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Association of ambient air pollution s
with hemoglobin levels and anemia in the
general population of Korean adults
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Abstract

Background Emerging evidence has suggested significant associations between ambient air pollution and changes
in hemoglobin levels or anemia in specific vulnerable groups, but few studies have assessed this relationship in the
general population. This study aimed to evaluate the association between long-term exposure to air pollution and
hemoglobin concentrations or anemia in general adults in South Korea.

Methods A total of 69,830 Korean adults from a large-scale nationwide survey were selected for our final analysis.
Air pollutants included particulate matter with an aerodynamic diameter less than or equal to 10 micrometers (PM; ),
particulate matter with an aerodynamic diameter less than or equal to 2.5 micrometers, nitrogen dioxide, sulfur
dioxide (SO,), and carbon monoxide (CO). We measured the serum hemoglobin concentration to assess anemia for
each participant.

Results In the fully adjusted model, exposure levels to PM, SO,, and CO for one and two years were significantly
associated with decreased hemoglobin concentrations (all p < 0.05), with effects ranging from 0.15 to 0.62% per
increase in interquartile range (IQR) for each air pollutant. We also showed a significant association of annual exposure
to PM,, with anemia (p=0.0426); the odds ratio (OR) [95% confidence interval (Cl)] for anemia per each increase in IQR
in PM;, was estimated to be 1.039 (1.001-1.079). This association was also found in the 2-year duration of exposure
(OR=1.046; 95% Cl=1.009-1.083; adjusted Model 2). In addition, CO exposure during two years was closely related to
anemia (OR=1.046; 95% Cl=1.004-1.091; adjusted Model 2).

Conclusions This study provides the first evidence that long-term exposure to air pollution, especially PM, is
significantly associated with reduced hemoglobin levels and anemia in the general adult population.
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Background

Anemia, a blood disorder of insufficient hemoglobin or
red blood cells (RBCs), is a major health issue around
the world, contributing to negative health outcomes,
increased risk of morbidity, and substantial economic
costs [1]. According to a recent report in 2021, the global
prevalence of anemia at all ages is estimated to be 24.3%,
corresponding to 1.92 billion patients [2]. In particular,
it has been well-reported that anemia is more prevalent
in children, pregnant women, and the elderly, and that it
leads to a higher risk of poor clinical outcomes, includ-
ing impaired cognitive function, cardiovascular disease,
and mortality [3-5]. Therefore, previous epidemiologi-
cal studies to identify risk factors associated with anemia
have focused mainly on these vulnerable groups and have
found several risk factors such as low socioeconomic
level, use of smoke-producing fuels, comorbidities, child-
hood malnutrition, and maternal anemia [6-8].

In recent years, a growing body of evidence has also
shown the detrimental effects of air pollution exposure
on hemoglobin concentrations and anemia in specific
populations (i.e., children, pregnant women, and the
elderly) [9-13]. Ambient air pollution, which is a com-
plex mixture of liquid droplets, gases, and solid par-
ticles, contributes to disturbances in iron homeostasis
[14]. Exposure to air pollution leads to cellular iron defi-
ciency through the activation of oxidant production and
increased secretion of pro-inflammatory mediators. Fur-
thermore, increased pro-inflammatory cytokines caused
by exposure to air pollution can lead to a deficiency in
erythropoietin secretion, resulting in anemia [15-18]. In
addition, exposure to air pollution increases the secretion
of reactive oxygen species, resulting in oxidative stress. In
2008, an experimental study in a murine model reported
that oxidative stress was closely related to iron deficiency
anemia [19]. These molecular pathways, such as inflam-
mation and oxidative stress, can be relevant in the adults
and vulnerable groups mentioned above.

Although previous reports have identified significant
associations between air pollution and anemia in limited
and vulnerable samples or specific pollutants such as par-
ticulate matter (PM), more evidence is needed to better
understand these relationships in the general population.
However, to our knowledge, research has yet to be per-
formed to evaluate these associations in the general adult
population. Therefore, this study aimed to investigate the
relationship between long-term exposure to ambient air
pollution and hemoglobin levels or anemia in representa-
tive general adults in South Korea.

Methods

Study population

The participants in our study were recruited from the
National Health and Nutrition Examination Survey
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(KNHANES) conducted by the Korean Centers for Dis-
ease Control and Prevention to collect nationally repre-
sentative data on risk factors and diseases and identify
target groups at risk. KNHANES is an ongoing national
surveillance system that was launched in 1998 and has
been conducting investigations ever since. Briefly, this
survey collects various data on health and nutritional
status, such as socioeconomic status, health-related
behaviors, and clinical profiles. This study included 14
years of survey data (2007—-2020) when ambient air pol-
lution data were available. A total of 113,091 subjects
participated in the abovementioned survey period, and
only 69,830 of whom met the following exclusion crite-
ria were finally considered in our study: (1) general adults
aged <20 years (for capturing a representative sample of
the general adult population), residents of Jeju Island, or
currently pregnant (n=28,135); (2) those without esti-
mated exposure concentrations to ambient air pollution
(n=4,159); (3) those whose records included hemoglo-
bin levels (n=135); and (4) those who provided accurate
information about variables of interest such as socioeco-
nomic status and health behaviors (7=10,832). A detailed
diagram illustrating participant selection is shown in
Fig. 1. The KNHANES was approved by the Institutional
Review Board of the Korea Centers for Disease Control
(IRB No. 1401-047-547), and all participants signed
an informed consent form. This study meets the ethical
principles based on the Declaration of Helsinki for medi-
cal research involving human subjects.

Measurement of air pollution exposure

The Community Multiscale Air Quality (CMAQ, v4.7.1)
model developed by the US Environmental Protec-
tion Agency was considered based on modeling data
for weather and emissions to estimate exposure to air
pollution. Meteorological data were obtained from the
National Centers for Environmental Prediction and the
Global Forecast System, and Weather Research and Fore-
casting v3.6.1 was used for modeling of these data. The
modeling of emissions data was also performed with
Sparse Matrix Operator Kernel Emissions v2.7 using
relevant data, including domestic Clean Air Policy Sup-
port System, Multiresolution Emission Inventory for
China, and Regional Emission Inventory in Asia. For
the efficiency of modeling, initial estimates were calcu-
lated using the NESTING technique for East Asia and
the domestic region, applying grid units of 27 km and
9 km, respectively. To improve accuracy, the initial con-
centration values estimated by CMAQ were recalculated
by data assimilation. Data assimilation is a method of
recalculating the accuracy of the initial value calculated
through CMAQ modeling using the values of all obser-
vations within the grid. For data assimilation, air quality
measurement data from China and Korea were used, and
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113,091 participants

: National Health and Nutrition Examination Survey (KNHANES)
conducted by the Korea Centers for Disease Control and Prevention

28,135 participants excluded
+ under the age of 20 (#=25,896)

« residents of Jeju Island (»=1,829 )
+ currently pregnant (#=410)

| 84,956 participants

4,159 participants excluded

+ without air pollution data (77=4,159)

I 80,797 participants

10,967 participants excluded

« without Household income data (#7=961)

» without Education level data (#=4,068)

« without Anemia data (17=3,405)

» without Alcohol consumption data (#=240)

» without Obesity status data (#=233)

» without Diabetes status data (7=1,855)

+ without Smoking data (#=27)

» without Physical activity data (7=43)

» with hemoglobin levels below 8g/dL data (»=135)

69,830 participants

Fig. 1 Diagram illustrating participant selection

the number of measurement stations was 1,496 and 323,
respectively. Air pollutants include particulate matter <
2.5 um in diameter (PM, ;), particulate matter < 10 pm in
diameter (PM,,), nitrogen dioxide (NO,), sulfur dioxide
(SO,), and carbon monoxide (CO). In particular, in the
case of PM, a multiple regression analysis was performed
using various data related to PM, ; and PM,, (e.g., tem-
perature, humidity, wind speed, barometric pressure, and
air quality) as well as satellite-based aerosol optical depth
(AOD), and PM such as PM, ; and PM,, was finally cal-
culated on a 1-km grid unit. For AOD data, MCD19A2
AOD (1 km, daily unit) and MODIS L3 vegetation index
(NDVI), which applied the Multi-angle Implementation
of Atmospheric Correction (MAIAC) algorithm with
data measured from the Moderate Resolution Imaging
Spectroradiometer (MODIS) sensor, were used. For vali-
dation, the concentrations estimated through modeling
were compared with the concentrations at the air quality
measurement data. This study included the KNHANES
data from 2007 to 2020. On the other hand, modeling
data on air pollution concentrations were estimated from
2005 to 2017. Therefore, the exposure period was finally
considered as 1-year and 2-years to use all air pollution
modeling data.

Evaluation of hemoglobin levels or anemia status and
variables of interest

We evaluated hemoglobin levels from standard blood
samples taken after a minimum of 8 h of fasting. Serum
hemoglobin levels (g/dL) were measured using an XE-
2100D (Sysmex Corp., Kobe, Japan). We classified sub-
jects into two groups according to the criteria of the
World Health Organization for anemia as follows: ane-
mia (hemoglobin<13 g/dL for men and <12 g/dL for
women) and normal (hemoglobin > 13 g/dL for men
and > 12 g/dL for women). We included potential con-
founding variables such as demographic information,
health-related behaviors, anthropometric measurements,
and medical conditions to investigate the associations
between exposure to air pollutants and hemoglobin lev-
els or anemia status. Demographic information (e.g., age,
sex, education level, and income) and lifestyle behaviors
(e.g., smoking, alcohol consumption, and physical activ-
ity) were investigated by a structured questionnaire.
Physical activity was defined as moderate activities on at
least three or more days a week [20]. Smoking status was
classified into two group (never- or former-smoker vs.
current smoker) and alcohol consumption was divided
into four groups according to the frequency per month
(never, less than or equal to one time, 2 to 15 times, or
more than 16 times). We also obtained the anthropomet-
ric measurements, such as height and weight, and calcu-
lated the body mass index (BMI) by dividing weight (kg)
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by the square of height (m?). Participants were classified
into three groups according to their BMI level as follows:
normal weight (BMI<25 kg/m?), overweight (25 kg/m?
< BMI<30 kg/m?), and obesity (BMI > 30 kg/m?) [21].
Hypertension was defined as systolic blood pressure
> 140 mmHg, diastolic blood pressure = 90 mmHg, or
taking antihypertensive medications [22]. Furthermore,
diabetes was defined as a fasting blood sugar level of
126 mg/dL or higher or taking diabetic medications or
receiving insulin therapy [23]. However, unfortunately,
we could not include information regarding iron supple-
ments or dietary intake, due to the absence of relevant
data.

Statistical analysis

Before analysis, we checked the distribution of hemoglo-
bin concentrations to identify the normality assumption.
Because hemoglobin levels did not follow a normal dis-
tribution, the values were finally logarithmically trans-
formed to approximate a normal distribution. The t-test
and the chi-square test were performed to evaluate dif-
ferences in characteristics between the anemia and
normal groups. Multiple linear regression analysis was
performed to identify the association between ambi-
ent air pollution and hemoglobin levels; the association
results are shown as beta coefficients (s) and 95% con-
fidence intervals (Cls) for hemoglobin levels. Further-
more, we performed multiple logistic regression analysis
to assess the association between exposure to air pollut-
ants and the presence of anemia; the association results
are shown as odds ratios (ORs) and 95% ClIs for each air
pollutant. These estimates (i.e., Ss and ORs) were con-
verted to an interquartile range (IQR) scale for each air
pollutant [8.3 (7.4) micrograms per cubic meter (ug/m?)
for 1-year (2-year) exposure to PM;, 4.6 (4.1) pg/m?® for
1-year (2-year) exposure to PM,;, 16.1 (16.2) parts per
billion (ppb) for 1-year (2-year) exposure to NO,, 1.7
(1.6) ppb for 1-year (2-year) exposure to SO,, and 123.6
(123.7) ppb for 1-year (2-year) exposure to CO]. We
first considered various variables such as demographic
information, health-related behaviors, anthropomet-
ric measurements, and medical conditions as potential
covariates, and finally selected variables with significant
different between anemia and normal groups as covari-
ates in the statistical model. As shown in Table 1, all
potential variables showed significant statistical differ-
ences between the two groups, and therefore all of them
were selected as covariates. These associations were pre-
sented in crude and two adjusted models (adjusted Mod-
els 1 and 2). Model 1 included confounding factors such
as age, sex, household income, education level, place of
residence (urban vs. rural), alcohol consumption, smok-
ing status, physical activity, and occupation. Model 2
adjusted Model 1 plus medical conditions, including
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hypertension status, diabetes status, and obesity status
(normal, overweight, and obesity). We also performed
a stratified association analysis by sex. In addition, the
propensity score matching (PSM) analysis was utilized
to address group imbalances. All statistical analyses were
performed using statistical analysis software (SAS) ver-
sion 9.4 (SAS Institute, Cary, NC, USA).

Results

Characteristics of the participants according to anemic and
normal groups

The study characteristics of the subjects stratified by ane-
mic (1=6,248) and normal (#=63,582) groups are pre-
sented in Table 1. The anemic group was slightly older
(54.2 years) than the normal group (50.1 years), and the
anemic participants had a higher percentage of women.
Regarding the level of education, the anemic group had
the highest proportion of individuals with elementary
school education or less (30.9%). In comparison, the
highest proportion in the normal group had college or
higher education (33.8%). Both groups live primarily in
urban areas. The proportion of current smokers was sig-
nificantly higher in the normal group (25.2%) than in the
anemic group (11.0%). The normal group had a higher
monthly alcohol consumption than the anemic partici-
pants. The proportion of subjects who were overweight
or obese was much higher in the normal group (34.2%)
than in the anemic group (23.6%). By contrast, there were
more patients with hypertension or diabetes in the ane-
mic group than in the normal group. The mean hemoglo-
bin levels in the anemic and normal groups were 11.3 and
14.3 g/dL, respectively. Besides, the hemoglobin levels
increased as the years increased, but decreased largely
in 2020 (Figure S1). Similarly, the prevalence of anemia
showed a gradual decreasing trend since 2007, but then
increased again in 2020. In addition, the distribution
maps of air pollution concentration and anemia inci-
dence rate by region for the most recent year (2020) were
demonstrated in Figure S2.

Distribution of air pollutants by exposure periods (1- and
2-year exposures)

Table 2 shows the distributions of five air pollutants for
1- and 2-year exposure durations. The mean values for
PM,y PM, 5, SO, NO,, and CO concentrations during
1-year exposure were 49.4 pg/m?, 24.2 pg/m? 4.7 ppb,
25.3 ppb, and 486.5 ppb, respectively. The median values
(IQR) for PM,;, PM,; SO, NO,, and CO concentra-
tions during 1 year of exposure were 48.9 (8.3) pg/m?,
23.9 (4.6) pg/m?3, 4.4 (1.7) ppb, 23.4 (16.1) ppb, and 489.1
(123.6) ppb, respectively. Each pollutant was statistically
significantly correlated with each other (0.1<r<0.8, all
»<0.0001). The distribution of each air pollutant dur-
ing 2 years of exposure and their correlation results were
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Table 1 Characteristics of the study population depending on anemia

Characteristics Anemia Normal p
(Women: Hemoglobin level <12 g/dL) (Women: Hemoglobin level =12 g/dL)
(Men: Hemoglobin level <13 g/dL) (Men: Hemoglobin level =13 g/dL)
Mean +£SD or n (%) Mean £ SD or n (%)
n 6,248 (9.0) 63,582 (91.1)
Age(year) 542+17.2 50.1+16.0 <0.0001
Sex <0.0001
Women 4,937 (79.0) 34,566 (54.4)
Men 1,311 (21.0) 29,016 (45.6)
Education level <0.0001
Less than elementary school 1,929 (30.9) 13,951 (21.9)
Middle school 624 (10.0) 6,777 (10.7)
High school 1,911 (30.6) 21,347 (33.6)
College or graduate school 1,784 (28.6) 21,507 (33.8)
Residential region <0.0001
Rural 1,952 (31.2) 17,628 (27.7)
Urban 4,296 (68.8) 45,954 (72.3)
Smoking <0.0001
Never or Former-smokers 5,558 (89.0) 47,553 (74.8)
Current smokers 690 (11.0) 16,029 (25.2)
Alcohol consumption (time/month) <0.0001
Never 2,497 (40.0) 16,869 (26.5)
<1 1,949 (31.2) 02 (28.5)
2~15 1,572 (25.2) 24 056 (37.8)
>16 230(3.7) 4,555 (7.2)
Physical activity <0.0001
Yes 1,325 (21.2) 15,704 (24.7)
No 4,923 (78.8) 47,878 (75.3)
Household income (Quartile, Thousand KRW) <0.0001
Low (<76) 1,623 (26.0) 1,392 (17.9)
Lower-medium (76 ~ 154) 1,583 (25.3) 15,837 (24.9)
Upper-medium (155~ 253) 1,598 (25.6) 17,536 (27.6)
High (= 254) 1,444 (23.1) 18,817 (29.6)
Occupational group <0.0001
Office worker 614 (9.8) 8,207 (12.9)
Service/sales worker 416 (6.7) 4644 (7.3)
Skilled agricultural, forestry, fishery workers 282 (4.5) 2,684 (4.2)
Craft and related trades workers/plant, machine 514 (8.2) 7,030 (11.1)
operators and assemblers/elementary workers
Unemployed/unknown 4,422 (70.8) 41,017 (64.5)
Body mass index (kg/mz) 229433 239434 <0.0001
Obesity status <0.0001
Normal 4,771 (76.4) 41,828 (65.8)
Overweight 1,292 (20.7) 18,739 (29.5)
Obesity 185 (3.0) 3,015 (4.7)
Hypertension status <0.0001
Yes 2,114 (33.8) 19,696 (31.0)
No 4,134 (66.2) 43,886 (69.0)
Diabetes status <0.0001
Yes 1,008 (16.1) 7,106 (11.2)
No 5,240 (83.9) 56,476 (88.8)
Hemoglobin level (g/dL) 113409 143413 <0.0001

SD, standard deviation
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Table 2 The distributions of air pollutants by exposure duration (1-year and 2-years)
Air pollutants Mean+SD Median IQR Pearson’s correlation coefficients
PM,, PM, 5 SO, NO, co
1-year
PMyo (ug/m3) 494+6.6 489 83 1 0.8* 04* 0.5* 0.6*
PM, < (ug/m?) 242+37 239 46 0.8* 1 0.3* 0.1* 04*
SO, (ppb) 47+19 44 1.7 04* 0.3* 1 0.3* 0.3*
NO, (ppb) 253+99 234 16.1 0.5* 0.1* 0.3* 1 0.6*
CO (ppb) 486.5+84.9 489.1 1236 0.6* 04* 0.3* 0.6% 1
2-years
PM, (Lg/m?) 500+63 494 74 1 0.8* 04* 0.5*% 0.7%
PM, 5 (ug/m3) 245+35 24.2 4.1 0.8* 1 03 0.1% 0.4*
SO, (ppb) 48+19 45 16 04* 0.3* 1 0.3* 0.3*
NO, (ppb) 252+98 234 16.2 0.5*% 0.1* 0.3* 1 0.6*
CO (ppb) 491.9+85.1 496.3 1237 0.7* 04* 0.3* 0.6* 1

SD, standard deviation; IQR, interquartile range; PM,, particulate matter <10 um in diameter; PM, 5 particulate matter <2.5 um in diameter; SO,, sulfur dioxide; NO,,

nitrogen dioxide; CO, carbon monoxide
*p<0.0001

Table 3 Association between hemoglobin levels (g/dL) and interquartile range (IQR) in annual average air pollution exposure

Exposure Log (Hemoglobin level)
Crude model Adjusted model 1* Adjusted model 2'*
B (95% CI) p B(95% Cl) p B (95% CI) p
1-year
PM;o (ug/m3) -0.0007 (-0.0028, 0.0015) 05313 -0.0047 (-0.0063, -0.003) <0.0001 -0.0043 (-0.0059, -0.0027) <0.0001
PM, (ug/m?)  0.0024 (0.0007, 0.004) 0.0059 0.0003 (-0.0009, 0.00158) 06128 0.0006 (-0.0007,0.0018) 0.3566
SO, (ppb) -0.0011 (-0.002, -0.0003) 0.0053 -0.0016 (-0.0022,-0.001) <0.0001 -0.0015 (-0.002, -0.0009) <0.0001
NO, (ppb) 0.0031 (0.0007, 0.0057) 0.0145 0.0000 (-0.0025, 0.0024) 0.9678 0.0000 (-0.0023, 0.0025) 0.9432
CO (ppb) -0.0001 (-0.0024, 0.0021) 0.9071 -0.0058 (-0.0076.-0.0039) <0.0001 -0.0054 (-0.0072,-0.0036) <0.0001
2-years
PMio (ug/m3) -0.0016 (-0.0036, 0.0004) 0.1121 -0.0056 (-0.0072,-0.0041) <0.0001 -0.0054 (-0.0069, -0.0038) <0.0001
PM, . (ug/m3)  0.0024 (0.0006, 0.0042) 0.008 0.0000 (-0.0014, 0.0013) 0.9833 0.0002 (-0.0011,0.0016) 0.7361
SO, (ppb) -0.0012 (-0.002, -0.0004) 0.0051 -0.0017 (-0.0023,-0.0011) <0.0001 -0.0016 (-0.0023,-0.001) <0.0001
NO, (ppb) 0.0029 (0.0004, 0.0054) 0.0264 -0.0004 (-0.0028, 0.002) 0.7509 -0.0003 (-0.0027,0.0021) 0.8019
CO (ppb) -0.0006 (-0.0029, 0.0016) 0.5895 -0.0065 (-0.0083,-0.0047) <0.0001 -0.0062 (-0.008, -0.0044) <0.0001

PM,, particulate matter <10 um in diameter; PM, 5 particulate matter < 2.5 um in diameter; SO,, sulfur dioxide; NO,, nitrogen dioxide; CO, carbon monoxide; Cl:

confidence interval

tAdjusted model 1 includes the following variables: place of residence (urban vs. rural), age, sex, household income, education level, alcohol consumption, smoking

status, physical activity, and occupation

ttAdjusted model 2 includes the following variables: place of residence (urban vs. rural), age, sex, household income, education level, alcohol consumption, smoking
status, physical activity, occupation, hypertension status, diabetes status, and obesity status (normal, overweight and obesity)

similar to those of 1 year of exposure. As shown in Fig-
ure S1, as the year increased, the average concentration
values of PM (i.e. PM,; and PM,,) and SO, exposures
gradually decreased.

Association between ambient air pollution and
hemoglobin level

Linear regression analyses in crude and adjusted mod-
els were performed to evaluate the association between
exposure to air pollution and hemoglobin concentration
(Table 3). In the case of annual mean levels of air pol-
lutants, exposures to PM, ; and NO, in the crude model
showed significant positive associations with hemoglobin
levels, but these associations disappeared after adjusting

for confounding variables. In both adjusted models, expo-
sure to PM,;, was significantly associated with a lower
hemoglobin concentration (p<0.05); there was a 0.43%
decrease in hemoglobin level with an IQR (8.3 pg/m?)
increase in PM;, (95% CI=—-0.59%, —0.27%) in adjusted
Model 2. In adjusted models, exposure to SO, and CO
was also associated with decreased hemoglobin levels;
hemoglobin values decreased by 0.15% (p = —0.0015;
95% CI=-0.0020, —0.0009) and 0.54% (B=—0.0054; 95%
CI=-0.0072, —0.0036) for each increase in IQR in SO,
and CO concentration, respectively (adjusted Model
2). The pattern of association results during 2 years of
exposure was similar to that of 1 year of exposure. After
stratification by sex, there was no significant difference in
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association results between women and men (Table S1).
In both women and men, exposures to PM,,, SO,, and
CO were significantly associated with decreased hemo-
globin levels. Notably, a significant association between
NO, exposure and decreased hemoglobin levels was
found only in men (B=-0.0062 for 1 year of exposure;
95% CI=-0.0097, —0.0027).

Association between ambient air pollution and anemia

We performed simple and multiple logistic regression
analyses to examine the association between air pollu-
tion exposure and anemia, and the results are shown in
Table 4. In the crude model, most of the air pollutants,
including PM,,, PM, 5, NO,, and CO at 1 and 2 years of
exposure, were inversely related to anemia. However,
after adjusting for covariates, the statistical significance
of the association either disappeared or changed to a pos-
itive association, except for exposure to NO,. In adjusted
Model 2, only exposure to PM,, was significantly asso-
ciated with an increased risk of anemia (p=0.0426); OR
(95% Cls) for anemia per each increase in IQR in PM,,
was estimated at 1.039 (1.001-1.079). A positive asso-
ciation was also found between exposure to PM,;, and
anemia in the 2-year duration of exposure (OR=1.046;
95% CI=1.009-1.083; adjusted Model 2). The results of
the 2-year exposure period showed a significant posi-
tive association between CO exposure and anemia in
adjusted models (OR=1.046; 95% CI=1.004-1.091;
adjusted Model 2). However, PM, ; and SO, exposures
did not show a significant association with anemia, simi-
lar to the results of the 1-year exposure period. In the
stratification results by sex, a positive association was
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only found between exposure to PM,, and anemia in the
2-year duration of exposure in women (OR=1.044; 95%
CI=1.003-1.086; adjusted Model 2) (Table S2).

Propensity score matching analysis results

We performed PSM analyses to address group imbal-
ances between anemia and normal using 1:1 match ratio.
A total of 12,496 individuals (6,248 per group) were
included (Table S3). Compared to before PSM, the dis-
tributions of most characteristics after PSM were similar
between anemia and the normal population, except for
age, BMI, and hemoglobin level (all p>0.05). The asso-
ciations between ambient air pollution and hemoglobin
level after PSM were shown in Table S4. In annual expo-
sure model, exposure to most air pollutants, except for
PM, 5, were significantly associated with a lower hemo-
globin concentration (all p<0.05). These results were
similar for the association results during 2 years of expo-
sure. However, in the association analysis with anemia,
no significant association was observed for any air pollut-
ants (all p>0.05) (Table S5).

Discussion

This study aimed to determine the associations between
long-term exposure to air pollution and hemoglobin or
anemia in general adults in Korea. We found that sus-
tained exposure to ambient air pollution, especially PM,,
SO,, and CO, was significantly associated with a decrease
in hemoglobin concentrations. A significant association
between NO, exposure and decreased hemoglobin levels
was observed only in men. Furthermore, long-term expo-
sure to PM,, and CO was significantly associated with

Table 4 Association between anemia status and interquartile range (IQR) in annual average air pollution exposure

Exposure Anemia status
Crude model Adjusted model 11 Adjusted model 2'*
OR (95% ClI) p OR (95% Cl) p OR (95% Cl) p

1-year

Mg (ug/m?) 0.964 (0.93,0.999) 0.0448 1.039 (1.001, 1.078) 0.0428 1.039 (1.001, 1.079) 0.0426
PM,s (ug/m?) 0.969 (0.942,0.997) 0.0300 0.995 (0.967, 1.023) 0.7122 0.995 (0.967, 1.024) 0.7365
SO, (ppb) 0.991 (0.978, 1.005) 0.2181 1.009 (0.995, 1.022) 0.2155 1.009 (0.995, 1.023) 0.198
NO, (ppb) 0.864 (0.828,0.901) <0.0001 0.937 (0.886, 0.991) 0.0237 0.935 (0.884, 0. 989) 0.0184
CO (ppb) 0.942 (0.907,0.978) 0.002 1.037 (0.995, 1.081) 0.0819 1.036 (0.994, 1.08) 0.0964
2-years
PM,, (ug/m?) 0.968 (0.936, 1.001) 0.0557 1.045 (1.009, 1.082) 0.0144 1.046 (1.009, 1.083) 0.0135
PM, < (ug/m?) 0.961 (0.933,0.991) 0.0102 0.991 (0.961, 1.022) 0.5661 0.992 (0.962, 1.023) 0.6105
SO, (ppb) 0.991 (0.977, 1.005) 0.2084 1.009 (0.995, 1.023) 0.1899 1.01 (0.996, 1.024) 0.1726
NO, (ppb) 0.867 (0.831,0.904) <0.0001 0.944 (0.893, 0.999) 0.0463 0.942 (0.889, 0.996) 0.0372
CO (ppb) 0.947 (0.912,0.984) 0.0051 1.048 (1.006, 1.092) 0.0264 1.046 (1.004, 1.091) 0.0323

PM,, particulate matter < 10 um in diameter; PM, 5 particulate matter < 2.5 um in diameter; SO,, sulfur dioxide; NO,, nitrogen dioxide; CO, carbon monoxide; Cl,

confidence interval

tAdjusted model 1 includes the following variables: place of residence (urban vs. rural), age, sex, household income, education level, alcohol consumption, smoking

status, physical activity, and occupation

ttAdjusted model 2 includes the following variables: place of residence (urban vs. rural), age, sex, household income, education level, alcohol consumption, smoking
status, physical activity, occupation, hypertension status, diabetes status and obesity status (normal, overweight and obesity)
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an increased risk of anemia. These findings highlight the
importance of minimizing exposure to ambient air pollu-
tion in managing reduced hemoglobin levels or anemia in
general adults.

Our study considered the various confounding fac-
tors such as demographic information, health-related
behaviors, socio-economic level, and medical conditions.
In fact, previous literature has reported that these con-
founding factors are closely associated with anemia. The
prevalence of anemia gradually increases with age, espe-
cially among older adults over 60 years of age [24]. One
recent study based on the multiethnic Iranian population
showed that it was notably higher in women (17.08%)
than men (4.87%), similar to our results [25]. Socio-
economic variables such as low family income and low
maternal education level were also found to affect anemia
in children [26, 27]. Besides, cigarette smoking affects
the incidence of anemia as well as haematopoiesis [28]
and poor physical activity was linked to increased risk of
anemia [29]. In addition, participants’ health conditions,
such as diabetes [29] and high blood pressure [30], were
closely related to anemia. Similarly, in our study, signifi-
cant statistical differences were found between anemia
and normal groups in all the above potential variables.
Therefore, we considered all these variables as confound-
ing factors in the final analysis.

Previous epidemiological studies have identified sig-
nificant relationships between exposure to ambient
air pollutants and decreased hemoglobin or anemia,
mainly in certain populations such as the elderly, chil-
dren, and pregnant women [9-13, 31]. In 2017, Honda et
al. reported that long-term exposure to PM, ; and NO,
was positively associated with anemia prevalence and
decreased hemoglobin levels in older American adults
[10]. The prevalence ratio (95% CI) of anemia for each
increase in IQR in PM,; and NO, was 1.33 (1.23-1.45)
and 1.43 (1.25-1.63), respectively. Similarly, a study
based on a cohort of the Chinese elderly population
showed that exposure to air pollutants, including PM,,
PM, 5, PM,,, and NO,, was closely related to an increased
prevalence of anemia and decreased hemoglobin levels in
a single pollutant model [9]. Furthermore, Poursafa et al.
in 2011 found a significant negative association between
PM,, and hemoglobin levels in children and adolescents
[31]. Another study conducted among children aged
6-59 months living in Lima, Peru, found a significant
association between outdoor PM, ; levels and decreased
hemoglobin concentrations or an increased prevalence
of moderate/severe anemia [12]. The same results were
found in Indian children under five years of age [11]. In
addition, a recent study on pregnant women investigated
the short-term effects of PM, ; and its constituents (e.g.,
BC, NH,*, NO,;~, OM, SO,*, and dust) on anemia and
hemoglobin levels during the third trimester. The study
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found that PM, ; and some of its constituents were asso-
ciated with a decrease in hemoglobin concentration
rather than anemia [13]. Therefore, previous studies on
specific vulnerable populations have shown significant
associations between PM,: and NO, and hemoglo-
bin levels or anemia. These results are consistent with
our findings in that several air pollutants are linked to a
decreased hemoglobin level and an increased risk of ane-
mia. However, no significance was observed for PM, ¢
in our results. In the case of PM, especially PM, ; has a
smaller diameter than PM,,, it can penetrate deeper
into the lungs and the bloodstream [32]. For this reason,
PM, ; has been shown to be more closely related to nega-
tive health conditions than PM,;,. On the other hand, in
our study, the significant association with PM,, rather
than PM,; may suggest another important implication
regardless of the size of the pollutant’s diameter. How-
ever, further research is needed to justify this. In addi-
tion, the discrepancies in results may be partly explained
by differences in study design, study sample characteris-
tics, ethnicity, exposure assessment/levels to air pollut-
ants, geographic conditions, or pollutant composition”

In addition, many studies have reported the asso-
ciations of air pollution with peripheral blood cells and
leukemia, which are closely related to hematopoietic
function [33-41]. In 1999, Seaton et al. reported that
PM,, exposure is associated with not only hemoglobin
levels but also packed cell volume, and red blood cell
(RBC) count among subjects aged over 60 years [38]. The
negative effects of air pollution on red blood cells have
also been found in children [36]. Likewise, a large-scale
epidemiological study in eastern China observed that
short-term exposure to PM, ; was negatively associated
with RBC count as well as hemoglobin levels [16, 41].
More recent studies showed that short- and long-term
exposure to air pollution increases the risk of leukemia in
adults as well as children [33-35, 37, 39, 40].

The mechanism underlying the relationship between
ambient air pollution and changes in hemoglobin levels
remains unclear, but several potential mechanisms have
been suggested. Air pollutants directly or indirectly pro-
mote a chronic inflammatory process in the human body
[42, 43]. Such systemic reactions can potentially contrib-
ute to changes in hemoglobin levels and an increased
prevalence of anemia. A previous study on the association
between air pollution and hematologic parameters found
that the increase in PM,, quartiles was closely related
to elevated white blood cell counts, as well as reduced
hemoglobin concentration or RBC counts, highlighting
the importance of the pro-inflammatory response [31].
Honda et al. (2017) also observed the mediating effect
of C-reactive protein, a well-known indicator of sys-
temic inflammation, in the association between NO, or
PM, ; and hemoglobin [10]. Furthermore, inflammatory
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cytokines cause a deficiency in erythropoietin secretion
and greater resistance to erythropoietin in the kidney [44,
45]. This induces a decrease in RBC counts and a lower
hemoglobin concentration [44]. Furthermore, a high level
of Interleukin 6, a pro-inflammatory cytokine, caused
by exposure to air pollution can increase hepcidin pro-
duction through the signal transducer and transcription
activator-3, thus inducing iron deficiency [46, 47]. These
hypotheses, based on chronic inflammation, support the
impact of long-term exposure to air pollution on health
outcomes such as anemia. However, additional studies
are needed to prove the plausible hypotheses mentioned
above.

For the first time, the present study reported that
higher long-term exposures to PM,,, SO,, and CO were
significantly associated with reduced hemoglobin con-
centrations and an elevated risk of anemia in a nation-
ally representative population of South Korea. Although
previous studies have shown a significant association of
air pollution with hemoglobin levels or anemia, most
of them focused on certain vulnerable groups (e.g., the
elderly, children, and pregnant women) or limited air pol-
lutants such as PM and NO,,. In this regard, the findings
of our large-scale study on a general population may have
important implications not only for specific vulnerable
populations but also for general public health. Nation-
wide air pollution modeling data and survey data from
South Korea used in our study can also minimize some
biases that arise from regionally restricted studies. In
addition, this study provides novel evidence for a signifi-
cant relationship with other air pollutants, including SO,
and CO, in addition to previously known air pollutants,
such as PM and NO,.

Despite the strengths of this study, several limitations
need to be discussed. One of the major limitations is
that information related to iron supplements or dietary
intake could not be included in this study because of the
absence of relevant data. Therefore, it is difficult to rule
out the possible confounding effect of iron intake lev-
els on our results. Given the lack of data, we also could
not determine whether the women were pregnant at the
time of the blood test. Furthermore, the design of this
study was cross-sectional, and thus it is impossible to
determine causality between exposure to air pollutants
and the development of anemia. In addition, this study
estimated individual exposure levels to outdoor air pol-
lution by modeling based on the subjects’ current home
addresses. Since there are no available data, we were
unable to consider variables such as the level of exposure
at work, exposure at a moving place, the indoor exposure,
and the history of relocation. Lastly, the interpolation
method used to increase the spatial resolution of PM, ;
and PM,, needs to be considered in a variety of way, such
as random forest and deep learning, which is widely used.
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In conclusion, our findings suggest that exposure to air
pollution, even among adults in the general population of
Korea, reduces hemoglobin levels and increases the risk
of developing anemia. These results are the first clue for
adults in general and may help shape future strategies to
address air pollution exposure risks faced by the general
population. However, more studies are needed to verify
whether the relationship between air pollution exposure
and changes in hemoglobin levels or anemia develop-
ment is causal and whether nutritional interventions,
such as iron intake, can be used to minimize the harmful
effects of air pollution on anemia.
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