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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Long-term UFPs exposure significantly 
increased total non-accidental 
mortality. 

• Mortalities for cardiovascular diseases 
were associated with UFP exposure. 

• Hispanics and non-Hispanic Blacks 
experienced higher UFP-related 
mortalities. 

• Young children, older adults, and non- 
NYC residents had higher UFP- 
Mortality risks. 

• Exposure to UFPs during winter season 
further elevated the mortality risk.  
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A B S T R A C T   

Although previous studies have shown increased health risks of particulate matters, few have evaluated the long- 
term health impacts of ultrafine particles (UFPs or PM0.1, ≤ 0.1 µm in diameter). This study assessed the asso
ciation between long-term exposure to UFPs and mortality in New York State (NYS), including total non- 
accidental and cause-specific mortalities, sociodemographic disparities and seasonal trends. Collecting data 
from a comprehensive chemical transport model and NYS Vital Records, we used the interquartile range (IQR) 
and high-level UFPs (≥75 % percentile) as indicators to link with mortalities. Our modified difference-in- 
difference model controlled for other pollutants, meteorological factors, spatial and temporal confounders. 
The findings indicate that long-term UFPs exposure significantly increases the risk of non-accidental mortality 
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(RR=1.10, 95 % CI: 1.05, 1.17), cardiovascular mortality (RR=1.11, 95 % CI: 1.05, 1.18) particularly for ce
rebrovascular (RR=1.21, 95 % CI: 1.10, 1.35) and pulmonary heart diseases (RR=1.33, 95 % CI: 1.13, 1.57), and 
respiratory mortality (borderline significance, RR=1.09, 95 % CI: 1.00, 1.18). Hispanics (RR=1.13, 95 % CI: 
1.00, 1.29) and non-Hispanic Blacks (RR=1.40, 95 % CI: 1.16, 1.68) experienced significantly higher mortality 
risk after exposure to UFPs, compared to non-Hispanic Whites. Children under five, older adults, non-NYC 
residents, and winter seasons are more susceptible to UFPs’ effects.   

1. Introduction 

Despite a significant reduction in air pollution, 100,000 people die 
each year in the United States (US) and 6.7 million worldwide due to 
anthropogenic emissions of air pollutants [1,2] Short-term exposure to 
PM10 and PM2.5 is significantly associated with all-cause mortality and 
results in specific mortality. [3–6] It is therefore important to consider 
the adverse effect of long-term exposure to air pollution as residential 
exposure to these pollutants occurs on a daily and is cumulative. Prior 
studies have shown the adverse health effects of a long-term exposure to 
PM10 and PM2.5. [7–9] However, socioeconomic status (SES) could 
modify the effect of exposure to particulate matter. [10,11] In addition, 
subcomponents of PM2.5 that are smaller and present in large numbers in 
the air pose greater health risks than PM2.5. [12] However, the health 
effects of ultrafine particle (UFP, or PM0.1) exposure are not yet well 
understood, although in recent years there are increasing numbers of 
research studies [13–15]. 

UFPs are airborne particles less than 100 nm in aerodynamic diam
eter. [16] There are multiple sources of UFPs, including natural gas 
combustion, wood burning, food cooking, diesel/gasoline, motor oil 
burning, sea spray, shipping oil burning, and product created by nano
technology. [17,18] Toxicological research has demonstrated that 
exposure to UFPs could cause autonomic modulation of the heart, 
atherosclerotic lesions, functional deterioration of the heart, lung 
inflammation, and systemic inflammation. [19,20] UFPs can directly 
reach the brain through the olfactory bulb and easily bypass the 
blood-brain barrier, although some controversies exist. [21] Further
more, toxicological studies in human subjects have proved that UFPs are 
responsible for cardiac changes in young adults, increased heart rate, 
altered peripheral leukocyte distribution, and purine oxidation of DNA. 
[22–24] A number of epidemiological studies found that morbidities of 
cardiovascular diseases (CVD) and respiratory diseases were associated 
with short-term exposure to UFPs. [14,25] Some studies assessed the 
effects of long-term exposure to UFPs and found that increased risks of 
CVD, such as chronic heart failure, hypertension, and myocardial 
infarction were associated with long-term UFP exposure, [15,26,27] 
while other studies presented mixed findings regarding mortality. 
[28–30] 

Unfortunately, little research has been conducted on exposure to 
UFPs and their impact on health due to a lack of regulated UPF data. 
Most studies assessed the short-term effects instead of the long-term 
impacts, and the majority of the literature evaluated how UFPs 
affected either total mortality or one specific cause of mortality, rather 
than both. [14,31] Lastly, there have been a scarcity of prior studies 
examining variations in the associations between UFP exposure and 
mortality stratified by demographics and seasonality. 

This study aims to fill the knowledge gaps described above by 
assessing the associations between long-term UFPs exposure and both 
total non-accidental mortality and cause-specific mortality in New York 
State (NYS), including mortality due to CVD, respiratory diseases, 
mental disorders, and nervous system diseases. This study also evaluates 
the variations in the associations between UFPs exposure and mortality 
by sociodemographic status and seasonal patterns. 

2. Methods 

2.1. Study design 

A modified difference-in-differences (DID) approach was used to 
examine the UFP-mortality relationship on a yearly basis. The DID 
approach has been traditionally used to conduct policy evaluations by 
comparing outcomes in two groups (with and without the policy) and in 
two time periods (pre-/post-policy). [32] The modified DID approach in 
this study extends the comparison beyond two spatial or temporal units. 
[11] Every sample is compared to itself in a given location at a different 
time which allows the study design to control for time-invariant spatial 
confounders and temporal trends using year dummy variables. This 
modified DID approach has previously been used to estimate the effect 
of PM2.5 exposure on mortality, [11,33,34] as well as for other envi
ronmental factors. [35] This study was approved by the Institutional 
Review Board at the University at Albany, State University of New York 
(17 ×189), New York State Bureau of Vital Records (# 2021–0914) and 
New York City Department of Health and Mental Hygiene. 

2.2. Exposure data source and definition 

Data on daily exposure to UFPs from 2013–2020 was obtained from 
GEOS-Chem-APM, a chemical transport model with the detailed treat
ment of aerosol microphysics necessary for quantifying aerosol proper
ties. [36] Driven by meteorological observations taken by NASA’s 
Global Modeling Assimilation Office (GMAO) and up-to-date emission 
inventories, [37,38] this model has been extensively applied, developed, 
and tested using measurements of the atmospheric physical and chem
ical state and quantifies aerosol properties such as size distribution, 
numbers, and mass. [36,39–41] Further details on GEOS-Chem-APM 
and its advantages for quantifying aerosol exposure and use in air 
pollutant exposure assessment can be found in Nair et al. [42]. 

The model is run on the North American nested-grid configuration at 
an hourly temporal resolution and 0.25◦× 0.3125◦ (~17-mile) spatial 
resolution. Data is output for UFPs, other critical pollutants and mete
orological factors over NYS in the near surface layer where UFP expo
sure occurs. We then aggregated those factors to the county subdivision 
level on a yearly basis and used two metrics of UFPs in our analyses:1) an 
interquartile range (IQR = 75th percentile – 25th percentile) change; 
and 2) a dichotomous alternative with the cutoff point as the 75th 
percentile. County subdivisions in NYS are known as minor civil di
visions. They are the primary subcounty governmental or administrative 
units and have legal boundaries and names as well as governmental 
functions or administrative purposes specified by State law. Our sample 
includes a total of 1010 county subdivisions, each averaging 27,015 
acres in size and 19,457 residents in population. 

2.3. Outcome data source and definition 

Mortality data for all of NYS from 2013–2019 was obtained by 
integrating the Upstate NY and New York City (NYC) Vital Records. Both 
Upstate NY and NYC data include date of death, age at death, manner of 
death, cause of death, and demographic information (sex, age, birth
place, race, ethnicity). Upstate NY data includes addresses down to the 
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ZIP code level, and NYC data includes addresses down to the community 
district level, which includes 59 community districts that serve local and 
citywide planning and services, with district sizes ranging from 
900–15,000 acres and populations varying from about 50,000 to ≥
200,000 residents. 

We consider annual total non-accidental mortality with ICD 10 codes 
A00-R99 and subsets of four major cause-specific mortalities: respira
tory mortality: J00-J99; CVD: I00-I99; mental disorders: F01-F99; and 
diseases of nervous system: G00-G99. 

2.4. Statistical analysis and potential confounders 

We estimate the long-term UFP exposure effect on total mortality and 
the five cause-specific mortalities at the county subdivision level on a 
yearly basis using a modified DID method following Wang et al. [11]. 
For the mortality data in Upstate NY, we geocoded street-level resi
dences and identified the corresponding county subdivision. Where this 
was not possible due to insufficient address information, we calculated 
the intersecting areas between ZIP code area and county subdivision 
polygons, assigning ZIP codes to the subdivision with the largest inter
section area. For NYC data, each community district corresponds 
directly to a county subdivision (referred to as a borough in NYC). NYC 
consists of five boroughs: Manhattan, Bronx, Brooklyn, Queens, and 
Staten Island. We matched NYC residents to their respective county 
subdivisions based on community district data. UFP exposures were 
estimated at the county subdivision level as the geometric mean 
weighted by the fractional area of overlap with the model grid. We used 
a multi-pollutant model to control for multi-pollutants (O3, NH3, SO2), 
meteorological factors (summer temperature and its standard deviation, 
winter temperature and its standard deviation, and relative humidity 
(RH)), and county subdivision/year dummy variables in the model. 
These variables are potential confounders in this study as they are risk 
factors of mortality and also related to air pollution according to pre
vious studies [11,43–45]. Our model can be expressed in the following 
manner: 

ln
(
E
(
Yc,t

) )
= β0 + β1UFPsc,t + β2Zc + β3Ut + β4O3c,t + β5NH3c,t + β6SO2c,t

+ β7Tsummerc,t + β8SD_Tsummerc,t + β9Twinterc,t

+ β10SD_Twinterc,t + β11RHc,t + ln(Pc,t)

where Yc,t represents the number of deaths in county subdivision c in 
year t, Zc is a dummy variable for each location c, capturing geographic 
confounders consistent over time but distinct across areas, Ut is a time- 
specific dummy variable accounting for the general temporal con
founders across regions, and ln(Pc) denotes the log-transformed popu
lation of each location, serving as the offset term. 

To assess whether these effects differ by demographic characteristics, 
we conducted stratified analysis for sex, age (<5, 5–17, 18–44, 45–64, 
≥65 years), and race-ethnicity (Hispanic and Non-Hispanic White, 
Black, and Others). The stratified analyses by NYC (versus non-NYC) and 
seasonality were performed to examine the differences in the UFP- 
mortality relationship. 

3. Results 

In Fig. 1A, we show the temporal trends of PM2.5 and UFPs in NYS 
from 2013 to 2020 on a moving-average yearly basis. From 2014 to mid- 
2017, UFP concentrations declined. This was followed by an increase 
until mid-2018, and a subsequent rise beginning in 2019, whereas PM2.5 
levels began to decrease from 2019 onwards. Fig. 1B illustrates the 
monthly variation of UFPs and PM2.5, suggesting higher UFPs concen
trations from February to April and increased PM2.5 concentrations from 
June to September. Detailed descriptive statistics are shown in Table S1 
and Fig. S1. 

The temporal trends of the non-accidental mortality rate and other 
major cause-specific mortality rates in NYS from 2013 to 2019 are 
illustrated in Fig. 2. The number of non-accidental deaths per 1000 
people increased from 6.36 in 2013 to 6.61 in 2019, representing an 
approximate 4 % increase, of which the rise in CVD mortality accounted 
for approximately one-third. Additionally, there were slight increases in 
mortality rates caused by respiratory diseases, mental disorders, and the 
nervous system from 2013 to 2019. 

Tables 1 and 2 illustrate the associations between UFPs and mor
tality. For total non-accidental mortality (883,725 cases), UFPs were 
associated with an excess risk (ERIQR) of 3.67 (95 % CI: − 0.65, 8.18) and 
a significant risk ratio (RR) of 1.10 (95 % CI: 1.05, 1.17). SO2 demon
strated a strong effect with an ERIQR of 5.06 (95 % CI: 1.69, 8.53) and an 
RR of 1.11 (95 % CI: 1.03, 1.20), while other confounders showed either 
negative or null impacts (Table 1). In Table 2, CVD mortality was found 
to have a high RR of 1.11 (95 % CI: 1.05, 1.18), while respiratory dis
eases showed an RR of 1.09 (95 % CI: 1.00, 1.18) at the bottom line. No 
significant effects were noted for mortality due to mental disorders or 
nervous system diseases. 

Given that we observed a positive association with CVD overall, we 
further examined the long-term effects on the major subtypes within this 
category (Table 3). Table S2 shows the specific subtypes and ICD10 
codes. Mortality due to cerebrovascular diseases showed a notable 
excess risk (ERIQR=16.80, 95 % CI: 7.08, 27.40) and a higher risk ratio 
(RR=1.21, 95 % CI: 1.10, 1.35). Chronic rheumatic heart diseases pre
sented a high ERIQR of 26.26 (95 % CI: 2.25, 55.92), while pulmonary 
heart disease had an increased RR of 1.33 (95 % CI: 1.13, 1.57). 

Table 4 shows the effects of UFPs on total non-accidental mortality 

Fig. 1. The annual temporal trend (Panel A) and monthly variation (Panel B) for PM2.5 and UFPs across county subdivisions in New York State, 2013–2020. Note: We 
illustrate the annual temporal trends of UFPs and PM2.5 concentrations by employing a moving annual average, calculated as the mean of daily exposure values 
within a rolling one-year period to mitigate the impact of short-term fluctuations. We calculated the monthly variation by averaging UFP and PM2.5 concentrations 
across all years by months. 
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among different demographic subgroups and seasons. We found that 
UFPs increased the mortality rate among females (ERIQR=5.32, 95 % CI: 
0.89, 9.94; RR=1.09, 95 % CI: 1.03, 1.15) and males exposed to high 
levels of UFPs (RR=1.12, 95 % CI: 1.05, 1.19). Hispanics (ERIQR=13.01, 
95 % CI: 5.10, 21.51; RR=1.13, 95 % CI: 1.00, 1.29) and non-Hispanic 

Fig. 2. The temporal trend for non-accidental mortality and cause-specific mortality in New York State, 2013–2019.  

Table 1 
The association (excess risk and risk ratio) between UFPs, other pollutants, 
meteorological factors and total non-accidental mortality in New York State, 
2013–2019 (Cases=883,725).  

Exposure IQR ERIQR % (95 % CI)a RR (95 % CI)b 

UFP 834.0 3.67 (− 0.65, 8.18) 1.10 (1.05, 1.17) 
O3 1.9 -3.21 (− 5.99, − 0.35) 0.98 (0.97, 1.00) 
NH3 0.5 -6.87 (− 12.73, − 0.63) 0.90 (0.80, 1.01) 
SO2 0.4 5.06 (1.69, 8.53) 1.11 (1.03, 1.20) 
Summer temperature 1.6 -2.05 (− 6.80, 2.94) 0.99 (0.96, 1.03) 
Winter temperature 2.4 -0.32 (− 7.84, 7.80) 1.00 (0.96, 1.03) 
Relative humidity 4.8 -4.03 (− 10.03, 2.37) 0.99 (0.98, 1.01)  

a ERIQR % (95 % CI) was calculated treating the corresponding exposure as a 
continuous variable in the DID model. 

b RR (95 % CI) was calculated treating UFPs as a dichotomous variable with 
the cutoff point is 75th percentile in the DID model. 

Table 2 
The association a (excess risk and risk ratio) between ultrafine particles and total 
non-accidental mortality, cause-specific mortality in New York State, 
2013–2019 (N = 7063).  

Mortality Cases ERIQR % (95 % CI)b RR (95 % CI)c 

Total non-accidental 883,725 3.67 (− 0.65, 8.18) 
1.10 (1.05, 
1.17) 

Respiratory diseases 89,161 1.65 (− 5.01, 8.76) 
1.09 (1.00, 
1.18) 

Cardiovascular diseases 337,436 4.39 (− 0.19, 9.19) 1.11 (1.05, 
1.18) 

Mental disorders 49,546 
3.31 (− 3.56, 
10.68) 

1.06 (0.98, 
1.14) 

Diseases of the nervous 
system 5578 

5.27 (− 8.82, 
21.52) 

0.94 (0.78, 
1.13)  

a NH3, O3, SO2, summer temperature and its deviation, winter temperature 
and its deviation, relative humidity, time trends that are similar across county 
subdivision, and time-invariant factors are controlled. 

b The interquartile range (IQR) for total non-accidental mortality and the 
major cause-specific mortalities of UFP is 834.0 #/cm3. ERIQR % (95 % CI) was 
calculated treating UFPs as a continuous variable in the DID model. 

c RR(95 % CI) was calculated treating UFPs as a dichotomous variable with 
the cutoff point is 75th percentile in the DID model. 
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Blacks (RR=1.40, 95 % CI: 1.16, 1.68) showed heightened risks. For 
children under five, high UFP exposure was most pronounced (RR=1.20, 
95 % CI: 1.05, 1.38), while those over 65 also had significant correla
tions (ERIQR=5.29, 95 % CI: 0.73, 10.06; RR= 1.11, 95 % CI: 1.05, 1.17). 
Non-NYC residents had increased mortality associated with UFPs 
(ERIQR=21.33, 95 % CI: 14.35, 28.73; RR= 1.10, 95 % CI: 1.04, 1.17) 
although the IQR of UFPs in NYC was higher, and winter showed 
increased effects (ERIQR=8.18, 95 % CI: 3.86, 12.68; RR=1.04, 95 % CI: 
1.00, 1.09). 

4. Discussion 

4.1. Temporal trend for UFPs and mortality 

Our study suggested an increase trend in overall UFPs concentration 
in NYS from 2013–2020, but a declining trend in PM2.5 concentration. 
Similarly, Chen et al. observed an increase of UFPs concentration from 
2012–2019 in Rochester, NY [46] and Nair et al. indicated a moderate 
increase of UFPs from 2017 to 2020 in NYS. [42] Craft et al. also re
ported that air quality initiatives in NYS have resulted in a reduced 
PM2.5 concentration for decades. [47] On the other hand, studies by 
Saha et al. [48] in the US and Garcia-Marlès et al. [49] in urban Europe 
have reported small declines in UFP concentrations over similar time 
frames. In terms of health outcomes, we found that total non-accidental 
mortality, respiratory, CVD, and mental disorders mortalities have 
continuously increased in NYS since 2013. The death rate also showed 
an increasing trend across the US from 2010–2017 [50] of which, 
CVD-related mortality accounts for nearly one-third. [51]. 

4.2. Long-term UFPs exposure and total non-accidental mortality 

Long-term UFPs exposure was associated with a 10 % increase in 
total non-accidental mortality. To date, our study represents one of the 
few attempts to investigate the relationship between long-term UFPs 
exposure and mortality by controlling for critical pollutants, meteoro
logical factors and unobservable confounders. A previous study by Ostro 
et al. [29] constructed a cohort of women from the California Teachers 
Study from January 2001 to July 2007, and found no significant asso
ciation between long-term exposure to UFP mass concentrations and 
all-cause mortality, with a hazard ratio of 1.01 (95 % CI: 0.98, 1.05) per 
IQR increase. Using data from the US National Health Interview Survey 
on people aged 18–85, Pond et al. [28] reported that each IQR increment 
in long-term UFPs exposure was associated with a 2–3 % increase in 
all-cause mortality; however, they used a single-year estimate of UFPs as 
a proxy. A recent study by Bouma et al. found that total mortality 
increased by 1.2 % related to UFPs exposure. [30] The differences be
tween our findings and previous research could be due to the different 
methodologies used, unique study population or geographic areas, 
objective or interviewed data collected, different units of UFP mea
surement, or incompatible time periods. 

4.3. Association between UFPs and cause-specific mortality 

Significant positive associations were observed between UFPs 
exposure and mortality rates for CVD (11 % increase) and for respiratory 
diseases (borderline significance). Previous studies also found the pos
itive relationship between UFPs and CVD mortality. For instance, in a 
large national cohort study conducted in the US with UFPs measured 
only using a single-year estimate, an IQR increase in long-term UFPs 
exposure was associated with a 4 % increase in cardiopulmonary mor
tality (95 % CI: 1.02, 1.06). [28] Similar to our study, Ostro et al. 
observed a significant association between long-term UFP exposure and 
mortality from ischemic heart disease in California, with a hazard ratio 
of 1.10 (95 % CI: 1.02, 1.18); [29] however, they found no significant 
increase in respiratory disease mortality related to UFP exposure. 
Schwarz et al. suggested that UFP exposure was associated with an 

Table 3 
The association a (excess risk and risk ratio) between ultrafine particles and 
mortality due to main CVD subtypes in New York State, 2013–2019.  

Mortality Cases ERIQR % (95 % CI)b RR (95 % CI)c 

Cerebrovascular 37,819 16.80 (7.08, 27.40) 1.21 (1.10, 1.35) 
Hypertensive 40,624 -3.87 (− 11.08, 3.93) 1.03 (0.92, 1.15) 
Ischemic heart diseases 189,966 4.10 (− 0.71, 9.14) 1.05 (0.98, 1.13) 
Acute rheumatic fever 13 NAd NA 
Chronic rheumatic heart 933 26.26 (2.25, 55.92) 1.02 (0.81, 1.28) 
Pulmonary heart disease 4788 5.15 (− 9.02, 21.53) 1.33 (1.13, 1.57)  

a NH3, O3, SO2, summer temperature and its deviation, winter temperature 
and its deviation, relative humidity, time trends that are similar across county 
subdivision, and time-invariant factors are controlled. 

b The interquartile range (IQR) of UFP is 834.0 #/cm3. ERIQR % (95 % CI) was 
calculated treating UFPs as a continuous variable in the DID model. 

c RR(95 % CI) was calculated treating UFPs as a dichotomous variable with 
the cutoff point is 75th percentile in the DID model. 

d NA means that models cannot be fitted due to substantial zero mortality rate 
in county subdivisions, which is a result of small number of deaths. 

Table 4 
Effects a (excess risk and risk ratio) of ultrafine particles on total non-accidental 
mortality among different demographic subgroups and seasons in New York 
State, 2013–2019.  

Group Cases IQR ERIQR (%)b RRc 

Gender     

Male 460,328 834.2 1.94 (− 2.78, 6.89) 
1.12 (1.05, 
1.19) 

Female 423,362 833.6 5.32 (0.89, 9.94) 1.09 (1.03, 
1.15) 

Race/Ethnicity     

Hispanics 81,964 852.4 13.01 (5.10, 21.51) 
1.13 (1.00, 
1.29) 

Non-Hispanic 
White 488,728 830.1 29.29 (18.43, 41.16) 

1.09 (0.98, 
1.20) 

Non-Hispanic 
Black 

118,164 952.8 -8.72 (− 19.17, 3.08) 1.40 (1.16, 
1.68) 

Non-Hispanic 
Others 

34,462 848.8 4.71 (− 6.88, 17.74) 1.20 (1.00, 
1.43) 

Age     

Age<5 6691 833.1 11.28 (− 1.90, 26.24) 
1.20 (1.05, 
1.38) 

5-17 1395 834.1 -8.12 (− 23.32, 
10.11) 

0.65 (0.52, 
0.81) 

18-44 22,181 833.8 3.87 (− 5.52, 14.20) 1.11 (0.98, 
1.25) 

45-64 149,417 833.3 1.82 (− 3.60, 7.55) 
1.14 (1.07, 
1.22) 

Age≥ 65 703,841 833.3 5.29 (0.73, 10.06) 
1.11 (1.05, 
1.17) 

Urbanicity     

NYC 334,416 1301.3 -36.07 (− 48.66, 
− 20.39) 

0.98 (0.95, 
1.01) 

Non-NYC 549,309 827.6 21.33 (14.35, 28.73) 
1.10 (1.04, 
1.17) 

Season     

Spring 224,622 1146.5 0.17 (− 2.90, 3.34) 
0.93 (0.87, 
0.98) 

Summer 206,697 778.1 -2.05 (− 4.50, 0.47) 1.03 (0.97, 
1.09) 

Fall 215,348 820.9 -3.06 (− 5.35, − 0.70) 1.05 (0.99, 
1.10) 

Winter 237,058 860.4 8.18 (3.86, 12.68) 
1.04 (1.00, 
1.09)  

a NH3, O3, SO2, summer temperature and its deviation, winter temperature 
and its deviation, relative humidity, time trends that are similar across county 
subdivision, and time-invariant factors are controlled. 

b ERIQR % (95 % CI) was calculated treating UFPs as a continuous variable in 
the DID model. 

c RR (95 % CI) was calculated treating UFPs as a dichotomous variable with 
the cutoff point is 75th percentile in the DID model. 
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increase of 4.46 % for respiratory mortality whereas no clear associa
tions for CVD or natural mortality in three German cities [52]. 

For specific cause mortality, our study found that high UFP exposure 
was related to increased mortality risks for cerebrovascular and pul
monary heart diseases. Some epidemiological studies indirectly support 
our findings by demonstrating a positive relationship between UFP 
exposure and CVD morbidity. Lin et al. found a 0.1–0.3 % increase in 
CVD-related hospital admission and a 0.7–1.1 % increase in the subtypes 
of cerebrovascular disease, hypertension, and ischemic heart diseases. 

4.4. Disparities by demographics and seasons 

Our study showed variations in elevated non-accidental mortality 
associated with long-term exposure to high levels of UFPs across various 
demographic groups, i.e., higher risks were found among Hispanics, 
non-Hispanic Blacks, children under five, older adults, and non-NYC 
residents. Since our study is the first study to investigate sociodemo
graphic differences in the relationships between UFPs and mortality, 
direct comparisons with previous research are not available. Neverthe
less, we can indirectly compare our findings with studies on PM2.5 in 
terms of demographic differences in health effects. 

Our study found that both genders showed significantly increased 
RRs after long-term exposure to UFP although the ERIQR for females was 
much higher than that for males. Villeneuve et al. [53] and Ostro et al. 
[29] showed significant increases in overall mortality due to PM2.5 
exposure in Canadian women and female Californian teachers, respec
tively, while Liu et al. [54] identified a higher susceptibility to PM2.5 in 
Chinese males. However, Puett et al. [55] found no association in the US 
male cohort. This difference could be attributed to variations in physi
ology, lifestyle factors, or occupational exposures. More in-depth 
research is therefore warranted to validate our findings. 

We found that Hispanics had an increased risk in mortality rate in 
relation to an IQR increase in UFPs or high UFPs concentrations and 
non-Hispanic Blacks experienced the highest increase in mortality 
following long-term exposure to high levels of UFPs. Similarly, previous 
studies have reported that minority population may be more susceptible 
to the adverse effect of air pollution. [56] Factors such as residential 
segregation, SES, and health care access may all contribute to this 
disparity. Specifically, Black or low-income populations are more likely 
to reside in areas with high emissions, pollution, and toxic substances. 
[57] Mikati et al. found that the PM2.5 burden on the average Black 
population in the US was 1.54 times higher than that of the overall US 
residents. [58] Another study observed that long-term exposure to 
increased levels of PM2.5 significantly increased overall mortality rates 
in census tracts with a higher proportion of Black residents in New 
Jersey. [11] The higher association in the Black/Hispanic subpopulation 
may be attributed to unmeasured confounding, higher susceptibility, or 
increased exposure, such as smoking, occupational exposures, or near 
traffic pollution gradients, etc. 

Additionally, our study suggested that children under five and older 
adults were particularly vulnerable to the effects of UFPs exposure, 
which is consistent with the understanding that these age groups have 
weaker immune systems and higher susceptibility to respiratory and 
CVD illnesses. [59] As people age, many adults often encounter dimin
ishing organ function [60,61] and a rising incidence of coexisting health 
conditions [62,63], which may hinder their capacity to adapt and 
respond to airborne contaminants. Due to factors such as a heightened 
metabolic rate relative to their body weight, a larger surface-to-volume 
body ratio, intense activity patterns, and a constrained ability to adapt, 
children are often more susceptible to environmental threats such as 
airborne contaminants than healthy adults. [64,65] Woodruff et al. 
found that a 10 μg/m3 increase in PM2.5 was associated with overall 
postneonatal mortality, with an odds ratio of 1.07 (95 % CI: 0.93–1.24). 
[66] A large previous studies have also reported a significant association 
between long-term PM2.5 exposure and increased mortality in older 
adults [7,56,67,68]. 

Moreover, this study indicated that non-NYC residents have greater 
health risks related to high UFPs exposure when compared to NYC res
idents. Due to economic and political influences, social infrastructure, 
environmental protection resources, and healthcare services are likely to 
be better in highly urbanized areas in comparison to rural areas. Similar 
to this study, Han et al. found a stronger association between PM2.5 and 
mortality in areas with lower levels of urbanization [45]. 

This study also reported seasonal differences in the impact of UFP 
exposure on mortality rates, with the highest excess risk observed during 
winter months. A possible explanation is that lower temperatures tend to 
facilitate the formation of a greater number of UFPs and induce a slower 
atmospheric dispersion rate. [14] Prior studies have identified an in
verse relationship between temperature and outdoor UFPs exposure. 
[14,69] Lin et al. observed that in NYS, the impact of UFP on 
CVD-related hospital admissions during fall and winter was twice as 
significant compared to spring and summer. [14] They also found that 
the influence of UFPs was more pronounced at lower temperatures. On 
the other hand, the adverse effect of UFPs during cold months may also 
be attributed to increased indoor exposure to UFPs from heating systems 
and reduced ventilation. Weichenthal et al. noted that during winter in 
Canada, the use of electric furnaces and indoor humidifiers significantly 
elevated the average indoor UFP exposure [69]. 

4.5. Strengths and limitations 

This study is one of the few studies investigating the long-term health 
effect of UFPs exposure on mortality rather than the short-term effect by 
most prior research. In addition, our study not only evaluated the total 
mortality, but also cause-specific mortality in relation to UFP exposure. 
This study stands as one of the larger-scale analyses conducted in the US 
to explore the long-term effects of UFPs on mortality, with its substantial 
dataset encompassing 883,725 deaths in NYS, one of the nation’s largest 
states. It covers a diverse demographic, including individuals of all age 
groups and a multitude of racial/ethnic populations. Additionally, in our 
DID model, every sample was compared to itself in a given location at a 
different time, allowing us to control time-invariant spatial disparities 
and uniform temporal trends across locations. Furthermore, this study 
provides new evidence of the modifying effects of demographics, 
urbanicity, and seasonal factors on the UFPs-mortality relationship. In 
terms of impacts, our findings point to the possible severest impact of 
UFP on human mortality and the critical need for monitoring and 
regulating UFP levels in the US. The disparities by demographics on 
UFP-mortality relationship may help public health agencies target high- 
risk populations. 

Although our study has certain limitations, we have addressed them 
accordingly. First, UFP measurement data is usually not available due to 
the lack of regular monitoring sites for UFPs. The accuracy of our 
simulated UFP data using the GEOS-Chem-APM model in this study 
needs further validation, because the resolution scale of 17 miles × 17 
miles may be too coarse, resulting in the possibility of exposure 
misclassification. As described in our previous paper, [14] the 
GEOS-Chem-APM model applied in our study has been employed in 
multiple global research studies, and the modeling results have been 
validated and evaluated against a large set of land-, ship-, aircraft-, and 
satellite-based measurements. [36,39] However, the larger-scale spatial 
resolution may indeed cause us to miss highly localized suddenly 
increased UFP concentrations or be difficult to distinguish near highway 
from urban background exposures within 17 miles of radius. Further 
studies are needed to generate higher resolution (down to ~ 1 mile or 
below) of UFP data which could be used to assess both local sources and 
background exposure on human health. Due to this concern, we have 
additionally validated the model simulated UFP against those observed 
at a monitoring site in the Pinnacle State Park in NYS (R2 =0.65, see 
Fig. S2). Furthermore, to validate the association between exposure and 
health, our previous study used UFP monitoring data from two urban 
locales (Queens and Rochester) to link with CVD hospitalization data 
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and showed an increased risk of hospitalizations (0.3 %− 0.7 %), with 
similar results identified using our modeled data (0.1 %− 0.9 %), thus 
showing our findings to be robust. [14] Second, this paper relies solely 
on mortality data, which reflects the most severe outcomes; however, it 
is important to note that there are additional factors to consider as other 
studies have confirmed the positive association between UFPs and 
multiple morbidities such as CVD and respiratory diseases. [14,70] 
Third, there could have been a number of unobservable factors that 
confounded our results. Although we controlled for known confounders, 
such as temperature, RH, NH3, O3, and SO2, there may be other variables 
such as the changes of population demographics or composition, SES, 
housing envelope protection, occupational exposures, and time activity 
patterns that could influence our results. These variables can be 
considered time-invariant in the study location over the period of study, 
which are controlled for by design under the modified DID method. In 
this method, we compared the UFP-mortality association within the 
same county subdivision (unit of our analysis) during the study period 
(2013–2019). We used demographic variables as the proxy indicators 
for SES because SES variables such as income or smoking etc. are not 
available through mortality data. In addition, we confirmed that there 
were no significant changes in the population composition of NYS or the 
median income within county subdivisions during our study period. All 
suggest that substantial bias due to the confounding effects caused by 
demographic changes over time seems unlikely. Finally, we examined 
the association between UFP and accidental death which is not biolog
ically related to UFP and serves as a negative control. We found an 
insignificant association between UFP and accidental falls (ICD 10: 
W19) with the RR of 1.08 (95 % CI: 0.91, 1.29) that further supports our 
findings. 

5. Conclusion 

We observed increased temporal trends for both UFPs and total 
mortality and mortalities due to CVD, respiratory diseases, and mental 
disorder in NYS. Long-term UFP exposure was associated with increases 
in total non-accidental mortality and CVD mortality (particulatly for 
cerebrovascular and pulmonary heart diseases). Hispanics, non- 
Hispanic Blacks, children under five, older adults, non-NYC residents 
were more susceptible to the adverse effects of UFPs, and the risks were 
higher during winter months. 
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Environmental Implication 

Ultrafine particles (UFPs) are airborne particles less than 100 nm in 
aerodynamic diameter. The small size allows them to enter the body 
through lung easily and reach the most distal regions within hours. 
Compared to larger particles, the large surface area to volume ratio 
enables UFPs to absorb greater amounts of hazardous metal and organic 
compounds per unit. Our findings address the severest impact of UFPs on 
human mortality and the critical need for monitoring and regulating 
UFP levels in the US. The disparities by demographics on UFP-mortality 
relationship may help public health agencies target high-risk 
populations. 
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