9
Neighbourhood-level covariatesa

Median income b (CAD) 25,796.1 ± 7862.9
Unemployment rateb % 5.5 ± 3.9
Low education rateb % 18.6 ± 8.9
Lone parent rateb % 15.4 ± 8.9
Perceived minority rateb % 44.7 ± 26.9
Urbanicity n, (%)b ​
Urban-rural fringe 2,275 (7.1)
Urban core 29,348 (92.8)
Quintiles of material deprivationb ​
1 (least deprived) 7,406 (23.7)
2 9,266 (29.7)
3 8,032 (25.7)
4 4,556 (14.6)
5 (most deprived) 1,967 (6.3)

a Frequency (%) or mean ± SD is shown as appropriate unless otherwise 
indicated.

b Missing data: Vegetation (0.2%), Gestational age (2.0%), Birth head 
circumference (0.9%), Birth weight (0.1%), Apgar 5-minutes (0.2%), ESL 
(0.8%), Number of living children at home (0.7%), Median income (1.8%), 
Unemployment rate (1.8%), Low education rate (1.8%), Lone parent rate 
(1.8%), Perceived minority rate (1.8%), Urbanicity (0.8%), Quintiles of material 
deprivation (2.1%).

Table 3 
The estimated change of the odds ratio of not meeting developmental expecta
tions in language-related skills per one IQR (6.2 LDEN) increases.

Early Development Instrument 
Outcomes

Crude result Final model

Basic literacy 1.25 [1.20;1.31] 1.18 [1.12; 1.25]
Advanced literacy 1.15 [1.11;1.19] 1.11 [1.07; 1.16]
Communication and general knowledge 1.26 [1.22;1.30] 1.10 [1.06; 1.14]

*Final (parsimonious) models adjusted for median income level and English as a 
Secondary Language status as well as random effects on teachers. The full 
models adjusted for all potential covariates, as detailed in Supplementary table.
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times higher for advanced literacy (95 % CI: 1.11–1.19), and 1.26 times 
higher for communication and general knowledge (95 % CI: 1.22–1.30).

After adjustment for potential confounders (median income levels 
and ESL status) and random effects (1,254 teachers), the estimated odds 
ratios were reduced, but remained statistically significant. Each IQR 
increase in residential exposure to noise (6.2 LDEN) was associated with 
an odds of 1.18 (95 % CI: 1.12; 1.25) for not meeting developmental 
expectations in basic literacy scores. Similarly, the odds were 1.11 (95 % 
CI: 1.07; 1.16) of not meeting developmental expectations in advanced 
literacy scores and 1.10 (95 % CI: 1.06; 1.14) of not meeting develop
mental expectations in communication and general knowledge 
(Table 3).

3.3. Interaction effects of residential greenness

We observed that higher residential greenness was associated with 
lower odds of not meeting expectations in advanced literacy (OR: 0.96 
(95 %CI: 0.92 – 1.00)) but not in basic literacy (OR: 0.99 (95 %CI: 0.94 – 
1.04)) nor communication and general knowledge (OR: 0.99 (0.96 – 
1.03)) in the final models between greenness alone and language 
development (See Table F in supplementary files). Being that greenness 
alone was associated with some improved language development, we 
proceeded to examine its joint effects with noise, aligned with our 
theoretical framework positing potential combined effects between 
greenness and noise.

In regression modeling, we found a significant interaction between 
noise and greenness was observed in communication and general 
knowledge outcomes (p < 0.05) but not in basic literacy (p = 0.65) nor 
advanced literacy (p = 0.69).

The interaction effects of residential greenness on the association 
between noise exposure and language developmental outcomes are 
presented in Fig. 1. Compared to the Gray and Noisy reference group, the 
Green and Quiet group showed that there were reduced odds of not 
meeting developmental expectations for all three outcomes in crude 
models. However, adjusting for median income level and ESL status 
resulted in lower statistical significance, especially for communication 
and general knowledge.

In the adjusted models, comparing Green environments to Gray en
vironments showed high greenness was associated with lower odds of 
not meeting developmental expectations of the two literacy skills, but 
was not associated with lower odds of not meeting developmental ex
pectations of communication and general knowledge (Fig. 1).

The stratified analysis also suggested an association between low- 
noise levels and reduced odds of not meeting developmental expecta
tions in both basic and advanced literacy skills for Green environments, 
but not in communication and general knowledge (Fig. 1). To directly 
compare non-reference categories (i.e., Green & Quiet vs. Green & Noisy), 
we conducted pairwise contrasts (full results in Supplementary Table G). 
Among those with high greenness (Green and Quiet and Green and Noisy), 
Green and Noisy was associated with higher odds of not meeting devel
opmental expectations than Green and Quiet in basic literacy (OR = 1.48, 
p = 0.01, Tukey-adjusted) and advanced literacy (OR = 1.30, p = 0.04, 
Tukey-adjusted). Overall, these findings suggested that low-noise envi
ronments are generally associated with lower odds of not meeting 
developmental expectations in literacy skills in greener settings.

Green and Quiet exposures were associated with lower odds of not 
meeting developmental expectations in communication and general 
knowledge in the crude models (Fig. 1). However, this became statisti
cally non-significant after adjustment, which suggested that factors such 
as income levels or ESL status might be influencing these outcomes, 
showing a non-independent association between Green and Quiet envi
ronments and meeting developmental expectations in communication 
and general knowledge.

Exposure to both high greenness and low noise was associated with 
lower odds of not meeting developmental expectations in the two lit
eracy skills outcomes, although this was not evident in communication 

and general knowledge skills. This suggested that exposure to greenness 
and reduced noise together may improve developmental outcomes more 
effectively than either factor alone.

3.4. Sensitivity analyses

The sensitivity analyses found little difference in associations be
tween residential exposure to noise and language-related developmental 
outcomes when we included all possible covariates and accounted for 
random effects on teachers in the models (i.e., Model D in Supplementary 
file). The results of linear regression models adjusting for the same 
covariates and random effects showed consistent reductions in language 
development with IQR increases in noise and the interaction effect of 
greenness (Table B and C in Supplementary file), which reinforced the 
robustness of our findings.

4. Discussion

This study found that an increase in residential exposure to noise was 
associated with poorer developmental outcomes in basic literacy, 
advanced literacy, and communication and general knowledge, as 
measured by the EDI, in Metro Vancouver, Canada. We observed joint 
effects of greenness in both high- and low- noise environments, indi
cating the maximizing greenness while minimizing noise could be an 
effective approach to protect children’s language development.

The relationship between exposure to noise and language-related 
skills has been investigated in laboratory settings (Alain & Izenberg, 
2003; Murphy et al., 2000; Smith & Pichora-Fuller, 2015), and our 
findings supported these experimental associations with population- 
level evidence. Our results were consistent with other observational 
studies in school settings (Evans et al., 1998; Hygge et al., 2002; 
Maxwell & Evans, 2000; Stansfeld et al., 2005). Evans and Maxwell 
found chronic exposure to noise was associated with poor speech 
perception and reading comprehension skills (Maxwell & Evans, 2000), 
and the association was not mediated by sustained attention skills 
(Hygge et al., 2002; Maxwell & Evans, 2000). A European pooled- 
research study suggested an association between aircraft noise expo
sure and impaired reading comprehension (Clark et al., 2006). Unlike 
these school-based observational studies (Clark et al., 2006; Hygge et al., 
2002), our project focused on residential noise exposure and children’s 
language development.

While Simon et al (2022) and Jungewelter et al (2024) reported no 
significant association between noise exposure and language develop
ment (Jungewelter et al., 2024; Simon et al., 2022), their findings may 
be influenced by assessment limitations. Simon et al. (2022) observed a 
negative association with neurodevelopmental but not language out
comes (Simon et al., 2022), but relied on home-based snapshots that 
may not be able to fully capture long-term patterns or neighborhood- 
level variability. Also, the noise exposure and language outcomes were 
assessed simultaneously; the timing of their language assessments may 
not have fully captured the interaction between noise exposure and 
neural maturation. Similarly, Jungewelter et al (2024) estimated pre
natal exposure from occupational noise levels (Jungewelter et al., 2024), 
assuming direct fetal exposure despite maternal attenuation, potentially 
restricting the meaningful associations. These discrepancies suggested 
the effects of noise on language development depend on the nature and 
timing of assessment, emerging as cognitive and neurological systems 
mature. Future studies should integrate temporally sensitive noise as
sessments and developmental-stage-specific language evaluations to 
better capture the potential relationship between noise exposure and 
language acquisition.

Consistent with studies suggesting that greenness might alleviate the 
association between noise exposure and cognitive function (Adams 
et al., 1998; Berman et al., 2008; Dadvand et al., 2017), the overall 
interaction effects with greenness were associated with lower odds of 
not meeting developmental expectations in literacy skills, though the 
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Fig. 1. The estimated odds ratios (ORs) of not meeting developmental expectations in related language development outcomes on combinational exposure levels. 
Gray and Noisy is the reference group. Adjusted models account for median income level, and English as a Secondary Language status. ORs are shown for basic 
literacy, advanced literacy, and communication/general knowledge. Solid lines represent crude estimates, and dashed lines indicate adjusted models. Circles denote 
point estimates, and horizontal bars show 95 % confidence intervals. The vertical line marks the null value (OR = 1.00).
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effect was not evident in communication skills or general knowledge 
(Table 3). This difference may be influenced by factors such as income 
level and ESL status. Communication skills extend beyond language 
proficiency, encompassing broader social abilities that are shaped by 
home learning environments (Leung et al., 2020). In Canada, greener 
neighborhoods are often associated with higher housing prices and 
greater socioeconomic resources (Statistics Canada, 2021). Families 
with more educational and financial stability may provide increased 
opportunities for verbal engagement and social interaction, which can 
influence communication development.

This study had several strengths. It addressed important knowledge 
gaps in our understanding of noise, greenspace, and childhood language 
development, and is a step forward in our understanding of the complex 
interaction of features of the built environment on childhood language 
development. By recognizing the association between health effects and 
residential exposure to noise, this study informs proactive steps to 
enable optimal language development for children. This could include 
implementing noise control policies in particularly noisy areas. This 
study is distinct from previous research as a population-based cohort 
study that includes lifetime residential noise and greenness exposure 
(from birth to kindergarten) and childhood development outcomes, 
while controlling for important covariates. This project employed robust 
exposure data to estimate residential greenness using a unique measure 
demonstrated in earlier research to be a more sensitive measure of 
vegetation than frequently used greenness measures (e.g., NDVI), 
particularly in urban contexts (Sadeh et al., 2021). Finally, the EDI 
outcome measures used in this study have established reliability and 
sensitivity with previous studies (Brinkman et al., 2017; Forer & Zumbo, 
2011; Janus et al., 2011).

This study had several limitations. Although we have cumulative 
exposure data from time of birth to the date of outcome assessment, the 
nature of observational studies limited our ability to draw a causal 
conclusion. The research region was limited to Metro Vancouver, which 
might limit generalizability to other regions with differing socioeco
nomic, policy, or geographical contexts; nonetheless, the area had a 
considerable variation in population-level and individual-level cova
riates, allowing this study to assess the consistency of findings across 
subgroups (e.g., different family income levels, age, and gender) and 
location (e.g., kindergartens). Non-differential misclassification might 
have occurred in both exposures and outcomes. The exposures were 
referenced to six-digit residential postal codes, and the estimation may 
not accurately represent participants’ everyday exposure environments 
(e.g., schools, daycare, recreation sites). For instance, the noise model 
estimation does not account for potential error sources from personal 
factors, such as room orientation and time spent at home (Gan et al., 
2012). In addition, caution is warranted when interpreting the modifi
cation effects of greenness that could potentially be attributed to the 
misclassification of greenness measurements. Our study did not differ
entiate between various types of land use (e.g., residential, commercial, 
park) within green areas, which may have resulted in a dilution of the 
observed association between greenspace and language development. A 
promising avenue for future studies would be combining data sources 
with information on land use types to better understand how different 
forms of greenness (e.g., grass, trees, etc.) modify the association be
tween noise exposure and language acquisition (Smargiassi et al., 2021). 
The outcome measurement might have been biased by the teachers’ 
subjectivity in the assessment, but this was minimized by controlling for 
random errors in teachers. Unknown confounding effects are impossible 
to eliminate in observational studies, and it is especially challenging to 
quantify pre-existing and pertinent social factors, such as choices of 
school for children (Wu et al., 2021). Additionally, the self-selection into 
greener or quieter neighbourhood can dilute the results. For instance, 
families residing in greener areas may have better educational back
grounds, and children in these families may benefit from richer lin
guistic inputs (Gailey, 2022). Future studies could include variables to 
assess these factors; they could also use a different design, such as 

analyzing moving populations, or employing propensity score matching. 
We observed that the statistical significance of both greenness-alone and 
its interaction terms with noise differed across EDI subdomains, indi
cating that specific language domains may respond differently to these 
exposures. These variations warrant cautious interpretation and un
derscore the need for further research, potentially employing refined 
exposure metrics and longitudinal designs, to clarify how noise and 
greenness jointly or independently influence various facets of language 
development. A formal test of normality for the outcome variable was 
not conducted in the sensitivity analyses. While linear regression as
sumes normality of residuals rather than the outcome, deviations from 
normality should be considered. Given the consistency of findings across 
models, this limitation is unlikely to affect the overall conclusions.

Future research can also explore potential mechanisms that underlie 
the relationship between noise exposure and language development, 
such as the impact of noise on cognitive processes like attention and 
working memory. Longitudinal studies can address temporal limita
tions. There is insufficient literature to know if prolonged exposure to 
noise leads to increasing, constant, or decreasing effects on language 
development due to adaptation. Longitudinal studies could investigate 
how changes in noise exposure over time impact language development, 
and this could provide insights into etiology and help to inform the 
development of effective noise reduction interventions. Finally, future 
research could investigate the effectiveness of different noise reduction 
strategies, such as sound insulation, traffic management, and building 
design.

5. Conclusion

In this population-based cohort study, we found increased residential 
exposure to noise was associated with poorer language developmental 
outcomes, and interaction effects of greenness were observed in both 
basic and advanced literacy skills. Our findings indicate that urban 
planning and policy frameworks aimed at noise attenuation in neigh
bourhoods may benefit early childhood language developmental out
comes. Due to the scarcity of comparable literature, further research is 
necessary to replicate and deepen our understanding of the relationship 
between residential noise exposure, language development, and the role 
of greenspaces. Future studies should also examine the long-term 
cognitive health effects of noise exposure over an extended period 
among children.
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