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Abstract

Background: Both air pollution and noise exposures have separately been shown to affect 

cognitive impairment. Here, we examine how air pollution and noise exposures interact to 

influence the development of incident dementia or cognitive impairment without dementia 

(CIND).

Methods: We used 1,612 Mexican American participants from the Sacramento Area Latino 

Study on Aging conducted from 1998 to 2007. Air pollution (nitrogen dioxides, particulate 

matter, ozone) and noise exposure levels were modeled with a land-use regression and via the 

SoundPLAN software package implemented with the Traffic Noise Model applied to the greater 
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Sacramento area, respectively. Using Cox proportional hazard models, we estimated the hazard 

of incident dementia or CIND from air pollution exposure at the residence up to 5-years prior to 

diagnosis for the members of each risk set at event time. Further, we investigated whether noise 

exposure modified the association between air pollution exposure and dementia or CIND.

Results: In total, 104 incident dementia and 159 incident dementia/CIND cases were identified 

during the 10 years of follow-up. For each ~2 μg/m3 increase in time-varying 1- and 5-year 

average PM2.5 exposure, the hazard of dementia increased 33% (HR = 1.33, 95%CI: 1.00, 1.76). 

The hazard ratios for NO2-related dementia/CIND and PM2.5-related dementia were stronger in 

high-noise (≥65 dB) exposed than low-noise (<65 dB) exposed participants.

Conclusion: Our study indicates that PM2.5 and NO2 air pollution adversely affect cognition 

in elderly Mexican Americans. Our findings also suggest that air pollutants may interact with 

traffic-related noise exposure to affect cognitive function in vulnerable populations.

Keywords

Air pollution; Nitrogen dioxide; Particulate matter; Ozone; Noise; Dementia; Cognitive 
impairment

1. Introduction

Alzheimer’s disease and related dementias (ADRD) are a major public health challenge in 

societies with aging populations (Ritz and Yu, 2021), due in part to the health care burden 

associated with these disorders (Livingston et al., 2020). In the United States, the number 

of people with ADRD is expected to increase by at least 6.7% from 2020 to 2025, and 

the annual number of new cases of Alzheimer’s and other dementias is projected to double 

by 2050 (Alzheimers Dementia, 2021). Therefore, identifying modifiable risk factors for 

dementia is urgently needed to address and combat this costly and growing global health 

crisis (Ritz and Yu, 2021).

Ambient air pollution has been linked to various adverse health outcomes (Paul et al., 2019). 

Evidence has been emerging that air pollutants – both short- and long-term exposure to 

nitrogen dioxides (NO2), particulate matter (PM2.5), and ozone (O3) – increase the incidence 

of dementia (Paul et al., 2019; Yuchi et al., 2020; Andersson et al., 2018; Paul et al., 2020; 

Andersen et al., 2022), although some studies did not find associations between these air 

pollutants and incident dementia of the Alzheimer’s type (Trevenen et al., 2022). The Betula 

study (Oudin et al., 2016) and the Women’s Health Initiative Memory Study (Cacciottolo 

et al., 2017) have estimated that the population attributable fraction of ambient air pollution 

exposure to dementia is about 16–21%. Even in places with comparatively low air pollution, 

association with dementia have been observed. Recently, the Swedish National Study on 

Aging and Care in Kungsholmen (SNAC-K) reported a 75% increase in the hazard ratios 

for incident CIND per 1 μg/m3 increase in 3-year moving average PM2.5 exposure and 

increases of 8% per 1 μg/m3 increase in PM10 and 18% per 10 μg/m3 NOx respectively (Wu 

et al., 2022). In the same cohort, air pollution also increased the risk for conversion from 

CIND to dementia (Grande et al., 2020). An Australian cohort study of 11,243 men aged 65 

years or older, however, found no association between air pollutants and incident dementia 
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or Alzheimer’s disease, but PM2.5 increased risk of vascular dementia (per 5 μg/m3 PM2.5 

increase HR = 1.39, 95% CI 0.93, 2.08) (Trevenen et al., 2022).

The evidence for an involvement of noise in cognitive impairment is also growing (Yu et 

al., 2020; Cantuaria et al., 2021). The World Health Organization has reported that traffic 

noise alone is responsible for the annual loss of more than one million healthy life years 

in Western Europe as a result of noise-related disability and disease, including cognitive 

impairment (World Health Organization, 2011). Noise can disturb sleep and influence its 

quality (Minakawa et al., 2019; Irwin and Vitiello, 2019), and it may also induce stress 

pathways, activate the autonomic nervous system and the endocrine system, and affect 

physiological function through the release of stress hormones (Babisch, 2002; Selander et 

al., 2009).

Air pollution and ambient noise often co-occur as they are generated by the same sources 

such as traffic. Few studies, however, have investigated whether air pollution and noise 

exposures may amplify each other’s adverse health effects. Thus, the objective of this 

study was to examine whether air pollution and noise exposures interact to influence the 

development of dementia in a cohort of older Mexican Americans followed over almost a 

decade for cognitive decline.

2. Method

2.1. Study population

Study participants were enrolled in the Sacramento Area Latino Study on Aging (SALSA), 

a longitudinal cohort of older Mexican Americans residing in the Sacramento Valley area 

from 1998 to 2007. Participants were recruited from the Sacramento metropolitan area and 

surrounding suburban and rural counties via mail, telephone, and door-to-door neighborhood 

enumeration (Haan et al., 2003). Participants who (a) were 60 years or older; (b) lived in 

the six counties of the Sacramento Valley; (c) self-identifying as Latino, Mexican, Central 

American, or Mexican American; (d) were Spanish or English speakers; and (e) were living 

in a noninstitutionalized setting were eligible to be enrolled (Mungas et al., 2018). The 

participation rate was 83.5% among those eligible and contacted, and 1,789 participants in 

total were recruited at baseline. Participants were interviewed at home for both baseline 

interview and follow-up visits. Follow-up visits were conducted every 12–15 months with 

a maximum of seven follow-up visits. The average annual attrition rate from mortality 

and loss to follow-up was 2.6% and 2.3%, respectively. Between home visits, a 10-minute 

phone call every 6 months was performed to update participants’ contact information, health 

status, and medication information (Haan et al., 2003). We excluded those who (1) did not 

participate in the interview at baseline (n = 3); (2) lived too far from traffic sources to 

generate air pollution and noise exposure measures (n = 3); (3) only had a baseline visit (n = 

57); and (4) already had dementia/CIND (n = 114) at baseline, leaving 1,612 in total for the 

analysis (Fig. 1).

All procedures described here were approved by the Institutional Review Boards of the 

Universities of California, San Francisco, Los Angeles, and Davis; the University of 
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North Carolina; and the University of Michigan. All participants provided written informed 

consent.

2.2. Exposure Assessment

Details of how we generated NO2, PM2.5, O3 and traffic-related noise estimates have been 

described elsewhere (Yu et al., 2020; Su et al., 2020; Yu et al., 2021). Briefly, NO2 and 

O3 concentrations were estimated based on a land use regression (LUR) model. To build 

this model, we conducted two air pollution monitoring campaigns in the Sacramento metro 

area for NO2 at 69 sites and O3 at 49 sites respectively, one in late spring (5/20/2016 – 

6/3/2016) and one in winter (12/2/2016–12/16/2016). The mean (±standard deviation [SD]) 

of the measured NO2 and O3 concentrations were 6.1 ppb (SD = 1.4 ppb) and 21.5 ppb 

(SD = 4.7 ppb) respectively. For the LUR modeling, we applied the Deletion/Substitution/

Addition (D/S/A) algorithm to generate an annual exposure prediction model (Su et al., 

2020; Beckerman et al., 2013). More details can be found elsewhere (Su et al., 2020). The 

LUR model was developed specifically for the Sacramento area based on the monitoring 

data we collected in 2016, with the input of both buffered (i.e., land cover and traffic) 

and non-buffered data sources (i.e., distance to coast and roadways). A NO2 concentration 

surface throughout the Sacramento area was generated at a spatial resolution of 30 × 30 m 

(Fig. 2A). The O3 surface was first generated at a spatial resolution of 30 × 30 m and then 

averaged within a 1-km radius using zonal statistics through the mean function to account 

for regional impacts due to temperature effects (Fig. 2B). The final LUR model for NO2 

and O3 had an adjusted prediction power (adjusted R2) of 60% and 76% respectively (Miles, 

2014).

Fine particulate matter with a diameter <2.5 μm (PM2.5) estimates were also derived from a 

LUR model applying the D/S/A LUR modeling technique based on the measurements at 110 

unique governmental monitoring stations located throughout California in 2004. The mean 

(±SD) for the measured PM2.5 concentration was 10.7 (±3.9) μg/m3. Similar predictors 

we used for the NO2 LUR model were also used for the annual PM2.5 modeling, with an 

adjusted prediction power of 64%. The annual average PM2.5 concentration surface was also 

generated at a spatial resolution of 30 × 30 m and was used as a reference layer to derive 

annual residential level PM2.5 exposures for the SALSA participants (Fig. 2C).

Each residential address was first assigned the pollutant concentrations for NO2 or O3 

modeled in the reference year 2016, and for PM2.5 modeled in the reference year 2004. 

To generate annual exposures for the years 1998–2007 at each residential address, we used 

the nearest EPA air quality monitoring data with an effective annual measurement (at least 

75% completeness in each quarter of a year) for a specific year (Environmental Protection 

Agency 2006) to annualize the modeled air pollution (i.e. temporally calibrate the surface 

generated for the year 2004). The nearest distance from one regulatory monitor to another 

monitor ranged between 3.3–25.5 km, with a mean distance of 14.4 km. For a residential 

address in location i and year t with reference year d, the exposure value Ei, d, t
j  for pollutant j

(here j = NO2, PM2.5, O3) was calculated as:
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Ei, d, t
j = Cd, i

j × Cm, t
j

cm, d
j

where Cd, i
j  is the modeled concentration of pollutant j at location i in reference year d; Cm, t

j  is 

the measured concentration of pollutant j at the EPA monitor m that is closest to location i in 

year t; cm, d
j  is the concentration of pollutant j at the nearest EPA monitor m in reference year 

d. For the residential exposures to NO2, O3 and PM2.5, we used the same equation to estimate 

the annual exposures for years 1998–2007.

Traffic-related noise exposure was estimated using the SoundPLAN software package 

(Version 8.0, NAVCON, Fullerton, CA, USA), which is implemented with a noise prediction 

model-the Federal Highway Administration Traffic Noise Model that uses annual average 

daily traffic (AADT) data from Metropolitan Planning Organizations (MPO). The Traffic 

Noise Model estimated the noise levels with average vehicle speed, counts of different 

types of vehicles, ground classification (soft vs. hard ground), and distance from receptor 

points to the roadway (USDOT, 1998, 2002). We used hourly traffic counts obtained from 

the State Department of Transportation in 2002 to calculate average diurnal traffic patterns 

and used these to adjust the MPO AADT values to generate hour-of-day specific traffic 

counts at each subject’s geocoded residential address at baseline, which was treated as the 

receptor point. We estimated the A-weighted measure – the most common weighting applied 

to noise measurements accounting for differences in sensitivity of human sound perception 

at specific frequencies (International Electrotechnical Commission) – daily average (Ldn) 

sound levels for each participant’s residence. Roadway traffic was the only source of noise 

assessed in our study; we only used counts of FHWA classified as light- and heavy-duty 

vehicles and assumed that the average vehicle speed was 55 miles per hour to generate noise 

estimates. More details can be found elsewhere. (USDOT, 1998, 2002).

2.3. Outcome measurement

Two cognitive screening tests – the Modified Mini–Mental State Examination (3MSE) and 

a delayed word recall trial from the Spanish English Verbal Learning Test (SEVLT) – were 

performed with each participant at baseline and follow-up visits. A geriatrician referred 

the participants for a neuropsychological test battery and a standard neuropsychological 

examination (Informant Questionnaire on Cognitive Decline in the Elderly) if their scores 

(1) were below the 20th percentile at baseline on the 3MSE or SEVLT, or (2) had decreased 

≥ 8 points on the 3MSE or ≥ 3 points on the SEVLT between baseline and follow-up. The 

cases were reviewed by a team of neurologists and neuropsychologist and given a diagnosis 

of “cognitively normal”, “cognitively impaired but not dementia (CIND),” or “dementia” 

according to standard diagnostic criteria. Those diagnosed with dementia or CIND were 

also referred for a magnetic resonance imaging (MRI) examination (American Psychiatric 

Association, 2000). Detailed procedures for dementia and CIND screening and classification 

are described elsewhere (Haan et al., 2003). In this study, we used (1) dementia and (2) a 

combined outcome which included incident dementia or CIND cases and those who were 

CIND at baseline and converted to dementia during the follow-up to capture both cognitive 

decline prior to dementia and dementia incidence to improve our statistical power.
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Mortality data was collected through interviews with family members when we did not 

reach participants for annual follow-up visits or during the interim 6-months phone calls, 

by reviewing online death notices, checking the Social Security Death Index, the National 

Death Index and California state vital statistics data.

2.4. Covariates

Demographic information including age, sex, years of education, and longest held 

occupation during the lifetime were collected at baseline. At each interview, participants also 

reported household income, marital status, smoking, general health status, and medication 

use. We evaluated physical activity level according to time spent performing 18 different 

activities that older adults commonly engage in during a regular week (Shih et al., 

2018). Activities of daily living (ADL) was derived on a self-reported multi-format 

scale referring to six activities including bathing, dressing, eating, transferring, toileting 

and continence (Inoue et al., 2020). Urban or rural residential location was generated 

as an indicator according to Census tract 2000 information (United States Department 

of Agriculture Economic Research Service, 2019). Neighborhood socioeconomic status 

(NSES) is represented as a score ranging from 1 to 5 (low–high NSES) depending on six 

census (2000) estimates (Yost et al., 2001): percentage of (1) individuals aged 25+ years 

without a high school diploma, (2) individuals below the poverty limit, (3) individuals aged 

16+ who had been in the workforce at one time but are unemployed, (4) households owning 

their home, (5) vacant housing units, and (6) median number of rooms in a household.

2.5. Statistical methods

Cox proportional hazards regression models with a calendar time scale were used to estimate 

the impact of NO2, PM2.5 and O3 exposures on incident dementia/CIND or dementia, 

respectively. Participants were censored at their last date of contact if they did not return 

for a follow-up visit or at the time of death before the end of 2007. Time-varying NO2, 

PM2.5 and O3 exposures were calculated as the three air pollutant levels averaged over 1-, 3- 

and 5-calendar years prior to the onset of an event for everyone in the risk set at the event 

time and were treated as continuous variables scaled by their inter-quartile ranges (IQRs). 

To examine the impact of NO2, PM2.5 and O3 exposures on cognitive impairment, covariates 

were selected based on the prior literature for air pollution and dementia for adjustment 

(Andersson et al., 2018; Paul et al., 2020). We first estimated effects using a model that only 

adjusted for baseline age, sex and years of education. We then added longest held occupation 

and household income, outdoor physical activity and smoking status which are major risk 

factors for cardio-metabolic diseases, as well as a NSES indicator, considering that air 

pollutants vary spatially. We additionally adjusted for marital status and ADL considering 

these factors might influence lifestyle or where participants live and, thus, act as potential 

confounders. We also co-adjusted for the two other air pollutants in separate models to 

address the potential confounding by other air pollutants.

We then examined associations between air pollution and cognitive impairment after 

stratifying by traffic-related noise exposure levels and also including an interaction term 

between noise and NO2, PM2.5 or O3 exposure, respectively. The air pollution exposures 

were treated as continuous variables; the baseline annual average 24-hour noise exposure 
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calculated using 2002 annual average daily traffic data as the input was used as a binary 

modifier variable with a cut-point of <65 vs. ≥65 dB, which was based on previous studies in 

the United States and European countries (Lee et al., 2014; Seong et al., 2011).

In sensitivity analyses, we also repeated analyses using 70 dB as cut-points to assess higher 

noise exposure levels. Furthermore, we repeated analyses by calculating the time-varying 

exposures as the three air pollutants levels averaged over 2- and 4-calendar years prior to 

the onset of an event for everyone in the risk set at the event time. Additionally, 5-year 

average NO2, PM2.5 and O3 exposure prior to the baseline year only were used as time 

invariant exposure variables when examining the relationship between air pollution and 

dementia. Finally, we applied the PM2.5 estimates generated by the GEOS-Chem chemical 

transport model developed by Atmospheric Composition Analysis Group at Washington 

University in St. Louis (https://sites.wustl.edu/acag/datasets/surface-pm2-5/). We conducted 

these sensitivity analyses for comparison purposes because our own PM2.5 estimates were 

generated from a statewide LUR model, rather than one specific for the Sacramento area as 

done for NO2 and O3.

Statistical analyses were performed using SAS 9.4 (SAS Institute Inc., Cary, NC).

3. Results

The average age of participants at baseline was 70 years and ~ 60% were women. About 

78% of the participants resided in Sacramento County and 87% in urban areas. Around 

60% of participants held a manual job during most of their lifetime, 12% were current 

smokers, and ~ 20% were physically active at baseline. Those who developed incident 

dementia/CIND were older, less educated, had a lower household income and needed more 

assistance to perform daily activities at baseline. The average annual concentration of NO2, 

PM2.5, O3 and 24-hour noise exposure during the baseline year were ~ 29 ppb, 13 μg/m3, 

47 ppb, 69 dB respectively (Table 1). Pearson’s correlation coefficients for the three air 

pollutants and noise exposure at baseline ranged from −0.23 (for NO2 and O3) to 0.23 (for 

NO2 and 24-hour noise exposure) (Table S1).

A total of 104 incident dementia and 159 incident dementia/CIND cases were identified 

during the 10 years of follow-up. Each participant on average completed about 5 follow-up 

visits. The average length of follow-up was 6.5 years, with a maximum of 10 years. 

Generally, increasing air pollution levels were almost linearly associated with incident 

dementia or CIND in most cases (Figure S1). Overall, higher level of noise exposure 

was positively associated with the incidence of dementia or CIND (Table 2). In single 

air pollutant models, we found for each IQR increase in time-varying 1-, 3- and 5-year 

average PM2.5 exposure a ~30% elevated hazard for dementia (HR = 1.33, 95% CI: 1.00, 

1.76 5-year average). While PM2.5 exposure was also positively related to dementia/CIND, 

this association was weaker and did not reach statistically significance (Table 2). For each 

IQR increase in time-varying 1-year average NO2 exposure, the hazard ratio of incident 

dementia/CIND was 1.22 (95% CI: 0.99, 1.51), but the hazard ratio for dementia alone 

was smaller and the 95% CI included the null value (HR = 1.14,95% CI: 0.86, 1.49); 

5-year averages showed a similar pattern (Table 2). No association was found between O3 
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exposure either with dementia/CIND or dementia alone (Table 2). The effect estimates for 

NO2, PM2.5, and O3 from single exposure models were very similar to those from models 

adjusted for the other two pollutants or noise exposure (Table S2–S4). When using the 

PM2.5 estimates derived from the Atmospheric Composition Analysis Group’s GEOS-Chem 

chemical transport model, the estimated effects sizes were quite similar, but the confidence 

intervals were wider and crossed null (Table S5). Using non-time-varying 5-year average 

NO2, PM2.5 and O3 exposure prior to baseline year, the HRs for dementia/CIND or dementia 

only were generally attenuated or null (Table S6).

Finally, we modeled interactions between traffic-related noise (<65 vs. ≥ 65 dB) exposure 

and each of the three air pollutants, respectively. For NO2, the hazard ratio of developing 

dementia/CIND was 1.28 (95% CI: 0.97, 1.69, p for interaction term = 0.02) for those also 

experiencing higher noise exposure, while there was no increased hazard observed among 

those with lower traffic noise exposure. Similarly, for PM2.5, the hazard ratio of incident 

dementia alone was 1.57 (95% CI: 1.11, 2.21) among those whose noise exposure level 

was higher than 65 dB (p-values for interaction term = 0.03) (Table 3). For those with 

even higher noise exposure (≥70 dB), the hazard of developing incident dementia/CIND 

associated with NO2 exposure also increased by 29% but had wider confidence intervals 

(Table S7). The hazard of PM2.5-related incident dementia increased 72% (HR = 1.72, 

95% CI: 1.15, 2.57, p for interaction term = 0.04) at this very high noise level. A smaller 

increase in the hazard ratio for O3 exposure associated with dementia only outcomes at the 

highest-noise exposure level also emerged, but the 95% CI included the null (HR = 1.25, 

95% CI: 0.93, 1.66) (Table S7).

4. Discussion

In this cohort of older Mexican American individuals, we found increased hazard ratios for 

incident dementia and dementia/CIND with 1- to 5-year average NO2 and PM2.5 exposures 

respectively, but not with O3 exposure. The effect estimates were highest among study 

participants not only exposed to NO2 or PM2.5 but also exposed to high traffic-related noise 

levels, suggesting a synergism for the two exposures.

Previous studies reported similar results for air pollution and cognitive outcomes in older 

populations. For example, a retrospective cohort study of 130,978 adults aged 50–79 

years living in London observed risk increases of ~16% and 7% for dementia diagnoses 

derived from primary care records for each IQR increase in NO2 (IQR = 7.47 μg/m3) 

and PM2.5 (0.95 μg/m3) exposure (1-year average prior to baseline) respectively and also 

found no associations with O3 exposure (Carey et al., 2018). In the Adult Changes in 

Thought (ACT) population-based cohort study in Seattle that enrolled 4,166 participants, 

the researchers linked spatiotemporal model-based PM2.5 exposures to the participants’ 

addresses and observed that for each 1 μg/m3 increase in time-varying 10-year average 

PM2.5, the hazard of developing all-cause dementia increased by 16% (HR = 1.16, 95% 

CI: 1.03, 1.31) (Shaffer et al., 2021). In a population-based cohort study in Canada with 

~2.1 million individuals, researchers observed for incident dementia recorded in health 

administrative databases positive associations with both PM2.5 and NO2 but no associations 

with O3 exposures generated with LUR models (Chen et al., 2017). Recently, in a cohort of 
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Puerto Ricans (n = 1,255) living in Greater Boston researchers showed that while PM2.5 was 

associated with decreased recognition (−0.35; 95% CI = − 0.57, −0.12) only, black carbon 

as a tracer of traffic pollution was associated with decreased verbal memory (−0.38; 95% 

CI: −0.46, −0.30), recognition (−0.35; 95% CI:−0.46, −0.25), mental processing (−1.14; 

95% CI: −1.55, −0.74), and executive function (−0.94; 95% CI: −1.31, −0.56) (Wurth et 

al., 2018). The Chinese Longitudinal Healthy Longevity Survey (2005–2018) cohort study 

that recruited 9,544 Chinese older adults (65 years and over), observed a 10.4% increased 

hazard ratio in cognitive impairment assessed using the Chinese version of the Mini-Mental 

State Examination for O3 exposure (HR = 1.104, 95% CI: 1.041, 1.172 for each 10-μg/m3 

increase in annual mean O3) (Gao et al., 2022).

In this study, 1- to 5-year time-varying PM2.5 exposures were associated with dementia 

while for NO2 the increased hazard ratio we observed for dementia/CIND with a 1-year 

average was attenuated and not formally statistically significant for the 3- or 5-year NO2 

exposure averages. Generally, PM2.5 captures both local and regional pollution sources 

for fine particles, while NO2 has finer-scale variability that represents traffic-related air 

pollution generated from local sources of combustion such as traffic exhaust (HEI 2010). 

For O3 we found no associations and this is a secondary pollutant generated from traffic 

pollutants by atmospheric chemistry that is generally distributed more homogenously across 

a region (Crouse et al., 2015). In addition, in our study as well as more generally, 

O3 correlates negatively with other modelled traffic-related air pollutants as atmospheric 

chemistry predicts O3 to be lower near sources of NO and NO2 and higher away for these 

sources. Thus, when such local patterns are captured by a model, we expect to see reverse 

directions for association of these pollutants with health outcomes.

Air pollution can induce oxidative stress and systemic inflammatory responses. It can also 

disrupt the blood–brain barrier (BBB), precipitating β-amyloid and activating microglia 

(Genc et al., 2012; Calderón-Garcidueñas et al., 2008; Levesque et al., 2011). Air pollutants 

may reach the brain through different routes (Lucchini et al., 2012). Very small particulate 

pollutants, specifically ultrafine particles, might travel to the brain through the olfactory 

system which provides a direct anatomic connection from the nose to the brain (Oberdörster 

et al., 2004; Eren and Ozturk, 2022). In experiments that exposed the olfactory system of 

animals to an aerosol of uranium tetroxide particles, researchers observed an anteroposterior 

gradient from the olfactory bulb to the brain with cerebral uranium accumulation (Ibanez et 

al., 2019). Small particles may also reach the brain via the autonomous nervous system or 

they may reach the brain via the blood (Eren and Ozturk, 2022). Generally, an increased AD 

risk due to PM2.5 exposure may be related to inflammatory responses in the brain (Näslund 

et al., 2000) and the subsequent dysfunction of blood–brain barrier, neural degeneration and 

apoptosis, and cerebrovascular pathology (Calderón-Garcidueñas L and Maronpot, 2004).

In this study, we found that dementia/CIND was mainly associated with 1-year average NO2 

exposure. Compared to PM2.5, NO2 captures a smaller scale variability of traffic-related 

pollution. The assumption that study participants are homebound and exposed to fresh traffic 

exhaust might be more accurate when participants become less mobile during dementia 

development. For spatially highly variable NO2 exposures, shorter term exposure averages 
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close to diagnosis might be less affected by exposure misclassification due to participants’ 

mobility.

Different from all previous studies, we investigated traffic-related noise co-exposures and 

found that the hazard of developing dementia and CIND were strongest among those 

exposed to NO2 or PM2.5 when there was co-exposure to high traffic-related noise. 

Although both the air pollution and the noise models used traffic data, due to their physical 

properties these two types of exposures are expected to vary considerably with distance from 

traffic sources owing to the different effects that buildings, land cover and meteorological 

influences have on the dispersion behavior of air pollution and noise (Fecht et al., 2016). 

Consequently, we observed relatively weak correlations between our air pollutant and noise 

metrics. Nevertheless, it may still be possible that noise acts as a surrogate for more toxic 

traffic sources of the air pollutant mixture.

Health effects from noise exposure are a growing concern for public health especially 

for neuro-degenerative diseases (Ritz and Yu, 2021; Cantuaria et al., 2021; Fuks et al., 

2019; Tzivian et al., 2016). Experimental studies have shown that noise can act as a 

stressor influencing brain structures such as reducing cortical thickness in the hippocampus 

and amygdala area, which are essential parts of the neural circuitry mediating stress 

responses (Czeh et al., 2007; Jafari et al., 2018)]. Noise can also cause the amygdala 

to activate stress pathways in the hypothalamus and brainstem, increasing the release 

of the neurotransmitters noradrenaline and dopamine and resulting in dysregulation of 

the prefrontal cortex responsible for cognition related to executive function (Arnsten and 

Goldman-Rakic, 1998; Arnsten, 2009; Jafari et al., 2019). Further, similar to air pollution, 

noise exposure might also increase oxidative stress. In a controlled random sequence study 

in Denmark consisting of 18 healthy participants (9 males and 9 females, non-smoking, and 

40–66 years of age), peripheral blood samples were collected after exposure to noise higher 

than 75 dB for 3 h at 4 time points- (Hemmingsen et al., 2015). The researchers found that 

exposure to high levels of traffic noise was associated with an increase of 0.11 lesions per 

106 basepairs (95% CI: 0.03, 0.21) in the level of 8-oxoguanine DNA glycosylase (hOGG1)-

sensitive sites, suggesting that exposure to noise might cause oxidative damage to the DNA. 

Generally, traffic-related noise and air pollution are moderately correlated (Stansfeld, 2015), 

as their dispersion patterns from the source differ, i.e. air pollution dispersion is influenced 

more by meteorological conditions, while noise is affected more by intervening barriers and 

building. In a cross-sectional study conducted in Germany (4,086 participants aged 50–80 

years), researchers reported that the risk of mild cognitive impairment (MCI) and amnestic 

MCI increased by 40% (odds ratio [OR] = 1.4, 95% CI: 1.0, 1.9) and 50% (OR = 1.5, 95% 

CI: 1.1, 2.2) respectively for each 10 A-weighted decibel [dB(A)] increase in traffic noise 

estimated at the participants’ residence (Tzivian et al., 2016). In a previous study in the 

SALSA cohort, we found the hazard of developing dementia or CIND to be increased by 

20% (HR = 1.2, 95% CI: 1.0, 1.5) per 11.6 dB increase in 24-hour noise, and the hazard of 

developing dementia/CIND to be elevated when 24-hour noise was higher than 75 dB (Yu 

et al., 2020). Here, we further observed that the increase in the hazard ratio of developing 

dementia/CIND reached 50 or even 70% when noise exposure was high (≥65 dB or 70 

dB) for co-exposure with traffic-related air pollution. This suggests both independent and 

combined (synergistic) associations between noise exposure and traffic-related air pollution 
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and cognitive impairment. A few previous studies, however, did not find associations with 

noise or interactions with air pollution. The Betula study in Northern Sweden (n = 1,721) 

found that residing in areas with the two highest quartiles of NOx exposure was associated 

with a 38–47% increased risk of dementia compared to the lowest quartile of NOx exposure 

(<9 μg/m3), while the exposure to high noise levels (>55 dB) was not associated with 

dementia, and there was no statistically significant interaction between NOx and road 

traffic noise on dementia (Andersson et al., 2018). A cohort study in Canada assembled an 

administrative health database of 45–84 years old residents in Vancouver (n = 678,000) and 

observed associations between PM2.5 and NO2 exposures and non-Alzheimer’s dementia 

but not Alzheimer’s dementia. Noise exposure was not associated with these outcomes and 

the effect estimates for air pollution were not modified by noise (Yuchi et al., 2020). This 

inconsistency in results might be related to differences in the methods used to identify the 

outcomes and in assessing noise exposure or sources and levels of traffic noise in these 

cities.

The SALSA study has several strengths. It is one of few population-based longitudinal 

cohort studies focusing on effects of air pollution and noise exposures on cognitive 

function among older Mexican Americans, one of the most highly environmentally 

exposed population subgroup in California (OEHHA 2018). Instead of relying on health 

administrative records that may miss the onset of ADRD, we used repeated cognitive 

function testing and further confirmed diagnoses by imaging examination (MRI), leading 

to a high accuracy for the dementia or CIND diagnosis and its timing in SALSA. Both air 

pollution and noise exposures were estimated based on participants’ residential addresses 

which were geocoded by global positioning system readings during home visits, ensuring 

high geo-location quality. We built and employed LUR models to generate the air pollution 

estimates with the input of land use and meteorological data as well as data from air 

pollution monitoring campaigns in the study area. We captured important air pollution 

sources such as traffic and modeled variations in pollutants on a small spatial scale. In 

addition, the noise model has been validated in several urban settings across the United 

States (Lee et al., 2014).

Some limitations also merit mentioning. This study focused on elderly Mexican American 

participants living in the Sacramento Valley area which may limit the generalizability of our 

results to other age and ethnic groups. We lacked lifetime residential history and assessed 

the air pollution and noise exposures based on the participants’ geocoded addresses recorded 

at baseline. Additionally, we did not have information related to potential protective 

measures such as window soundproofing, bedroom orientation, window insulation or habits 

of opening windows or using protective measures. Furthermore, prediction power for the 

LUR models ranged from 60 to 76% and we would expect exposure misclassification to be 

greater for the entire study period than for the modeled concentrations in the years 2004 

or 2016. In the SALSA cohort, the average age of the participants was 70 years or older 

at baseline and most were already retired and consequently are expected to be at home 

regularly during the day. The spatial pollution pattern likely remained consistent throughout 

the study years given the relative stable land use (Kang et al., 2012), nevertheless, land use 

changes may have introduced some exposure misclassification. Additionally, the average 

length that participants reported having lived at their baseline residences was 22 years, 
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and 90% remained in California throughout the study period. Thus, the exposure estimates 

based on the baseline addresses likely serve as a good indicator to characterize long-term 

spatial air pollution and noise exposures around each participants’ residence before and 

throughout the study period. There were only eight Environmental Protection Agency air 

quality monitoring sites for O3 in total in the Sacramento area, and we only conducted 

monitoring campaigns in spring and winter, thus the absolute annual average concentrations 

were possibly underestimated due to lack of summer measurements (Yu et al., 2021). For 

noise estimates, we only accounted for continuous major roadway traffic as the source 

of residential noise exposures not including stop-and-go traffic, noise from the airport or 

railways, or occupational noise exposure before retirement, and we applied the same speed 

(55 miles/hour) for all roads and did not take into account screening from buildings, terrain 

and barriers, and reflections in the noise estimate. Thus, we likely underestimated total noise 

exposure but expect this misclassification to be non-differential. Further, we did not conduct 

a field measurement campaign for ambient noise to estimate the predictive performance of 

the model for the Sacramento area. While this model has performed well in other locations, 

(Lee et al., 2014; Seto et al., 2007) we cannot rule out the possibility that model predictive 

accuracies vary by location such that the exposure misclassification for noise in this study 

is greater than previously reported. Individuals with cognitive impairment tend to be less 

likely to be retained as study participants during follow-up. For selection bias due to loss 

of follow-up to occur, however, continued participation has to depend on exposure history 

being differential by disease status. We do not see how traffic related air pollution or 

noise would have contributed to differential loss of participants who developed cognitive 

impairment or dementia.

5. Conclusion

This study provides further evidence for the impact of air pollution on cognitive impairment 

among older Mexican Americans and suggests synergistic effects between air pollutants and 

traffic-related noise exposures. Mexican Americans are among the most highly exposed 

population groups in California. Potential synergisms among multiple environmental 

exposures represent a key concern for communities facing a high environmental exposure 

burden. Our findings suggest that such synergisms likely exist and should be considered in 

policies designed to protect public health. New regulations, land use planning approaches, 

and technological innovations are needed to reduce these pervasive environmental risk 

factors and the risk of ADRD.
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Fig. 1. 
Flow chart of study population, Sacramento Area Latino Study on Aging (SALSA), 1998–

2007. Note: CIND, cognitive impaired without dementia.
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Fig. 2. 
Estimated annual average NO2, O3 and PM2.5 concentration surface in the Sacramento 

area, Sacramento Area Latino Study on Aging (SALSA, 1998–2007). (A) Estimated annual 

average NO2 concentration surface in the Sacramento area in 2016 with a spatial resolution 

of 30 × 30 m. (B) Estimated annual average O3 concentration surface in the Sacramento 

area in 2016 with a spatial resolution of 1 × 1 km. (C) Estimated annual average PM2.5 

concentration surface in the Sacramento area in 2004 with a spatial resolution of 30 × 30 m. 

The base map was developed by National Geographic and ESRI and reflects the distinctive 
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National Geographic cartographic style in a multiscale reference map of the world. The 

map was authored using data from a variety of leading data providers, including Garmin, 

HERE Technologies, the United Nations Environment Programme’s World Conservation 

Monitoring Centre, the National Aeronautics and Space Administration, the European Space 

Agency, and the U.S. Geological Survey, and others. County boundary data was taken from 

the California Open Data Portal (https://data.ca.gov/dataset/ca-geographic-boundaries).
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