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Abstract

Background: Aircraft noise can affect populations living near airports. Chronic exposure to
aircraft noise has been associated with cardiovascular disease, including hypertension. However,
previous studies have been limited in their ability to characterize noise exposures over time and to
adequately control for confounders.
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Objectives: The aim of this study was to examine the association between aircraft noise and
incident hypertension in two cohorts of female nurses, using aircraft noise exposure estimates with
high spatial resolution over a 20-year period.

Methods: We obtained contour maps of modeled aircraft noise levels over time for 90 U.S.
airports and linked them with geocoded addresses of participants in the Nurses’ Health Study
(NHS) and Nurses’ Health Study Il (NHS I1) to assign noise exposure for 1994-2014 and
1995-2013, respectively. We used time-varying Cox proportional hazards models to estimate
hypertension risk associated with time-varying noise exposure (dichotomized at 45 and 55 dB(A)),
adjusting for fixed and time-varying confounders. Results from both cohorts were pooled via
random effects meta-analysis.

Results: In meta-analyses of parsimonious and fully-adjusted models with aircraft noise
dichotomized at 45 dB (A), hazard ratios (HR) for hypertension incidence were 1.04 (95% CI:
1.00, 1.07) and 1.03 (95% CI: 0.99, 1.07), respectively. When dichotomized at 55 dB(A), HRs
were 1.10 (95% ClI: 1.01, 1.19) and 1.07 (95% ClI: 0.98, 1.15), respectively. After conducting
fully-adjusted sensitivity analyses limited to years in which particulate matter (PM) was obtained,
we observed similar findings. In NHS, the PM-unadjusted HR was 1.01 (95% CI: 0.90, 1.14) and
PM-adjusted HR was 1.01 (95% CI: 0.89, 1.14); in NHS II, the PM-unadjusted HR was 1.08 (95%
Cl: 0.96, 1.22) and the PM-adjusted HR was 1.08 (95% CI: 0.95, 1.21). Overall, in these cohorts,
we found marginally suggestive evidence of a positive association between aircraft noise exposure
and hypertension.

Keywords

Aircraft noise exposure; Aircraft; Hypertension; Noise

Introduction

Individuals are exposed to multiple sources of noise every day from occupational and
residential exposures. Although individuals can habituate to noise exposures at a certain
level (Munzel et al., 2014), chronic noise exposures can still lead to changes in the
autonomic nervous system and the endocrine system, resulting in adverse health effects
such as increases in blood pressure, blood lipids, and glucose levels (Babisch, 2002; Babisch
and van Kamp, 2009; Basner et al., 2014; Hammer et al., 2014; Munzel et al., 2014;
Sgrensen et al., 2013). Hypertension, in particular, has been examined extensively both
because of the biological plausibility of the association and the public-health importance
of hypertension (Fu et al., 2017; Ising and Kruppa, 2004; Jarup et al., 2008; Zhang et al.,
2016). The biological plausibility of chronic exposure to noise leading to hypertension and
cardiovascular effects has often been tested under occupational or experimental settings,
although there is growing evidence that environmental noise may be linked to health
outcomes (Hansell et al., 2013).

Aircraft noise may be more strongly related to adverse outcomes than many other noise
sources. For example, aircraft noise was associated with greater self-reported annoyance and
sleep disturbance compared with equivalent noise levels produced by other transportation
sources, such as roads and railways (Ising and Kruppa, 2004; Miinzel et al., 2014). In
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addition, adverse health effects, such as increased blood pressure, were shown to be more
strongly associated with aircraft noise compared to white noise of the same level (Munzel
et al. 2017, 2018). The distinct characteristics associated with aircraft noise exposure, such
as its frequency and temporal sound pattern, as well as perception about the usefulness or
desirability of the noise source, may drive cardiovascular effects through its impacts on
levels of stress, annoyance and sleep (Miinzel et al. 2017, 2018; van Kempen et al., 2002).
Aircraft noise is also of particular interest due to its chronicity, intensity, and prevalence in
certain communities near airports.

The magnitudes and strengths of the association between aircraft noise and hypertension
have varied markedly across studies (Babisch and van Kamp, 2009; Huang et al., 2015;

van Kempen et al., 2002). Some studies have reported an increased risk (Eriksson et al.,
2007; Huang et al., 2015; Pyko et al., 2018), whereas others have found no association
(Carugno et al., 2018; Zeeb et al., 2017). A number of factors could contribute to the
inconsistency in the literature, including differences in study populations, noise modeling
methods, exposure levels and characterization methods, ability to control for potential
confounders, and study design (Chang et al., 2013; Huang et al., 2015). In particular,

many studies are cross-sectional or case-control, with limited numbers of prospective cohort
studies (Dimakopoulou et al., 2017; Eriksson et al., 2010; Evrard et al., 2017; Fuks et al.,
2017; Jarup et al., 2008). There are also few studies with extensive longitudinal noise data at
high spatial resolution.

In this study, we used noise exposure around multiple airports modeled using consistent
software and criteria at high spatial resolution across a 20-year period, and we linked
these longitudinal data with two large prospective cohorts. To our knowledge, this is the
first multiairport prospective cohort study examining the association of aircraft noise with
hypertension in the U.S.

Material and methods

2.1. Study populations

The two prospective cohorts included in this study were Nurses’ Health Study (NHS) and
Nurses’ Health Study Il (NHS I1). NHS started in 1976 and is composed of 121,700 female
nurses who were born between 1921 and 1946, living in one of 11 states (CA, CT, FL,

MD, MA, MI, NJ, NY, OH, PA, and TX) at the time they were invited to participate. NHS
Il enrolled 116,429 female nurses who were born between 1946 and 1964, living in 14
states (CA, CT, IN, IA, KY, MA, MI, MO, NY, NC, OH, PA, SC, and TX) at baseline

in 1989. There are now individuals from each cohort living in all 48 contiguous states

and the District of Columbia. Questionnaires are mailed every two years with relatively
high response rates (~90%) (Bao et al., 2016; Hart et al., 2018) that include extensive
questions on demographic and physical characteristics, health status, lifestyle, and family
disease history. Questionnaires also provide a detailed residential address history for each
participant throughout our follow-up periods (NHS: 1994-2014, NHS II: 1995-2013). The
Institutional Review Board at Brigham and Women’s Hospital approved the study protocol,
and participants provided implied consent by virtue of returning the mailed questionnaires.
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2.2. Aircraft noise exposure

We collaborated with the U.S. Federal Aviation Administration (FAA) and the John A. Volpe
National Transportation Systems Center to obtain modeled noise contours for 1995, 2000,
2005, 2010, and 2015 for 90 U.S. airports (Fig. 1). Aircraft operations data came from

the Official Airline Guide (OAG - air travel intelligence) for 1995, and from the Enhanced
Traffic Management System (ETMS) for all other years.

Based on standard modeling procedure, operations were annualized into a single average
annual day using the following data: Aircraft Noise and Performance (ANP) aircraft type,
day (07:00 to 22:00 local time) or night (22:00 to 07:00 local time), and operation airport
(Federal Aviation Administration, 2014b). In addition, detailed departure and arrival runway,
flight path utilization, and stage length data for the 90 airports were used to approximate
tracks taken in an annualized year. The Aviation Environmental Design Tool (AEDT)

was then employed to compute the noise exposure data using the annualized flight track
information (Federal Aviation Administration, 2014b). AEDT simultaneously models both
noise and emissions and is the tool used by U.S. regulatory bodies for domestic planning,
environmental compliance, and research analyses (Federal Aviation Administration., 2014a).
AEDT replaced the Integrated Noise Model (INM), one of the widely used legacy noise
modeling tools, and incorporates improved algorithms to better capture aircraft performance
and positioning (Federal Aviation Administration., 2014a).

The noise contour maps estimated noise exposure areas at 1 dB (dB) resolution down to

a minimum of 45 dB(A) at a 0.1 nautical mile (~607 feet) spatial resolution due to the
availability of data at the time. We focused on day-night average sound level (DNL), a 24-h
weighted average that applies a 10 A-weighted decibel (dB(A)) penalty for nighttime noise,
as it is the primary metric used in U.S. aviation decision-making.

The modeled exposure surfaces were intersected with the participants’ geocoded residential
addresses during follow-up and the noise levels were assumed to have remained the same

in each of the 5-year time intervals. A very small percentage (less than 1%) of participants
lived close to more than one airport. For participants living near multiple airports, the sum of

the noise contours was calculated (noting that noise is measured on a log-scale and therefore

n .
was summed using the formula Combined Level =10 Logio X (10(L”10))). We assumed that
I =
participants who did not live within the modeled noise contours of the 90 airports were

exposed to less than DNL 45 dB(A) aircraft noise.

2.3. Hypertension incidence

Participants of each cohort self-reported hypertension diagnoses biennially. Hypertension
incidence was defined as a new report of physician-diagnosed high blood pressure since the
previous questionnaire. Previous studies have been performed in both NHS and NHS |1 to
confirm the validity of self-report data with medical records (Colditz et al., 1986; Forman et
al., 2008). For example, a study conducted on a random subsample of NHS participants
from the 1982 questionnaire found that of those reporting hypertension, 100% had a
systolic/diastolic blood pressure reading =140/=90 mmHg and 77% had a reading =160/=95
mmHg documented in medical records (Colditz et al., 1986). This study also obtained an
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age-stratified random sample of NHS participants from the 1980 questionnaire living in

the Greater Boston Area and found that of those that did not report hypertension, 6.8%

had blood pressure readings of 2140/>90 mmHg and none had readings =160/=95 mmHg
(Colditz et al., 1986). In NHS 1, investigators surveyed a random subsample of respondents
from the 2005 questionnaire and found that 94% of those who reported hypertension had
medical record documentation, and 85% of those who did not report hypertension did not
have documentation (Forman et al., 2008). We excluded women who reported a diagnosis of
hypertension at and prior to baseline for this analysis (1994 for NHS and 1995 for NHS I,
corresponding to the earliest date noise estimates were available).

2.4. Covariates

We selected a large set of a priorivariables identified in the literature as potential predictors
of noise or risk factors for hypertension. Fixed covariates, such as race, family history

of hypertension, and individual-level socioeconomic status (SES) (partner’s educational
attainment), and time-varying covariates, such as age, calendar year, menopausal status,
diabetes, body mass index (BMI, kilograms per square meter), smoking status (current
versus former/never smokers), physical activity (metabolic equivalent hours per week,
MET), and medication use (current statin and nonnarcotic analgesic use) were obtained
from questionnaire data. Neighborhood-level SES (nSES; Census tract-level median income
and home value) and region of residence (Northeast, Midwest, South, West) were obtained
for each 2-year period using data from the 2010 Census tracts. Standard food frequency
questionnaires were used to calculate alcohol use (quintiles of grams per day) and diet
(quintiles of the Dietary Approaches to Stop Hypertension (DASH) score (Harrington et al.,
2013)). Time-varying covariates were updated every two years with the exception of diet and
physical activity variables, which were updated every four years. Hearing loss, current night
shift work status, and air pollution (fine [PM, 5] and coarse [PM 5.10] particulate matter)
were added to sensitivity models as we had limited data on these characteristics. Information
on hearing loss was obtained in 2008 and 2009, and current night shift work status was
available only in the NHS 11 cohort. Air pollution data were obtained from 1994 to 2007 and
matched to participants’ geocoded addresses. Detailed methods for air pollution estimates
are available elsewhere (Yanosky et al. 2008, 2014).

2.5. Statistical analysis

The final analytic dataset included a total of 162,183 participants, with 63,245 and 98,938
participants from NHS and NHS 11, respectively. Our analyses were limited to years
1994-2014 for NHS and 1995-2013 for NHS 11, given the availability of our noise

data. Participants started contributing person-time from the return date of the baseline
questionnaire until they developed hypertension, or were censored at the time of death,
loss to follow-up, or end of follow-up. We assessed sociodemographic characteristics of
participants of each cohort categorized into two groups using a 55 dB(A) cut-point to
determine any exposure status-specific underlying differences.

We used time-varying Cox proportional hazards models, stratified by age in months and
2-year calendar period to adjust for trends over time, to estimate hypertension risk associated
with time-varying aircraft noise exposure. In separate models, we used two different cut-
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points (DNL 45 and 55 dB(A)) to classify noise, with subjects below these cut-points
considered as the reference group. We used a 45 dB(A) cut-point in order to assess the
impact of modeled aircraft noise exposures above background, and a 55 dB(A) cut-point
to further examine the exposure-response relationship. In basic models, we adjusted for
age and calendar year. We also conducted parsimonious and fully-adjusted models given
that some proposed covariates may be viewed as colliders or intermediates within the
causal pathway between aircraft noise and hypertension (Glymour, 2006). In parsimonious
models, we adjusted for age, calendar year, race, physical activity, smoking status, alcohol
use, DASH, spouse’s education attainment, nSES (Census tract home value and household
income), and region of residence. In fully-adjusted models, we additionally adjusted for
menopausal status, family history of hypertension, BMI, and medication use (current statin
and NSAID use).

The analyses were first conducted separately by cohort, then combined in a meta-analysis.
In the meta-analysis, we applied inverse-variance weighting and used the DerSimonian and
Laird method (DerSimonian and Laird, 1986) to determine heterogeneity of the two cohorts
and if random-effects meta-analysis would be warranted.

We also conducted a series of sensitivity analyses to examine our results using the 55

dB(A) cut-point. First, we restricted our analyses to those participants who lived within the
modeled noise contours of one of the 90 airports (those with assigned DNL =45 dB(A))

in an effort to address potential exposure error and to minimize the impact of potential
differences in populations among those living proximate to airports versus farther away.
Second, we excluded observations that had exposure at or above DNL 65 dB(A) (NHS: n

> 65 dB(A) = 125; NHS I1: n = 65 dB(A) = 288) because this is the eligibility threshold

to receive noise abatement measures through the FAA at some individual airports, and
therefore there is potential for increased exposure error. Third, we restricted our data to time
periods (through 2009) where we were able to adjust our models for air pollution, to confirm
the independent impact of noise on hypertension. Lastly, we adjusted our full multivariable
models for current night shift work status among participants in the NHS 11 cohort.

We evaluated effect measure modification by including a multiplicative term of exposure
and current smoking status, diabetes status, family history of hypertension, hearing loss,
menopausal status, statin use, and race in order to identify potentially sensitive populations
in our cohorts.

Statistical Analysis System (SAS) 9.4 (Cary, NC) was used for all analyses.

3. Results

As expected, given the earlier recruitment date for NHS, age distributions and some age-
related outcomes (e.g., statin use and menopausal status) differed between NHS and NHS
Il (Table 1). For other variables, the baseline characteristics were relatively similar between
the two cohorts, except for a fairly large difference in family history of hypertension,

and small differences in alcohol consumption and current smoking status. A number of
baseline characteristics of exposed and unexposed participants were similar in both cohorts

Environ Res. Author manuscript; available in PMC 2022 May 01.
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such as age and BMI. However, there was some dissimilarity such as higher percentage of
non-white, Census tract median home value, and air pollution levels in the groups exposed to
=55 dB(A) compared to groups exposed to < 55 dB(A) (Table 1).

The number of participants exposed to different levels of aircraft noise in each cohort at
baseline are displayed in Table 2. Less than 10% of the NHS and NHS Il participants at
baseline were exposed to aircraft noise as a result of living near one of the 90 airports
included in our noise exposure assessment (with DNL =45 dB(A)). About 1% of the
participants were exposed to aircraft-associated DNL =55 dB(A). There were 33,190 and
28,256 hypertension cases contributing over 711,429 and 1,267,845 person-years in NHS
and NHS II, respectively.

Results from time-varying Cox proportional hazards models are also shown in Table 2.
When comparing exposures to DNL at the 45 dB(A) cut-point, we observed similar
estimates across basic, parsimonious, and fully-adjusted models. In our parsimonious
models, we observed hazard ratios (HRs) of 1.05 (95% CI: 1.01, 1.10) and 1.02 (95%

Cl: 0.97, 1.07) in NHS and NHS 11, respectively. In fully-adjusted models, we observed
HRs of 1.05 (95% CI: 1.00, 1.09) in NHS I and 1.01 (95% CI: 0.96, 1.05) in NHS II.

When examining exposures to DNL at the 55 dB(A) cut-point in parsimonious models,

we observed similar findings, with HRs of 1.07 (95% CI: 0.96, 1.20) and 1.12 (95% CI:
1.00, 1.25) in NHS and NHS II, respectively. Fully-adjusted models yielded similar yet not
statistically significant effect estimates, with HRs of 1.05 (95% CI: 0.94, 1.17) in NHS | and
1.08 (95% Cl: 0.97, 1.21) in NHS II. In the meta-analysis of the two cohorts, we observed
multivariable HRs in parsimonious models of 1.04 (95% CI: 1.00, 1.07) and 1.10 (95% CI:
1.01, 1.19) using the 45 dB(A) and 55 dB(A) cut-points, respectively. Similar yet attenuated
estimates were observed in fully-adjusted models. No heterogeneity was observed between
the two cohorts in all models.

We did not observe any evidence of effect modification by diabetes status, family history

of hypertension, hearing problem, menopausal status, or statin use (Table 3). However, we
did observe effect modification between smoking status and aircraft noise on hypertension in
NHS (for smokers, HR: 0.68, 95% CI: 0.44, 1.03; for non-smokers, HR: 1.12, 95% CI: 0.99,
1.26) yet not in NHS I1 (for smokers, HR: 0.98, 95% ClI: 0.67, 1.45; for non-smokers, HR:
1.10, 95% CI: 0.98, 1.24).

The results from our sensitivity analyses using the 55 dB(A) cut-point broadly demonstrated
the consistency of our findings as shown in Fig. 2. Restricting the analyses to participants
who lived within the modeled noise contours for one of the 90 airports (DNL =45 dB(A))
resulted in a major reduction in sample size in both cohorts. Although we observed a

HR above one for the relationship between aircraft noise and hypertension in NHS I,

the HR changed to below one in NHS. Excluding participants who may have had noise
abatement due to close proximity to an airport (DNL =65 dB(A)) had little influence given
the small number of participants excluded from the model. When restricting the dataset
for NHS to 2008 and NHS 11 to 2009 in order to adjust for air pollution, numbers of

cases and person time were reduced to 28,641 cases with 602,374 person-years in NHS
and 23,773 cases with 1,071,673 person-years in NHS Il. When examining fully-adjusted
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multivariable associations between DNL at the 55 dB(A) cut-point and risk of hypertension
in the truncated cohorts, we observed similar but attenuated results as the full cohorts (in
NHS, HR: 1.01, 95% CI: 0.90, 1.14; in NHS II, HR: 1.08, 95% CI: 0.96, 1.22). After adding
air pollution measurements into the models, results were similar, with an HR of 1.01 (95%
Cl: 0.89, 1.14) in NHS and HR of 1.08 (95% ClI: 0.95, 1.21) in NHS II. Lastly, when we
further adjusted our fully-adjusted multivariable model for current night shift status in the
NHS Il cohort, we found no change in effect estimate, with an HR of 1.08 (95% ClI: 0.97,
1.21).

4. Discussion

Our study, which to our knowledge is the first to examine the association between aircraft
noise and hypertension in a large U.S. nationwide prospective cohort, found a marginally
suggestive association between aircraft noise and risk of hypertension, with and without
adjustment for other risk factors. Exposure to DNL =55 dB(A) was similarly weakly
suggestive of an increased hypertension risk.

Although previous studies have used different exposure metrics and reflect multiple
epidemiological study designs that complicate direct comparison of our quantitative
estimates, our findings are broadly consistent with the literature investigating the association
between aircraft noise and hypertension. Of note, Carugno et al., (2018) did not find
consistent dose-dependence with exclusive categorical exposure groups compared to the
referent group (<60 dB(A)), differing with choice of hypertension definition (Carugno et
al., 2018). For example, the study reported a prevalence ratio of 0.94 (90% CI: 0.60,

1.50) for exposure estimates of 60-64 dB(A) and of 0.74 (90% CI: 0.36, 1.51) for 65-75
dB(A) using the World Health Organization (WHQO) hypertension definition (Carugno et

al., 2018). Additionally, a case-control study conducted by Zeeb and colleagues observed
odds ratios (ORs) of 1.01 (95% CI: 0.99, 1.03) for 24-h noise estimates of 45-50 dB(A),
1.01 (95% Cl: 0.98, 1.04) for 50-55 dB(A), and 0.97 (95% CI: 0.92, 1.02) for 55-60

dB(A) using hospital diagnosed hypertension (Zeeb et al., 2017). Another study found
strong associations between day-evening-night average sound level (DENL or Lpgy a 24-h
weighted average similar to DNL, and hypertension in a cross-sectional analysis among
male participants; however, they did not find associations among female participants (Evrard
etal., 2017). In the HYENA study, investigators observed similar associations between
Lpen and hypertension, with an OR of 1.04 (95% ClI: 0.96, 1.12) for every 10 dB(A)
(Babisch et al., 2013). Conversely, Pyko and colleagues found stronger positive associations
between aircraft noise and hypertension (HR: 1.24, 95% CI: 1.06, 1.45) when dichotomizing
Lpgn into 245 vs. <45 dB(A) (Pyko et al., 2018).

Several studies reported that nighttime aircraft noise was more important than daytime
noise (Dimakopoulou et al., 2017; Evrard et al., 2017; Jarup et al., 2008), consistent with
associations of aircraft noise with sleep disturbance (Perron et al., 2012) or reflective of less
misclassification related to exposure estimations at residential address due to time-activity
patterns (Babisch and van Kamp, 2009). A cohort study conducted in Athens, Greece found
relationships between aircraft noise exposure and hypertension, with an HR of 1.34 (95%
Cl: 0.57, 3.16) for every 10 dB (A) of daytime noise (07:00 to 23:00) and an HR of 3.39
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(95% CI: 0.87, 13.3) for every 10 dB of nighttime noise (23:00 to 07:00) (Dimakopoulou
etal., 2017). Of note, this study sampled percentages of participants living near the airport,
within exposure contours <50, 50-60 and >60 dB(A) at 15%, 50% and 35%, respectively.

Our findings were relatively stable across multiple sensitivity analyses and were similar yet
attenuated after controlling for a number of confounders. Excluding participants who did
not live close to one of the 90 airports included in our noise modeling had a relatively

large impact on the HR in NHS, but not in NHS I1. Given that the effect estimate observed
in NHS was smaller compared with NHS I1, the reduction in sample size associated with
this exclusion criterion may have led to less stable estimates and reduced power to detect
the associations of interest. Excluding participants with DNL larger than 65 dB(A) resulted
in a very small increase in relative risk for hypertension associated with aircraft noise in
NHS, which may be related to the effect of the noise abatement programs, although given
the small number of participants excluded, it is difficult to make definitive conclusions.

The relationship between aircraft noise and hypertension was not confounded by particulate
matter air pollution in NHS or NHS 11, similar to the findings from other studies (Héritier et
al., 2019; Stansfeld, 2015). Additionally, although we were unable to account for shiftwork
in both cohorts, adjusting our model for night shift work status among participants in NHS 11
showed no change in our estimate.

When examining effect modification, we found a weaker relationship between aircraft noise
and hypertension in smokers compared to non-smokers in NHS, similar to previous studies
(Eriksson et al., 2007; Huang et al., 2015; Pyko et al., 2018). These results may indicate that
noise does not contribute as much to cardiovascular outcomes when compared to smoking.
Other studies also found effect modification by age group, sex, glucose tolerance and
self-reported annoyance to aircraft noise, with higher associations among older individuals,
men, non-smokers, those with normal glucose tolerance, and those who self-reported a high
degree of annoyance (Eriksson et al. 2007, 2010; Evrard et al., 2017).

This study had a few limitations. Hypertension status was self-reported, however; validation
studies showed very good correlation between the self-report and medical records (Colditz
et al., 1986; Forman et al., 2008). Unfortunately, direct blood pressure measurements were
not available in our cohorts, limiting our ability to detect associations with aircraft noise.
Our results may underestimate true associations given that we were unable to incorporate
access to care measures; because hypertension is often asymptomatic, it is commonly under-
detected unless individuals have routine medical care. The study participants were primarily
White female nurses; therefore, there may be limited generalizability to the general U.S.
population.

Understanding the association between DNL and hypertension is important, as DNL is the
specific metric used for policy purposes. However, DNL may not be the most sensitive
measure of the impact of aircraft noise on hypertension, especially if sleep disturbance

is considered a key pathway. In previous studies, nighttime noise has been shown to

be more relevant (Dimakopoulou et al., 2017; Evrard et al., 2017; Jarup et al., 2008;
Schmidt et al., 2015; Torjesen, 2017). That said, by applying a penalty to nighttime noise,
DNL potentially captures some concerns about sleep disturbance. Although only DNL was
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available at the time of this analysis, analysis using nighttime noise or other noise metrics
may be valuable to aid in establishing the mechanism by which noise is associated with
hypertension. Additionally, DNL measurements were only available in 5-year increments
and thus assumed to be consistent over each 5-year time-period, and data for earlier years
and lower decibels were less precise. These may have led to some level of exposure
measurement error.

Our study populations were not highly exposed to aircraft noise, which is to be expected for
a nationwide cohort not recruited specifically for aircraft noise epidemiology. This makes
identifying the association or determining the shape of the exposure-response function
more challenging, especially if the association happens at a higher exposure level and/or
the magnitude of the association is very small. In addition to lack of power due to the

small number of participants exposed to a high level of aircraft noise, the noise estimates
developed based on the residential addresses may not represent the true exposure levels of
the participants as a result of time spent at home versus at work and home-specific factors,
such as window opening behavior or the level of soundproofing (Lercher et al., 2000). Time
spent at home versus at work is less of a concern for NHS, where many participants likely
had retired by the time of this follow-up and were more likely to spend time at home.
Home-specific factors can affect the individual noise exposure levels since people spend
more time indoors than outdoors (Klepeis et al., 2001). However, it is unclear whether the
exposure misclassification related to indoor and outdoor activity patterns and home-specific
factors could be differential. In theory, those with higher ambient noise could take actions
such as window closing to reduce their personal exposures. This would have resulted in
biasing the results towards the null. But overall, the probability of substantial differential
exposure misclassification is likely small, as most individuals spend a significant amount
of time indoors at home, these populations have comparable workplace characteristics, and
there is only a very small percentage of participants exposed to high levels of aircraft

noise. Given the small magnitude of the observed health effect estimates of aircraft noise on
hypertension in this study, it is important to consider the impact of these challenges.

Another potential source of exposure misclassification arises due to the fact that the noise
estimates were only developed for 90 airports in the U.S.; therefore, participants who lived
close to an airport that was not one of the 90 airports selected for assessment with our noise
models would have been incorrectly assigned a lower DNL and included in the reference
group. In an effort to address this limitation as well as the concern that populations not
living near airports may differ in multiple ways from those who live near airports, we
conducted a sensitivity analysis only including individuals within the noise contours around
the selected 90 airports. While our findings were broadly consistent, this exclusion criterion
led to dramatically reduced power to detect the effect of aviation noise on hypertension in
NHS (Fig. 2).

Lastly, we were unable to adjust for other sources of noise exposure, such as road traffic,
that may also be associated with hypertension. Several studies have found associations
between road traffic noise exposure and incident hypertension (Banerjee et al., 2014; Bluhm
et al., 2007; Jarup et al., 2008); yet when examined together studies have found stronger
associations with aircraft noise (Dimakopoulou et al., 2017; Jarup et al., 2008). Additionally,
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studies have shown that annoyance from aircraft noise is greater than from road traffic noise
(Miedema and Oudshoorn, 2001).

Our study also had several strengths. The prospective cohort study design provided a wide
range of time-varying exposure, outcome, and covariate information over two decades

of follow-up. The combination of extensive cohort data and motivated participants (all
medical professionals) contributed to strong internal validity with potentially small residual
confounding. We were also able to assess the impact of an array of potential confounders
using high quality self-reported data. Another strength is the consistency of how aircraft
noise estimates were developed, where the same protocol was used for developing noise
contours for all 90 airports. This addresses one of the limitations often mentioned for meta-
analyses investigating potential noise-hypertension associations that use noise and outcome
data developed under different protocols and models.

5. Conclusions

In conclusion, we found a marginally suggestive relationship between aircraft noise
exposure and hypertension in the NHS and NHS |1 cohorts. Given that the FAA uses a

65 dB(A) DNL threshold for sound mitigation, based on older evidence related to annoyance
rather than health outcomes, our study results warrant further investigation regarding the
health effects of aircraft noise exposure and more precise exposure assessment below the
regulatory threshold.
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Fig. 1.
A map of 90 airports included in our study by region.
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Fig. 2.
Hazard ratios (95% Cls) for associations between aircraft noise (DNL =55 dB(A) vs. <55

dB(A)) and hypertension in NHS and NHS 11 in basic (age), fully-adjusted, and sensitivity
models (noting person-years). Fully Adjusted Model: Adjusted for age, calendar year,
race, menopausal status, family history of hypertension, BMI, physical activity, smoking
status, alcohol use, DASH, medication use (current statin and NSAID use), spouse’s
education attainment, nSES (Census tract home value and household income), and region of
residence. Sensitivity 1: Excluding observations under 45 dB(A). Sensitivity 2: Excluding
observations greater than or equal to 65 dB(A). Sensitivity 3: Further adjustment for PM, 5
and PM2 5.19 (NHS: 1994-2008, NHS 11: 1995-2009). Sensitivity 4: Further adjustment

of fully-adjusted model for current night shift work in NHS 11 only. Abbreviations:BMI,
Body Mass Index; DASH, Dietary Approaches to Stop Hypertension; dB(A), A-Weighted
Decibels; DNL, Day-Night Average Sound Level; HR, Hazard Ratio; NSAID, Non-Steroidal
Analgesic Intake Drug; NHS, Nurses’ Health Study; NHS 11, Nurses’ Health Study 11; MET,
Metabolic Equivalent; PT, person-time contributed; PY, person-years; nSES, Neighborhood
Level Socio-Economic Status.

Environ Res. Author manuscript; available in PMC 2022 May 01.

1.5

ONHS
ONHS 1l



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Kim et al. Page 17
Table 1
Age-standardized characteristics of Nurses’ Health Study (1994) and Nurses’ Health Study 11 (1995)
participants at baseline, overall and by aircraft noise exposure.
NHS NHS 11
Overallab DNL <L;5de DNL 252 dB Overalla’b DNL <25de DNL 25: dB
(A) (A) (A) (A)
N 63,245 62,668 577 98,938 97,824 1,114
Age, yrs ¢ 50.1+7.1 50.1+7.1 59.2+6.9 40.3+4.8 403 +4.7 40.3+4.9
DNL, dB(A) 494 +4.1 48327 57.7+28 49.6 +4.3 483+2.7 57.8+3.0
White, % 94.6 94.7 88.2 93.3 93.5 82.2
Post-Menopausal, % 87.8 87.8 86.8 7.2 7.2 5.4
Partner’ s Education Attainment, %
Less than high school 5.2 52 5.4 0.7 0.7 0.2
High school 37.9 37.8 42.7 17.1 17.1 16.3
More than high school 56.9 57.0 51.9 82.2 82.2 83.5
BMI, kg/m? 255+4.6 255+4.6 256+4.7 253+54 253+54 256+5.6
Family History of Hypertension, % 36.1 36.1 36.1 49.3 49.2 51.6
Statin Use, % & 45 45 37 2.4 2.4 19
Aspirin Use, %
<1 day/mo 56.9 56.9 56.3 77.3 77.3 .7
1 day/wk 12.6 12.6 15.1 14.4 14.4 135
2-3 days/wk 9.2 9.2 8.9 4.3 4.3 4.0
4-5 days/wk 6.9 7.0 5.3 1.2 1.2 15
>5 days/wk 14.4 14.4 14.4 2.9 2.9 3.3
Ibuprofen Use, %
None 81.2 81.2 83.2 353 35.3 41.0
1 day/wk 5.6 5.6 55 39.6 39.7 36.5
2-3 days/wk 4.6 4.6 5.1 16.9 16.9 14.8
4-5 days/wk 2.0 2.0 15 35 35 4.2
>5 days/wk 6.6 6.6 4.7 4.7 4.7 3.4
Acetaminophen Use, %
None 86.6 86.6 85.7 45.7 45.6 475
1 day/wk 45 4.5 4.0 40.4 40.4 419
2-3 days/wk 4.0 4.0 4.7 10.3 10.3 8.2
4-5 days/wk 1.7 1.7 1.0 2.0 2.0 15
>5 days/wk 3.3 3.2 4.6 17 17 0.9
Current Smoker, % 15.2 15.2 16.0 11.3 11.2 13.1
Alcohol Consumption, g/day 51+88 51+8.8 42+69 35+6.6 35+6.6 3.6+6.4
DASH Score 239+4.6 23946 24147 23749 23.7+4.9 23.3+4.9
Physical Activity, MET-hr/wk 20.9+26.0 209+26.1 19.1+22.3 18.7+£23.0 18.7 +23.0 19.8 +25.6
Median Income, per 1,000 USD 83.1+35.0 83.1+35.1 81.3+32.0 80.4 +32.0 80.3+32.0 83.1+32.0
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NHS NHS I1
overal®®  DNL <1;5de DAL 255 9B era@P  DNL <2€l>3dB DL 255 dB
(A) (A) (A) (A)
L'\J"gga“ Home Value, per 10,000 3034220 3024220 3744216 2674207  266+20.7 37.0+224
PM 5 10, Hg/m? 9.1+40 9.1+40 108+37 9.7+41 9.7+41 106+35
PMy s, Hg/m? 141+31 140+3.1 155+27  140+30 140+30 149+26
Region of Residence, %
Northeast 525 52.4 62.0 339 337 50.8
Midwest ~ 17.3 17.4 8.8 27 329 157
South 165 16.6 151 183 183 191
West 136 136 142 151 152 143

Abbreviations: BMI, Body Mass Index; dB(A), A-Weighted Decibels; DNL, Day-Night average sound Level; DASH, Dietary Approaches to Stop

Hypertension; g/day, grams per day; HR, Hazard Ratio; kg/mz, kilograms per square meter; ug/m3, micrograms per cubic meter; NHS, Nurses’
Health Study; NHS I1, Nurses’ Health Study II; MET-hr/wk, metabolic equivalent hour per week; mo, month; PM, particulate matter; USD, United

States Dollar; wk, week; yrs, years.

a\/alues are means + standard deviations (SD) for continuous variables; percentages for categorical variables and are standardized to the age

distribution of the study population.

bMeans (SD) were obtained for noise measurements modeled (above 45 dB (A)).

c . .
Value is not age adjusted.

In NHS 11, statin use was not obtained at baseline (1995); however, statin use was obtained during follow-up (starting in 1999).
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