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A B S T R A C T   

Objective: Aircraft noise exposure is linked to cardiovascular disease risk. One understudied candidate pathway is 
obesity. This study investigates the association between aircraft noise and obesity among female participants in 
two prospective Nurses’ Health Study (NHS and NHSII) cohorts. 
Methods: Aircraft day-night average sound levels (DNL) were estimated at participant residential addresses from 
modeled 1 dB (dB) noise contours above 44 dB for 90 United States (U.S.) airports in 5-year intervals 1995–2010. 
Biennial surveys (1994–2017) provided information on body mass index (BMI; dichotomized, categorical) and 
other individual characteristics. Change in BMI from age 18 (BMI18; tertiles) was also calculated. Aircraft noise 
exposures were dichotomized (45, 55 dB), categorized (<45, 45–54, ≥55 dB) or continuous for exposure ≥45 dB. 
Multivariable multinomial logistic regression using generalized estimating equations were adjusted for indi
vidual characteristics and neighborhood socioeconomic status, greenness, population density, and environmental 
noise. Effect modification was assessed by U.S. Census region, climate boundary, airline hub type, hearing loss, 
and smoking status. 
Results: At baseline, the 74,848 female participants averaged 50.1 years old, with 83.0%, 14.8%, and 2.2% 
exposed to <45, 45–54, and ≥55 dB of aircraft noise, respectively. In fully adjusted models, exposure ≥55 dB was 
associated with 11% higher odds (95% confidence interval [95%CI]: − 1%, 24%) of BMIs ≥30.0, and 15% higher 
odds (95%CI: 3%, 29%) of membership in the highest tertile of BMI18 (ΔBMI 6.7 to 71.6). Less-pronounced 
associations were observed for the 2nd tertile of BMI18 (ΔBMI 2.9 to 6.6) and BMI 25.0–29.9 as well as expo
sures ≥45 versus <45 dB. There was evidence of DNL-BMI trends (ptrends ≤ 0.02). Stronger associations were 
observed among participants living in the West, arid climate areas, and among former smokers. 
Discussion: In two nationwide cohorts of female nurses, higher aircraft noise exposure was associated with higher 
BMI, adding evidence to an aircraft noise-obesity-disease pathway.   
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1. Introduction 

Aircraft are a source of transportation noise. Though it has only been 
partially quantified globally (He et al., 2014), millions of people are 
exposed to some level of aircraft noise (International Civil Aviation 
Organization (ICAO), 2023). Aircraft noise has been found to cause 
higher annoyance than other sources of transportation noise (road, rail) 
at any noise level (Miedema and Oudshoorn, 2001). Exposure to aircraft 
noise has been associated with annoyance (Baudin et al., 2020) and 
many health outcomes (van Kempen et al., 2018), including poor sleep 
(Bozigar et al., 2023; Nassur et al., 2019b, 2019a), hypertension (Baudin 
et al., 2020; Kim et al., 2021; Yang et al., 2015), stroke (Weihofen et al., 
2019), poor psychological health (Baudin et al., 2018; Hegewald et al., 
2020; Seidler et al., 2017), cancer (Hegewald et al., 2017), coronary 
heart disease, cardiovascular disease, and related mortality (Correia 
et al., 2013; Evrard et al., 2015; Hansell et al., 2013; Héritier et al., 2017; 
Roca-Barceló et al., 2021). However, there have also been no associa
tions found with some cardiovascular and mental health outcomes 
(Grady et al., 2023; Nguyen et al., 2023; Wicki et al., 2023). 

Environmental noise has been linked to stress responses, which 
subsequently influence physiological, metabolic, and immunological 
functioning (An et al., 2018; Babisch, 2003; Sivakumaran et al., 2022; 
van Kempen et al., 2018). Dysregulation of the autonomic nervous 
system and hypothalamic–pituitary–adrenal axis due to sustained stress 
responses (Pasquali, 2012) has been shown to increase obesity risk 
(Björntorp and Rosmond, 2000; Bose et al., 2009). Chronic stress is 
associated with changes in behaviors, such as overeating, physical 
inactivity, and curtailed sleep, factors that also increase the risk for 
obesity (Razzoli et al., 2017; Tomiyama, 2019; Torres and Nowson, 
2007). In women, aircraft noise has been linked with increases in sali
vary cortisol (Selander et al., 2009), which is a stress-response 
biomarker, as well as with poorer sleep (Bozigar et al., 2023; Smith 
et al., 2022). Additionally, individuals chronically exposed to psycho
logical stress may have elevated stress responses to subsequent 
perceived stressors (Aschbacher et al., 2013). 

Body mass index (BMI) is commonly used as a proxy for obesity, with 
higher levels shown to be associated with numerous chronic diseases 
(Larsson and Burgess, 2021; World Cancer Research Fund International, 
2022; World Health Organization, 2000). In addition, changes in body 
weight across the life course have been investigated as an important 
disease risk factor (Song et al., 2015), particularly the rapid weight gain 
from young adulthood to the middle and late adulthood periods (Chen 
et al., 2019). Environmental noise has been associated with markers of 
general obesity (e.g., BMI) and central obesity (e.g., waist circumfer
ence, waist-hip ratio) (An et al., 2018; Christensen et al., 2016, 2015; 
Cramer et al., 2019; Foraster et al., 2018; Oftedal et al., 2015; Pyko et al., 
2017, 2015). Positive associations have been found between aircraft 
noise exposure and central obesity (Eriksson et al., 2014; Pyko et al., 
2017); however, some studies found no associations (Foraster et al., 
2018). Other studies have found positive associations between aircraft 
noise and diabetes (SØrensen et al., 2013), which, like obesity, is 
impacted by impairment in insulin action (Verma and Hussain, 2017). 
However, recent systematic reviews have found minimal evidence of 
associations between noise and measures of adiposity (Sivakumaran 
et al., 2022; van Kempen et al., 2018), and as far as we know, no study of 
aircraft noise and obesity involving United States (U.S.) populations 
have been published, to date. 

Therefore, our objective was to estimate the associations between 
aircraft noise exposure, BMI, and changes in BMI from young adulthood 
among participants in two U.S.-based prospective cohorts of female 
nurses living near 90 major U.S. airports. We hypothesized that exposure 
to aircraft noise would be associated with higher BMI in the NHS 
cohorts. 

2. Materials and methods 

2.1. Study population and period 

The study population is comprised of participants from two nation
wide prospective cohorts, the Nurses’ Health Study (NHS) and the 
Nurses’ Health Study II (NHSII), which have been described in detail 
elsewhere (Bao et al., 2016a; Morabia, 2016). In brief, at inception in 
1976, NHS recruited 121,700 female registered nurses ages 30–55 from 
11 large states with state death registries (Belanger et al., 1978). Started 
in 1989, NHSII recruited 116,429 female registered nurses ages 25–42 
from 14 states with large numbers of registered nurses. Cohort partici
pants now live in all 50 states. The study participants were followed 
biennially by mailed questionnaires, with NHS participants responding 
to surveys in even years and NHSII participants responding in odd years, 
with response rates of ≥90% (Bao et al., 2016b; Morabia, 2016). The 
study period for NHS was 1994–2016 and for NHSII was 1995–2017, in 
which outcome metrics of BMI and aircraft noise exposure estimates 
were available. The protocol for this study was approved by the Insti
tutional Review Board of Brigham and Women’s Hospital, Boston, 
Massachusetts, and consent was implied through the return of the 
questionnaire. 

2.2. Assessment of obesity outcomes 

As an indicator of body fat, BMI was calculated from self-reported 
anthropometrics. Height was collected on the baseline questionnaire 
for all participants, and weight was self-reported on each biennial 
questionnaire. BMI is defined as the ratio of a person’s weight (kg) to 
height-squared (m2) (Keys et al., 1972). Self-reported BMI was found to 
be a reliable metric of obesity in this study sample (Rimm et al., 1990). 
Consistent with World Health Organization definitions, we employed 
categories in which a BMI of <18.5 was “underweight”, 18.5–24.9 was 
“normal”, 25.0–29.9 was “overweight”, and ≥30.0 was “obese” (World 
Health Organization, 2000). Furthermore, to analyze differences in BMI 
from early adulthood to middle and late adulthood, we used a validated 
approach (Troy et al., 1995) in which we subtracted BMI calculated at 
the current follow-up from BMI calculated at age 18 (BMI18) from 
participant-recalled height and weight and grouped into tertiles. Age 18 
represents the age of emerging adulthood and a critical period of weight 
gain (Lanoye et al., 2017); weight change since age 18 has been shown 
to be a risk factor for mortality in the NHS (Baer et al., 2011). BMI and 
BMI18 were calculated at each 2-year survey cycle (NHS: even years 
1994–2016; NHSII: odd years 1995–2017). 

2.3. Assessment of aircraft noise exposures 

Day-night average sound level (DNL) is a metric intended to capture 
cumulative exposure to noise from aircraft over a 24-hour period (U.S. 
FAA (Federal Aviation Administration), 2022a). Annualized aircraft 
operations were used to quantify aircraft noise for an average day of the 
year. DNL is calculated in A-weighted decibels (dB), which selectively 
weights sound in the range of frequencies heard by humans and includes 
a 10 dB penalty for aircraft noise occurring between 22:00 and 07:00 (i. 
e., at night), a daily interval in which background noise levels from non- 
aircraft sources are generally low. DNL is similar to Lden, the metric 
commonly used for health decision-making in Europe and other parts of 
the world, except that Lden has different penalties for aircraft noise 
during the evening and at night (Brink et al., 2018; World Health Or
ganization Regional Office for Europe, 2018). For this study, the U.S. 
Federal Aviation Administration’s (FAA) Aviation Environmental 
Design Tool (AEDT) (U.S. FAA (Federal Aviation Administration), 2015) 
was used by the U.S. Department of Transportation’s John A. Volpe 
National Transportation Systems Center (Volpe) to generate noise con
tours for 90 U.S. airports for every five years from 1995 to 2010 in 1 dB 
increments above 44 dB using aircraft operations data from the Official 
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Aviation Guide (OAG) for 1995 and from Enhanced Traffic Management 
System for 2000, 2005, and 2010. Further details of this method have 
been previously described elsewhere (Kim et al., 2021; Simon et al., 
2022). The 90 airports included in this study were diverse in their 
characteristics – five (5.6%) were classified as airline primary hubs, 26 
(28.9%) as secondary hubs, 16 (17.8%) as focus cities, and 43 (47.8%) as 
non-hubs/non-focus cities and together represented 87% of U.S. pas
senger enplanements (Nguyen et al., 2023; Simon et al., 2022). An 
airline hub is a central airport that airlines use to transfer passengers 
between flights as part of the “hub-and-spoke” system; primary hubs are 
the main centers with the most connections, while secondary hubs have 
fewer flights. Focus cities are key airports for airlines’ point-to-point 
routes offering direct services rather than connections. In contrast, 
non-hub/non-focus airports are smaller, with limited flights, primarily 
serving direct, rather than connecting, passenger traffic. 

Briefly, spatial estimation of exposures involved point-in-polygon 
linkage of geocoded residential address coordinates to temporally 
contemporaneous, airport-specific aircraft noise contours in 1 dB in
crements within a geographic information system (ArcGIS version 
10.8.1, ESRI). Participants were assigned the DNL value corresponding 
to the contour in which their residence was located. Coordinates located 
outside aircraft noise contours but within 22.2 mi (35.7 km) of one of the 
90 airports were assigned a value of 44 dB, i.e., 1 dB less than the lowest 
modeled noise contour of 45 dB. A buffer radius of 22.2 mi (35.7 km) 
represented the maximum empirical distance from an airport for which 
we had modeled aircraft noise above DNL of 44 A-weighted decibels 
(dB). 

Every two-year survey cycle, each address was matched to the most 
recent of the aircraft noise contours provided at five-year intervals 
(1995, 2000, 2005, 2010) occurring in the past when the survey cycle 
did not coincide with the year for which there was an aircraft noise 
contour. For example, NHSII participants in 1999 were temporally 
matched to the year 1995 aircraft noise contours, while participants in 
2001 were temporally matched to the year 2000 aircraft noise contours. 
Patterns in aircraft noise exposures at the 90 study airports over time are 
described elsewhere (Nguyen et al., 2023). For participants exposed to 
noise from multiple airports, noise levels were combined (Kim et al., 
2021). 

Because the FAA often uses DNL thresholds in decision-making in the 
U.S. (U.S. FAA (Federal Aviation Administration), 2022b), we dichoto
mized DNL at two cut points: <45 versus ≥45 and <55 versus ≥55 dB. 
Furthermore, we assessed the aircraft noise-BMI association by catego
rizing DNL at <45 dB (reference), 45–54 dB, and ≥55 dB. Last, we 
assessed associations with continuous aircraft noise per 10 dB among the 
subset of the population exposed to DNL ≥45 dB. 

2.4. Covariates and potential confounders 

Covariates and potential confounders were identified from the 
literature or hypothesized based on a priori knowledge and outlined in a 
theoretical directed acyclic graph (DAG; Supplemental Fig. 1) using the 
web-based tool, Daggity (Textor et al., 2016). Information on covariates 
was collected in the biennial survey and included: survey year in
dicators, cohort indicator (NHS/NHSII), age (continuous), age2 

(continuous), race (White, Black, American Indian, Asian, Hawaiian), 
individual SES metrics of living alone (yes, no) and spouse’s education 
(<high school, high school, >high school), U.S. Census region (North
east, Midwest, South, West), parity (nulliparous, 1–2 children, ≥3 
children), postmenopausal status (yes, no, missing), hormone therapy 
(never, current, former, missing), smoking status (never, former, cur
rent, missing), alcohol use (none, >0–4, 5–9, 10–14, 15–29, ≥30 g/day, 
missing), Alternative Healthy Eating Index (AHEI) diet quality score 
(quintiles and a missing category) (McCullough and Willett, 2006), and 
physical activity quantified in reported metabolic equivalent of task 
(MET) (<3, 3–8, 9–17, 18–26, ≥27 h of total energy expenditure per 
week, missing) (Ainsworth et al., 1993). When metrics were not assessed 

during a survey cycle (e.g., diet quality), the values of the most recent 
cycle’s assessed metrics were carried forward. 

Potential environmental confounders included quintiles of air 
pollution (concentration of particulate matter of diameter 2.5 µm or 
smaller, PM2.5), greenness, population density, neighborhood socio
economic status (nSES), and environmental noise. Air pollution levels 
were estimated annually at the home address using a spatio-temporal 
prediction model with high predictive accuracy (Yanosky et al., 2014). 
Greenness was estimated from thenormalized difference vegetation 
index (NDVI) at 30 m resolution from annual Landsat satellite imagery 
in Google Earth Engine by matching each participant’s current home 
address to a corresponding aggregated 270 m grid cell for 2000 to 2017. 
Population density was estimated in people/km2 at the census tract level 
using decennial U.S. Census years 2000 and 2010, linearly interpolating 
between census years if necessary. At the census tract level, nSES was 
estimated as a summed z-score from many components of socioeco
nomic status from the U.S. Census (e.g., area-level race, education, in
come, home value, nativity, unemployment) (Deville et al., 2022). We 
used a time-invariant metric of environmental noise at 270 m resolution 
from the National Park Service model estimating combined noise from 
topographic, climate, hydrologic, and anthropogenic features including 
roads and military flight operations (Mennitt et al., 2014). Missing 
values were generally modeled as a missing category. 

2.5. Inclusion and exclusion criteria 

Participants with at least one successfully geocoded residential 
address at baseline that was linkable to environmental metrics (e.g., 
aircraft noise estimates) during our study period were included. Resi
dential addresses were updated every biennial survey to capture 
participant moves. Participants were excluded at baseline or had their 
person-time excluded during follow-up if they did not reside within 22.2 
mi (35.7 km) of one of 90 study airports. Participants living in areas 
outside the 22.2 mi (35.7 km) buffers could have lived closer to airports 
not included in the study, as well as in areas different from those of the 
population most likely to be exposed to aircraft noise from one of the 90 
study airports. Participants were also excluded if they ever developed 
diabetes or cancer and at any time-period. Participant-years were also 
excluded if participants died, were currently pregnant, were missing 
outcome measures, had missing aircraft noise exposure estimates, or 
were missing other potential spatial confounders (e.g., neighborhood 
socioeconomic status, nSES, U.S. Census region, greenness, environ
mental noise, or population density). Finally, the <2% of the 
participant-years during which participants were classified as “under
weight” (BMI <18.5) (World Health Organization, 2000) were excluded 
as there were too few participants in this category to facilitate statistical 
modeling. Supplementary Table 1 shows the counts and percentages of 
participants excluded by criteria at baseline and throughout the study 
period. 

2.6. Statistical analyses 

We used repeated participant measures of BMI and BMI18 linked to 
exposure data also updated over time. For all statistical analyses, 
generalized estimating equations (GEE) in SAS 9.4 (SAS Institute) were 
used to estimate associations among repeated measures as mixed models 
did not fully converge. We used an independent covariance matrix, the 
default for the GEE procedure to facilitate convergence, as well. Cate
gories of BMI and BMI18 were modeled using multinomial logistic 
regression, in which odds ratios were interpreted as odds of membership 
in a category of BMI ≥25.0 (either 25.0–29.9 or ≥30.0) and BMI18 
tertile (second or third) compared to respective reference groups (BMI: 
18.5–24.9; BMI18: first tertile) for those exposed to aircraft noise. For 
continuous DNL, we estimated odds ratios and interpreted them as odds 
of BMI 25.0–29.9 or ≥30.0 and BMI18 second or third tertile from 
exposure to a 10 dB increase. In a sensitivity analysis, we modeled 
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continuous BMI as a linear outcome. Linear regression assumptions 
using a log-standardized version of continuous BMI [ln(BMI)] were 
empirically assessed while fitting linear regression models. Potential 
trends between aircraft noise and BMI were estimated by using DNL 10 
dB categories as continuous values and assessing the resulting coeffi
cient for this version of DNL. 

Our model building strategy consisted of first adjusting for the linear 
and quadratic effects of age, survey period, and cohort (Model 0). Then, 
we additionally adjusted for individual factors region of residence, race, 
living alone, spouse’s education, parity, post-menopausal status, 

hormone therapy, smoking status, alcohol use, diet quality, and physical 
activity (Model 1). Finally, we added to Model 1 potential environ
mental confounders when they changed the association between DNL 
and BMI (Model 2). 

Hypothesized effect measure modification by U.S. Census region of 
residence (Northeast, Midwest, South, West), U.S. climate boundary 
(humid, arid), airline hub type (non-hub/non-focus city, focus city, 
hub), self-reported hearing loss (none, any), and smoking status (never, 
former, current) was assessed. Addresses east of the 100th meridian 
(west of the prime meridian) were considered humid, while those west 

Table 1 
Characteristics of female participants in the Nurses’ Health Study (NHS) and NHSII at baseline (NHS: 1994; NHSII: 1995) overall and by aircraft day-night average 
sound level (DNL) exposure group.   

Overall Day-night average sound level (DNL) group  

Nurses’ Health Study Nurses’ Health Study II  

<45 dB 45–54 dB ≥ 55 dB <45 dB 45–54 dB ≥ 55 dB 

N = 74,848 N = 30,794 N = 5,193 N = 775 N = 31,352 N = 5,849 N = 885 

Demographics        
Age, yr (SD) 50.1 (11.2) 59.7 (7.1) 60.0 (7.1) 60.2 (6.9) 40.8 (4.5) 40.7 (4.5) 40.6 (4.5) 
Region of residence        

Northeast, % 43.1 49.5 57.9 59.8 34.7 37.5 49.5 
Midwest, % 21.5 15.0 14.7 8.6 28.0 29.9 16.1 
South, % 18.6 18.2 16.9 16.8 18.7 21.4 20.7 
West, % 16.8 17.3 10.6 14.7 18.6 11.2 13.7 

Race        
White, % 95.0 96.4 92.5 89.4 94.8 92.7 87.3 
Black, % 2.8 2.2 5.7 9.3 2.3 4.2 6.8 
American Indian, % 0.3 0.2 0.3 0.1 0.3 0.3 0.6 
Asian, % 1.9 1.2 1.5 1.1 2.4 2.7 5.1 
Hawaiian, % 0.1 0.0 0.0 0.0 0.1 0.2 0.1 

Currently live alone, % 10.1 9.5 10.5 10.9 10.2 12.7 11.8 
Spouse’s education        
<High school, % 2.0 3.5 3.9 3.7 0.4 0.7 0.4 
High school, % 18.0 24.9 26.1 31.1 11.0 10.9 14.1 
>High school, % 55.3 43.2 39.2 32.2 68.3 65.2 63.4 
Not married or missing, % 24.7 28.4 30.8 33.0 20.3 23.2 22.1 

Parity        
Nulliparous, % 15.9 5.5 5.5 5.3 25.5 28.2 29.2 
1–2 children, % 43.4 35.0 35.0 38.5 51.8 49.5 48.6 
3 + children, % 39.8 57.6 57.7 54.0 22.7 22.3 22.2 
Missing, % 0.9 1.8 1.8 2.3 0.0 0.0 0.0 

Post-menopausal        
No, % 51.6 10.8 10.3 12.2 91.1 90.8 92.9 
Yes, % 47.2 89.0 89.5 87.8 6.9 6.8 5.5 
Missing, % 1.2 0.2 0.2 0.0 2.1 2.4 1.6 

HT        
Never, % 60.5 26.1 29.9 31.6 93.1 93.2 94.5 
Former, % 22.2 40.3 35.6 31.6 5.5 5.6 4.0 
Current, % 8.8 16.6 16.1 17.1 1.3 1.2 1.5 
Missing, % 8.5 17.0 18.5 19.7 0.1 0.0 0.0 

Smoking status        
Never, % 53.1 42.9 40.7 41.6 63.6 62.1 60.9 
Former, % 34.2 43.4 43.9 43.5 25.3 25.4 25.6 
Current, % 12.5 13.6 15.1 14.5 11.0 12.3 13.5 
Missing, % 0.2 0.2 0.4 0.3 0.1 0.2 0.0 

AHEI indicator, % 81.9 83.3 81.3 78.8 81.2 79.9 77.1 
Index (SD) 51.3 (10.8) 52.9 (10.6) 52.4 (10.6) 52.7 (10.8) 49.9 (10.7) 49.6 (10.9) 50.3 (10.8) 
Alcohol g/day (SD) 4.6 (8.1) 5.5 (9.2) 5.1 (9.1) 4.1 (7.5) 3.9 (6.8) 3.9 (7.3) 3.8 (6.5) 

PA indicator, % 94.7 89.6 87.8 86.0 100.0 100.0 100.0 
MET hr/week (SD) 20.4 (26.1) 19.9 (24.4) 18.5 (23.0) 17.7 (22.0) 21.0 (27.6) 21.2 (28.4) 21.9 (31.6) 

PM2.5, μg/m3 (SD) 14.6 (2.9) 14.5 (2.9) 15.4 (2.9) 15.4 (2.7) 14.4 (3.0) 15.0 (2.8) 14.9 (2.6) 
NDVI (SD) 0.33 (0.10) 0.36 (0.10) 0.32 (0.11) 0.28 (0.11) 0.36 (0.10) 0.33 (0.11) 0.29 (0.11) 
Pop density, pp/km2 (SD) 2,250 (4,827) 1,757 (3,296) 3,447 (5,916) 4,452 (6,174) 2,169 (5,215) 3,622 (6,978) 4,221 (5,650) 
nSES indicator, % 100.0 100.0 100.0 100.0 100.0 99.9 99.7 

Sum z-score (SD) − 0.2 (3.3) − 0.4 (3.3) − 0.5 (3.0) − 0.8 (3.0) 0.0 (3.4) − 0.3 (3.4) − 0.3 (3.1) 
EN, dB (SD) 48.5 (2.8) 48.0 (2.7) 49.9 (2.4) 50.7 (2.4) 48.3 (2.9) 50.1 (2.5) 50.5 (2.3) 
BMI, kg/m2 (SD) 26.1 (5.5) 26.3 (5.0) 26.6 (5.2) 26.9 (5.3) 25.8 (5.8) 26.1 (5.9) 26.4 (6.1) 
BMI change from age 18, kg/m2 (SD) 4.8 (4.7) 5.0 (4.5) 5.3 (4.8) 5.4 (4.8) 4.6 (4.7) 4.7 (4.8) 5.0 (4.8) 

Values are means (SD) for continuous variables and percentages for categorical variables. Study sample metrics are standardized to the age distribution of the NHS and 
NHSII cohorts. Values of categorical variables may not sum to 100% due to rounding. dB: decibel, SD: standard deviation, HT: hormone therapy; AHEI: Alternative 
Healthy Eating Index; PA: physical activity; MET: metabolic equivalent of task; PM2.5: concentration of particulate matter 2.5 µm or smaller, NDVI: normalized 
difference vegetation index; pop: population; nSES: neighborhood socioeconomic status; EN: environmental noise (median daytime); BMI: body mass index. 
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of the 100th meridian were considered arid (Seager et al., 2018). The 
few participants living near airports in Hawaii and Alaska were placed in 
the humid climate category. The two airline hub types of secondary hubs 
and largest primary hubs were collapsed into a single “hubs” category 
due to a small count of participants living around the largest primary 
hubs (Nguyen et al., 2023). In NHS, hearing loss was self-reported in 
2006, 2008, 2012, and 2016; in NHSII, hearing loss was self-reported in 
2009, 2013, and 2017. Analyses of effect modification by hearing loss 
were for the period 2006–2017, and values within this period were 
carried forward if missing. Categories of mild, moderate, or severe 
hearing loss were grouped and dichotomized as “any” (versus “none”). 
Interactions between potential effect modifiers and dichotomized 
aircraft noise exposures were estimated from multinomial models by 
including respective multiplicative interaction terms and assessed for 
statistical significance using Type III Wald tests. Additionally, multino
mial models of BMI were stratified by the levels of each potential effect 
modifier to assess the stratum-specific associations between DNL and 
BMI. 

3. Results 

3.1. Descriptive results 

The 74,848 participants contributed 538,229 observations, aver
aging 7 observations (median: 8; range: 1–12) per participant 
throughout the study period. At study baseline, their average age was 
50.1 years (standard deviation, SD 11.2), and 83.0%, 14.8%, and 2.2% 
of the participants were exposed to <45, 45–54, and ≥55 dB of aircraft 

noise, respectively (Table 1). Participants primarily lived in the North
east U.S. (43.1%) (Fig. 1). The study sample of female nurses lacked 
sociodemographic diversity, with 95.0% identifying as White, 10.1% 
reporting living alone, and 20.0% having a spouse with a high school 
education or less. 

Key differences were seen across exposure categories among partic
ipants by self-identified race, in which a greater proportion of Black 
participants and correspondingly lower proportions of White partici
pants were exposed to higher levels of aircraft noise. There were large 
differences across exposure groups for participants’ area population 
density and environmental noise. Increasing average BMI and BMI18 
were evident with increasing categories of aircraft noise exposure. 

Characteristics were similar across the cohorts, though some differ
ences were noted. NHS participants were older and lived more in the 
Northeast than NHSII participants. There were differences related to 
parity, post-menopausal status, HRT use, smoking status, and alcohol 
use across the cohorts. Counts of participants excluded by criterion are 
found in Supplementary Table 1. Three by three cell counts of partici
pants and person-years for DNL and BMI categories overall and within 
strata of potential effect modifiers are included for reference in Sup
plementary Tables 2-7. 

3.2. Regression results 

Environmental factors that altered associations with DNL in multi
variable regression models of BMI included greenness, population den
sity, neighborhood socioeconomic status, and environmental noise, and 
these were included in the fully-adjusted model, Model 2. Of note, air 

Fig. 1. Locations of 90 study airports in the United States symbolized by quartiles of participants pooled from the Nurses’ Health Study (NHS) and NHSII 
living around each airport. Increasing point sizes are proportional to the increasing quartiles of study participants from the pooled sample of NHS and NHSII living 
within 22.2 miles (35.7 km) of each study airport at baseline. States are outlined and colors indicate each of four U.S. Census regions. The 100th meridian west of the 
Prime Meridian denotes the boundary between arid and humid areas. 
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pollution was not included in Model 2 as it did not empirically affect the 
noise-BMI association. Results from Model 2 of categorical BMI indi
cated 5% higher odds (95%CI: 1%, 9%) of being in the BMI 25.0–29.9 
category and 5% higher odds (95%CI: 1%, 10%) of being in the BMI 
≥30.0 category versus being in the BMI 18.5–24.9 category among 
participants exposed to DNL ≥45 dB (Table 2). At the 55 dB cut point, 
the estimates increased in magnitude to 13% higher odds (95%CI: 3%, 
23%) of being in the BMI 25.0–29.9 category and 11% higher odds (95% 
CI: − 1%, 24%) of being in the BMI ≥30.0 category versus being in the 
BMI 18.5–24.9 category in the fully adjusted model. 

For changes in BMI since age 18, associations were modest for the 
middle tertile (ΔBMI 2.9 to 6.6) relative to the first (ΔBMI − 52.3 to 2.8) 
at either the DNL 45 or 55 dB cut point (Table 2). The estimated asso
ciations for the third tertile (ΔBMI 6.7 to 71.6) versus the first tertile 
were similar in magnitude to the BMI results for the BMI ≥30.0 category 
versus the BMI 18.5–24.9 category. 

We observed 5% higher odds of being in either the BMI 25.0–29.9 
category (95%CI: 2%, 8%) or the ≥30.0 category (95%CI: 1%, 9%) from 
a 10 dB increase in DNL for DNL ≥45 dB (Table 3). Similarly, we saw 
elevated odds of being in either the 2nd (point estimate: 2%; 95%CI: 
− 1%, 6%) or 3rd (point estimate: 5%; 95%CI: 1%, 9%) tertiles of BMI18 
from a 10 dB increase in DNL. 

Fig. 2 and Supplementary Table 8 indicate an exposure–response 
association with a statistically significant trend (ptrends ≤ 0.02) of higher 
odds of being in either the BMI 25.0–29.9 category or the BMI ≥30.0 
category versus being in the BMI 18.5–24.9 category for increasing ex
posures to aircraft noise of 45–54 and ≥55 dB versus <45 dB. Adjusting 
for demographics, lifestyle, and environmental factors attenuated the 
associations but the exposure–response trends remained. 

There were differences in the association between aircraft noise and 
BMI category by Census region (p = 0.05) (Table 4). For participants 
living in the West, exposure to DNL ≥45 dB was associated with 14% 
(95%CI: 3%, 27%) and 26% (95%CI: 10%, 44%) higher odds for par
ticipants being in the BMI 25.0–29.9 category or the BMI ≥30.0 category 
versus being in the BMI 18.5–24.9 category, respectively. Estimated 
odds ratios nearly doubled when moving the cut point from 45 to 55 dB 

Table 2 
Estimated odds ratios (OR) and 95% confidence intervals (CI) for the association between aircraft day-night average sound level (DNL) at thresholds of 45 and 55 dB 
and categorical body mass index (BMI) and tertiles of change in BMI from age 18 by level of adjustment for potential confounders in the pooled Nurses’ Health Study 
(NHS) and NHSII cohorts 1994–2017.    

Odds ratios (95% confidence interval)   
Body mass index (kg/m2) categories  
DNL ≥45 vs <45 dB DNL ≥55 vs <55 dB 

Model 18.5–24.9 25.0–29.9 ≥30.0 18.5–24.9 25.0–29.9 ≥30.0 
Nobservations 251,628 166,916 119,690 251,628 166,916 119,690 
Nparticipants 46,202 39,778 24,771 46,202 39,778 24,771 

0: Age Reference 1.09 
(1.06, 1.13) 

1.16 
(1.11, 1.21) 

Reference 1.20 
(1.09, 1.31) 

1.27 
(1.14, 1.42) 

1: 0 + demographics & lifestyle Reference 1.05 
(1.01, 1.09) 

1.07 
(1.02, 1.12) 

Reference 1.14 
(1.04, 1.24) 

1.14 
(1.02, 1.28) 

2: 1 + environmental Reference 1.05 
(1.01, 1.09) 

1.05 
(1.01, 1.10) 

Reference 1.13 
(1.03, 1.23) 

1.11 
(0.99, 1.24)   

Body mass index (kg/m2) change from age 18  
Tertile 1 
ΔBMI 
¡52.3 – 2.8 

Tertile 2 
ΔBMI 
2.9 – 6.6 

Tertile 3 
ΔBMI 
6.7 – 71.6 

Tertile 1 
ΔBMI 
¡52.3 – 2.8 

Tertile 2 
ΔBMI 
2.9 – 6.6 

Tertile 3 
ΔBMI 
6.7 – 71.6 

Nobservations 167,523 168,421 167,701 167,523 168,421 167,701 
Nparticipants 35,220 41,066 33,444 35,220 41,066 33,444 
0: Age Reference 1.04 

(1.00, 1.08) 
1.12 
(1.07, 1.17) 

Reference 1.09 
(0.99, 1.20) 

1.26 
(1.13, 1.41) 

1: 0 + demographics & lifestyle Reference 1.02 
(0.98, 1.06) 

1.04 
(0.99, 1.09) 

Reference 1.07 
(0.97, 1.18) 

1.15 
(1.03, 1.29) 

2: 1 + environmental Reference 1.02 
(0.98, 1.06) 

1.05 
(1.00, 1.10) 

Reference 1.07 
(0.97, 1.19) 

1.15 
(1.03, 1.29) 

Model 0 adjusted for age, age2, survey period, and cohort. Model 1 adjusted for the covariates in Model 0 as well as region, race, living alone, spouse’s education, 
parity, post-menopausal status, hormone therapy, smoking status, alcohol use, diet quality, and physical activity. Model 2 adjusted for the covariates from Model 1 in 
addition to greenness, population density, neighborhood socioeconomic status, and environmental noise. 

Table 3 
Results from multinomial logistic regression models of categorical body mass 
index (BMI) and tertiles of change in BMI from age 18 using a continuous version 
of day-night average sound level (DNL) exposure for DNL ≥45 dB (dB) by level of 
adjustment for potential confounding factors in the pooled sample from the 
Nurses’ Health Study (NHS) and NHSII cohorts 1994–2017.   

Odds ratio (95% confidence interval) for DNL 10 
dB increase  
Body mass index categories 

Model 18.5–24.9 25.0–29.9 ≥30.0 
Nobservations 251,628 166,916 119,690 
Nparticipants 46,202 39,778 24,771 

0: Age Reference 1.09 
(1.05, 1.12) 

1.14 
(1.10, 1.18) 

1: 0 + demographics & 
lifestyle 

Reference 1.05 
(1.02, 1.08) 

1.06 
(1.02, 1.10) 

2: 1 + environmental Reference 1.05 
(1.02, 1.08) 

1.05 
(1.01, 1.09)   

Body mass index (kg/m2) change from age 18  
Tertile 1 
ΔBMI 
¡52.3–2.8 

Tertile 2 
ΔBMI 
2.9–6.6 

Tertile 3 
ΔBMI 
6.7–71.6 

Nobservations 167,523 168,421 167,701 
Nparticipants 35,220 41,066 33,444 
0: Age Reference 1.04 

(1.01, 1.07) 
1.11 
(1.07, 1.15) 

1: 0 + demographics & 
lifestyle 

Reference 1.02 
(0.99, 1.05) 

1.04 
(1.00, 1.08) 

2: 1 + environmental Reference 1.02 
(0.99, 1.06) 

1.05 
(1.01, 1.09) 

Model 0 adjusted for age, age2, survey period, and cohort. Model 1 adjusted for 
the covariates in Model 0 as well as region, race, living alone, spouse’s educa
tion, parity, post-menopausal status, hormone therapy, smoking status, alcohol 
use, diet quality, and physical activity. Model 2 adjusted for the covariates from 
Model 1 in addition to greenness, population density, neighborhood socioeco
nomic status, and environmental noise. 
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among participants living in the West region. The largest odds ratios 
were for participants living in arid climate areas, where differences were 
found at both the 45 (p = 0.01) and 55 dB (p = 0.05) cut points. For 
example, the odds of being in the BMI ≥30.0 category versus being in the 
BMI 18.5–24.9 category for participants living near an airport in an arid 
region were 52% higher (95%CI: 13%, 104%) for those exposed to DNL 
≥55 dB, versus 6% (95%CI: − 6%, 19%) for those in a humid region. 
There was little evidence that the aircraft noise-BMI group association 
differed by airline hub type, though there was a possible indication of 
odds ratio decreases from non-hub/non-focus cities to focus cities to 
hubs for participants exposed to DNL ≥55 dB. Few differences were 
found by hearing loss status (p = 0.84 at 45 dB; p = 0.27 at 55 dB) or 
smoking status at the 45 dB cut point (p = 0.99). However, when 
exposed to DNL ≥55 dB (p = 0.06), participants who were former 
smokers had 32% higher odds (95%CI: 14%, 53%) of being in the BMI 
25.0–29.9 category versus being in the BMI 18.5–24.9 category, 
although the association attenuated for the BMI ≥30.0 category. 

4. Discussion 

In this cohort study of females living throughout the U.S., we 
investigated the association between aircraft noise exposure and an in
dicator of general obesity, BMI. We had access to data with wide 
geographic coverage, as exposures were estimated around 90 airports 
spanning different sizes and covering most of the passenger enplane
ments across all four Census regions and two main climate types in the 
U.S. Both BMI outcomes and aircraft noise exposures were available over 
several decades. We found that aircraft noise exposure at DNL levels 
≥45 dB was associated with higher BMI among participants, with the 

largest associations for exposures ≥55 dB, indicative of an exposur
e–response relationship. Moreover, exposures to DNL ≥45 dB were also 
associated with higher BMI of participants since they were 18 years of 
age. 

Evidence of the relationship between exposure to transportation 
noise and greater obesity to date has been dependent on the study type 
and objectives, population, and obesity metrics used. All studies of 
transportation noise and obesity found in the literature to date were 
conducted in select European populations – Denmark, Switzerland, Oslo, 
and Stockholm (Christensen et al., 2016, 2015; Cramer et al., 2019; 
Eriksson et al., 2014; Foraster et al., 2018; Oftedal et al., 2015; Pyko 
et al., 2017). In a meta-analysis of these seven studies, chronic exposure 
to transportation noise was associated with higher waist circumference 
but was not associated with BMI (An et al., 2018). 

We found only four studies to date that investigated the associations 
between aircraft noise and obesity and a fifth that considered aircraft 
noise as a confounder because there was insufficient statistical power to 
examine it as a main exposure (Christensen et al., 2016). Three of the 
studies were located in the greater Stockholm area of Sweden (Eriksson 
et al., 2014; Pyko et al., 2017, 2015), while the other was located in 
Switzerland (Foraster et al., 2018). These studies did not find associa
tions between aircraft noise exposure and BMI. As such, these results 
differed from our central findings of associations between aircraft noise, 
BMI, and BMI changes since age 18. Why we found associations, but the 
previous research did not, is poorly understood; however, natural, cul
tural, physical, and societal differences exist across the U.S. and select 
European countries previously studied that are hypothesized to play a 
role. We found no previous studies in the literature that were able to 
assess changes in obesity from early adulthood to later periods of 

Fig. 2. Estimated odds ratios (OR) and 95% confidence intervals (CI) for the potential exposure–response association between categorical aircraft day- 
night average sound levels (DNL) in decibels (dB) and categorical body mass index (BMI) by level of adjustment for potential confounding factors in 
the pooled sample from the Nurses’ Health Study (NHS) and NHSII cohorts 1994–2017. * For BMI 25.0–29.9, ptrend values were <0.01 for Models 0, 1, and 2. 
For BMI ≥30.0, ptrend values were <0.01 for Models 0 and 1, and p = 0.02 for Model 2. Model 0 adjusted for age, age2, survey period, and cohort. Model 1 adjusted 
for the covariates in Model 0 as well as region, race, living alone, spouse’s education, parity, post-menopausal status, hormone therapy, smoking status, alcohol use, 
diet quality, and physical activity. Model 2 adjusted for the covariates from Model 1 in addition to greenness, population density, neighborhood socioeconomic 
status, and environmental noise. 
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adulthood associated with aircraft noise exposure as in this study. More 
generally, systematic reviews of contemporary studies concluded that 
there is not enough research and subsequent findings on the subject of 
noise and BMI to establish a causative link with high certainty (Siva
kumaran et al., 2022; van Kempen et al., 2018), indicating the impor
tance of this study and continued research on the subject. 

Regarding metrics of central obesity, higher waist circumferences 
were associated with exposure to aircraft noise over time (Eriksson et al., 
2014; Pyko et al., 2017) and cross-sectionally (Pyko et al., 2015) in 
Stockholm-based studies. In a population-based cohort study in 
Switzerland, only sources of transportation noise other than aircraft 
were positively associated (Foraster et al., 2018). In a cohort study in 
Sweden, excess risk of central obesity was found at levels of aircraft 
noise below 50 dB, unlike road noise, which indicated significant asso
ciations above 50 dB (Pyko et al., 2017). The association with waist 
circumference was also stronger for aircraft than road noise. Pyko et al. 
(2017) also found that aircraft noise exposure was linked to weight gain. 
Our study was unable to assess associations between aircraft noise and 
indicators of central obesity because such self-reported metrics (e.g., 
waist circumference) had greater missingness compared to self-reported 
weight, and the missingness was related to the participant’s category of 
BMI, suggesting the presence of selection bias. Moreover, indicators of 
central obesity were rarely assessed within the study period (NHS: 1996; 
NHSII: 1995, 2005). 

Our findings in relation to general obesity can be considered 

alongside prior research in this cohort that indicated that aircraft noise 
exposure was associated with shorter sleep duration (Bozigar et al., 
2023). BMI and sleep are closely intertwined (Larsen et al., 2020), but 
the directionality of whether higher BMI decreases sleep duration, lower 
sleep duration increases BMI, neither causes the other because both are 
downstream effects, or a complex causal interplay between the two is 
not known. There may be a stronger association between transportation 
noise and stress metrics for women. The Hypertension and Exposure to 
Noise near Airports (HYENA) study found that morning salivary cortisol 
concentrations were significantly higher for women exposed to noise at 
higher levels (60 dB vs. 50 dB), but greater cortisol concentrations were 
not observed among men at the same noise levels (Selander et al., 2009). 

Though we did not observe large differences by adjusting for other 
environmental exposures in this study, failing to adjust for them can bias 
estimates of environmental effects on health (Chaix et al., 2010). One 
study showed that lower nSES was associated with higher BMI and waist 
circumference (Leal et al., 2011). Few studies of transportation noise 
have adjusted for similar area-level confounding factors comprising the 
built and social environments (Foraster et al., 2018). PM2.5 was not 
observed to be a confounder of the association between aircraft noise 
and BMI in this study, but previous studies have linked air pollution with 
increases in BMI in children (Jerrett et al., 2014) and with metabolic 
syndrome in adults (Eze et al., 2015). Our results provided evidence of 
confounding of the aircraft noise-BMI association by area greenness, 
environmental noise, population density, and nSES in the study 

Table 4 
Estimated odds ratios (OR) and 95% confidence intervals (CI) for potential effect measure modifiers of the association between aircraft day-night average sound level 
(DNL) and categorical body mass index (BMI) from fully-adjusted models (Model 2) in the pooled Nurses’ Health Study (NHS) and NHSII cohorts 1994–2017.     

Odds ratio (95% confidence interval)    

DNL ≥45 vs <45 dB DNL ≥55 vs <55 dB  

Nobservations Nparticipants BMI 18.5–24.9 BMI 25.0–29.9 BMI ≥30.0 p BMI 18.5–24.9 BMI 25.0–29.9 BMI ≥30.0 p 

Census region 538,234 74,848     0.05     0.20 
Northeast 226,954 32,652 Reference 1.05 

(0.99, 1.12) 
1.03 
(0.96, 1.11)  

Reference 1.09 
(0.96, 1.25) 

1.05 
(0.89, 1.24)  

Midwest 117,909 16,526 Reference 0.98 
(0.91, 1.06) 

0.96 
(0.87, 1.06)  

Reference 1.12 
(0.91, 1.40) 

0.87 
(0.66, 1.15)  

South 101,409 15,714 Reference 1.08 
(1.00, 1.18) 

1.11 
(1.00, 1.23)  

Reference 1.14 
(0.94, 1.38) 

1.24 
(0.98, 1.57)  

West 91,961 13,374 Reference 1.14 
(1.03, 1.27) 

1.26 
(1.10, 1.44)  

Reference 1.23 
(0.96, 1.58) 

1.46 
(1.07, 1.98)  

Climate boundary 538,234 74,848     0.01     0.05 
Humid 444,764 62,506 Reference 1.04 

(1.00, 1.08) 
1.04 
(0.98, 1.09)  

Reference 1.10 
(1.00, 1.22) 

1.06 
(0.94, 1.19)  

Arid 93,470 13,618 Reference 1.14 
(1.03, 1.27) 

1.26 
(1.10, 1.44)  

Reference 1.28 
(1.00, 1.62) 

1.52 
(1.13, 2.04)  

Airline hub type 538,234 74,848     0.82     0.38 
Non- 

hub/non-focus 
city 

180,061 26,094 Reference 1.07 
(1.00, 1.15) 

1.03 
(0.94, 1.13)  

Reference 1.24 
(1.02, 1.51) 

1.37 
(1.07, 1.75)  

Focus city 134,522 19,834 Reference 1.07 
(1.00, 1.16) 

1.09 
(0.99, 1.19)  

Reference 1.17 
(0.96, 1.41) 

1.11 
(0.87, 1.41)  

Hubs 223,651 33,531 Reference 1.03 
(0.98, 1.09) 

1.04 
(0.97, 1.12)  

Reference 1.09 
(0.96, 1.23) 

1.04 
(0.89, 1.21)  

Hearing loss* 153,306 43,892     0.84     0.27 
None 104,759 33,149 Reference 1.08 

(1.00, 1.17) 
1.05 
(0.96, 1.15)  

Reference 1.37 
(1.12, 1.68) 

1.11 
(0.87, 1.43)  

Any 48,547 17,992 Reference 1.09 
(0.98, 1.21) 

1.15 
(1.01, 1.31)  

Reference 1.21 
(0.99, 1.64) 

1.41 
(0.99, 2.03)  

Smoking status 537,442 74,740     0.99     0.06 
Never 295,576 39,766 Reference 1.05 

(1.00, 1.11) 
1.07 
(1.00, 1.14)  

Reference 1.03 
(0.90, 1.17) 

1.07 
(0.92, 1.25)  

Former 197,678 30,845 Reference 1.07 
(1.01, 1.14) 

1.05 
(0.97, 1.13)  

Reference 1.32 
(1.14, 1.53) 

1.18 
(0.98, 1.42)  

Current 44,188 11,359 Reference 1.05 
(0.95, 1.17) 

1.05 
(0.92, 1.21)  

Reference 1.08 
(0.85, 1.39) 

1.10 
(0.81, 1.50)  

Model 2 adjusted for age, age2, survey period, cohort (Model 0), region, race, living alone, spouse’s education, parity, post-menopausal status, hormone therapy, 
smoking status, alcohol use, diet quality, physical activity (Model 1), greenness, population density, neighborhood socioeconomic status, and environmental noise. * 
Analyses of hearing loss did not include all survey years, as it was only available in certain years. In NHS, hearing loss was ascertained in 2006, 2008, 2012, and 2016; 
in NHSII, hearing loss was ascertained in 2009, 2013, and 2017. “Any” includes mild, moderate, and severe self-reported hearing loss. 
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population given the independent associations each environmental 
factor had with BMI and correlations with aircraft noise exposure. As 
these environmental factors are further correlated or even driven by 
urbanization, which was unmeasured in our study, it is likely that ur
banization similarly confounds the association. By excluding partici
pants living greater than 22.2 mi (35.7 km) from a study airport, we 
helped limit the impact of confounding by urbanization further. Based 
on our theoretical DAG, the Daggity web tool (Textor et al., 2016) 
identified a minimally sufficient adjustment set, or the list of the fewest 
variables (i.e., actual confounders) to condition upon to sufficiently 
control for bias due to confounding of the association between the 
exposure and outcome given correct specification of the model, which 
was comprised of region, physical activity, nSES, environmental noise, 
and greenness. Main associations found by conditioning on only this set 
of confounders were qualitatively comparable and slightly larger in 
quantitative magnitude (possibly from reduced confounding) than those 
from Model 2 irrespective of the form of the outcome or exposure. 

There has been somewhat limited evidence of effect modification of 
the association between transportation noise and obesity by individual 
and environmental characteristics. Several studies found no significant 
interactions (Christensen et al., 2016, 2015; Oftedal et al., 2015), while 
one study found an interaction between road traffic noise and age with 
waist circumference increase (Pyko et al., 2017), and another found that 
obesity was more likely to increase in people with high central obesity at 
study baseline (Christensen et al., 2015). One study found that the as
sociations between road traffic noise and markers of obesity were 
stronger among noise-sensitive women (Oftedal et al., 2015). Results 
from previous research suggested that the association between aircraft 
noise and sleep was modified by level of hearing loss, with the strongest 
association in those reporting no hearing loss (Bozigar et al., 2023), 
though we found limited evidence of effect modification by level of 
hearing loss in the present study. 

In contrast, we found that the association between aircraft noise 
exposure and BMI was modified by the Census region in which partici
pants lived, the climate region, and to some extent airline hub type and 
smoking status of the participants. It is possible that aircraft noise is 
experienced differently in arid regions such as the West – perhaps the 
finding indicates differences in climate-related factors such as vegeta
tion, temperature, and humidity (Zaporozhets, 2016) and related factors 
including window opening behaviors (Liu et al., 2021), housing con
struction and insulation, urbanization, heating/cooling type, time spent 
outdoors/indoors (Klepeis et al., 2001), etc. Additionally, there are 
complex, frequency-specific differences in noise levels due to the effects 
of temperature and humidity (Dreier and Vorländer, 2021) that may not 
be well-captured by AEDT modeling. Given the strong associations 
found for arid versus humid regions, further research on geographic and 
climatic differences on the impact of aircraft noise on obesity is needed. 
The DNL metric is a summary metric of 24 hr average of aircraft oper
ations of different types (U.S. FAA (Federal Aviation Administration), 
2022a), and suggestive evidence of changes in the association with BMI 
group by airline hub type may be reflective of differential types of 
aircraft and operations at each airport hub type, which could result in 
exposure differences not captured by the DNL metric used. Land use 
compatibility, policies, practices, and development around airport types 
may further be correlated with residential exposure to aircraft noise (U. 
S. FAA (Federal Aviation Administration), 2022c), which could manifest 
as differences in the association by airline hub types. There was evidence 
of effect modification by smoking status at higher levels of aircraft noise 
exposure. Smoking can cause endothelial dysfunction and other car
diometabolic issues that may encourage weight loss, and body mass 
usually increases upon quitting (Tian et al., 2015). However, why the 
impact of exposure to high levels of aircraft noise may be more strongly 
associated with BMI among former smokers is largely unknown. 

This study was limited by several factors. BMI is a crude metric of 
general obesity and was self-reported, but self-reports have been shown 
to be valid in these cohorts (Rimm et al., 1990). Weight at age 18 was 

participant-recalled and is therefore prone to recall bias. NHS and NHSII 
assessed height at baseline (NHS: 1976; NHSII: 1989), which was used to 
calculate BMI along with self-reported weight collected over time (Eckel 
et al., 2018; Jun et al., 2012). Height changes with age, which could 
affect the interpretation of BMI (Onwudiwe et al., n.d.; Sorkin et al., 
1999). We tightly controlled for linear and quadratic effects of age; 
however, genetic and lifestyle factors may also affect decline in height 
(Jelenkovic et al., 2020). Of note, a recent Framingham Heart Study 
publication demonstrated an advantage of calculating BMI using 
“young” height over age-related height in assessing chronic disease risk 
(Holt et al., 2023). The main exposure metric was a 5-year average at 
residential addresses and was therefore lacking finer spatiotemporal 
resolution. There may be exposure misclassification, for example, 
related to time spent at residences versus elsewhere. While there were 
many “exposed cases” at lower levels of aircraft noise exposure, there 
were fewer at the highest levels of aircraft noise exposure, such as ≥65 
dB, which limited options for analyses of associations at high aircraft 
noise levels. We were unable to estimate noise at the most exposed 
façade as is common in recent studies of the health effects of road noise, 
but this approach is less relevant for studying the health effects of 
aircraft noise, which originates predominantly from above ground level. 
Other sources of transportation noise such as roads and railways were 
not included directly, but we did control for a measure of environmental 
noise and population density. We were unable to include markers of 
stress, which prevented investigation of the links between noise, stress, 
and obesity. In addition, we were unable to include estimates of noise 
sensitivity or annoyance. We could not include markers of job strain, 
which has been shown to modify the association between transportation 
noise and metabolic outcomes (Selander et al., 2013). Moreover, occu
pational noise exposures were not available for many of the question
naire cycles. Nonetheless, many of the nurses who were not yet retired 
were likely exposed similarly due to similarities within the profession 
and related fields. Finally, there is some possibility of reverse causality, 
such as people with higher BMIs choosing or being forced into housing 
nearer airports for socioeconomic or other reasons (Lee, 2020). How
ever, we adjusted for various socioeconomic indicators to mitigate some 
of these possibilities. 

Despite the limitations, this study was strengthened by several fac
tors. This was the first study of aircraft noise exposure and obesity to our 
knowledge that used a U.S.-based and nation-wide population. This 
study was able to use repeated measures of aircraft noise exposure, as 
well as characteristics at individual and neighborhood levels over mul
tiple decades. Most of the main metrics (e.g., BMI, BMI18) used in this 
study had been previously validated in the NHS cohorts. We were able to 
investigate changes in BMI from early to late adulthood among the 
cohort participants. Availability of address-level exposure assignment at 
relatively low levels of aircraft noise exposure down to 45 dB for the 
large, national cohorts were additional strengths. The large sample size 
and repeated measures captured a wide range of participant exposure 
levels and further enabled us to examine several putative, but uncom
monly examined effect measure modifiers at the individual and neigh
borhood levels. 

5. Conclusion 

In a population of women living around 90 large airports in the U.S., 
residential exposure to aircraft noise above 45 dB (DNL) was associated 
with higher self-reported BMI and recalled change in BMI since age 18 
years independent of individual and neighborhood factors. There was a 
statistically significant trend providing evidence of an increasing aircraft 
noise exposure-BMI response for DNL ≥45 dB. Associations between 
aircraft noise exposure and BMI were stronger among participants living 
in the West, arid climate areas, and who formerly smoked. Aircraft noise 
and the potential roles of stress and obesity in risk of chronic disease 
morbidity and mortality deserve further scrutiny. 
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Baudin, C., Lefèvre, M., Champelovier, P., Lambert, J., Laumon, B., Evrard, A.-S., 2018. 
Aircraft noise and psychological ill-health: the results of a cross-sectional study in 
France. Int. J. Environ. Res. Public. Health 15, 1642. https://doi.org/10.3390/ 
ijerph15081642. 
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