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Abstract. Background and aim of the work: Osteoporosis is a disease characterized by the chronic deteriora-
tion of bone tissue, leading to an increased risk of fractures, hospitalization and mortality. Recent studies 
highlighted that exposure to air pollution may represent a risk factor for osteoporosis. This study aimed to 
investigate the association between air pollution exposure and osteoporosis in a sample of 45,483 Italian 
adults. Research design and Methods: Osteoporosis Data were extracted from a nationwide survey conducted by 
the Italian National Institute of Statistics in 2019. A logistic regression model was employed to analyze the 
association between osteoporosis and self-reported levels of air pollution in residential areas. The model was 
adjusted by sociodemographic characteristics, comorbidities, and lifestyle factors. The Benjamini–Hochberg 
procedure was applied to multiple comparisons occurring in multivariable analysis to control the false discov-
ery rate. Gender stratified analyses were also performed. Results: Higher odds of osteoporosis were found in 
individuals living in areas reported as ‘very polluted’ (OR = 1.35, 95%CI = 1.17–1.57, q <0.001), as ‘quite pol-
luted’ (OR = 1.28, 95%CI = 1.15–1.43, q <0.001), and as ‘scarcely polluted’ (OR = 1.10, 95%CI = 1.00–1.22, 
q = 0.0872), compared to those living in areas reported as ‘not polluted’. The gender stratified analysis showed 
that this association was present in females, but not in males. Conclusions: Due to the limitations of the 
cross-sectional design of this study, further research is needed to confirm the results and fully understand the 
explanatory mechanisms of the association between air pollution and osteoporosis. (www.actabiomedica.it)
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Introduction

Osteoporosis is a systemic disease characterized 
by reduced Bone Mineral Density (BMD) and dete-
rioration of bone microarchitecture, with a consequent 
increase in bone fragility and susceptibility to fracture 
after low-level or low-energy trauma, typically affecting 
the spine, hip, distal forearm and proximal humerus (1). 
Osteoporotic fractures represent a major risk of hospi-
talization, long-term disability, loss of independence, 

and overall impaired quality of life (QoL) increased 
mortality (2–4). According to the World Health Or-
ganization, osteoporosis affects around 200 million 
women worldwide, with a higher prevalence in North-
ern America and Europe (22.1% of women and 6.6% 
of men over 50-years-old), being Italy the most affected 
country (4,5). The worldwide economic burden of os-
teoporotic hip fractures is projected to reach $131.5 
billion by 2050 (6), while the direct cost of osteoporo-
tic fractures in Italy was estimated to be €9.4 billion 
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in 2019 (5). Several risk factors for the development 
of osteoporosis have been identified, including family 
history of osteoporosis; age; female gender; low so-
cioeconomic status (SES); smoking; excessive alcohol 
consumption; lack of physical activity (PA); low cal-
cium ingestion (7,8); chronic diseases, i.e., chronic ob-
structive pulmonary disease (COPD), peptic ulcer and 
diabetes; long-term treatment with corticosteroids or 
chemotherapy (9–11); and, more recently, air pollution. 
Specifically, a study performed in Taiwan demonstrated 
a significant reduction of BMD in women with long-
term exposure to PM2.5 (12), while another study from 
South Korea reported an increased risk of osteoporotic 
fractures in elderly exposed to higher levels of sulfur 
dioxide (SO2) (13). The pathogenetic mechanisms un-
derlying the association between air pollution and bone 
damage are not fully understood (14,15). The aim of 
this cross-sectional study was to analyze the association 
between the exposure to air pollution and the develop-
ment of osteoporosis in a large representative sample of 
Italian adults.

Methods

Data sources

Data were extracted from the 2019 survey ‘Aspects 
of Daily Life’, part of an integrated system of social 
surveys conducted by the Italian National Institute 
of Statistics (Istat) named ‘Multi-Purpose Surveys 
on Families’ (16), administered to 20,000 families 
equally distributed in about 800 Italian municipalities 
of different population sizes. Families are randomly 
extracted by Istat using a sampling strategy aimed at 
achieving a statistically representative sample of Italy’s 
resident population. Individuals are interviewed us-
ing a sequential computer-assisted web-based inter-
view mixed with paper interviews every year between 
March and May. The questionnaires investigate various 
aspects of social and daily life to determine individual, 
family and community health, wealth, interactions and 
functioning in relation with public services, produc-
tive and leisure activities by assessing people behaviors, 
motivations, and opinions. The study was designed fol-
lowing STROBE guidelines (17).

Study variables

Each study variable corresponded to a survey ques-
tion. The outcome binary variable was the diagnosis of 
osteoporosis as reported by the patient (0 for ‘not af-
fected’ and 1 for ‘affected’). Exposure to air pollution was 
assessed using self-reported residential air quality levels 
codified as ‘very polluted’, ‘quite polluted’, ‘scarcely polluted’, 
and ‘not polluted’. Covariates included in the analysis 
were gender, age, educational level, citizenship, macro-
region area of residence, PA, body mass index (BMI), 
vegetable consumption, smoking habit, and presence 
of the following conditions: diabetes, heart diseases, 
asthma, COPD, gastric/duodenal ulcer, and cancer. All 
variables were self-reported by the study participants. 
Age categories are derived by self-reported age and di-
vided in “Young” for individuals younger than 65 and 
“Elderly” for individuals aged 65 or older. BMI catego-
ries are derived by self-reported height and body weight.

Statistical analysis

Baseline demographic and clinical characteristics 
were described as mean ± standard deviation, median 
and interquartile range, or as absolute values and per-
centages, as appropriate. The normal distribution of nu-
merical variables was confirmed by the Shapiro–Wilk 
test and Q–Q plot analysis. The association between 
osteoporosis and each variable was investigated using 
t-test for continuous variables, and chi-square test or 
Fisher’s exact test for categorical variables. Logistic 
regression analysis was employed to assess the associa-
tion between air pollution and osteoporosis. The first 
model (Model 0) provided the unadjusted odds ratio 
(OR) and 95% confidence interval (CI) for this asso-
ciation, while the second and final model (Model 1)  
provided the adjusted OR and 95% CI by includ-
ing all confounding variables as covariates. The set of 
confounding variables was determined based on the 
statistical significance of crude associations and previ-
ous scientific evidence. Model 1 was also stratified by 
gender in order to analyze gender differences in the 
relationship between air pollution and osteoporosis. 
The reference category for perceived air pollution was 
set at the lowest level of exposure (‘not polluted’). Due 
to the presence of missing data for various covariates, 
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multiple imputation by chained equations (MICE) 
was used to create and analyze 30 multiply imputed 
datasets. Incomplete variables, including the outcome 
variable, were imputed under fully conditional specifi-
cation (18). The parameters of interest were separately 
estimated in each imputed dataset, then combined us-
ing Rubin’s rules (19) to obtain pooled results. A sen-
sitivity analysis performed using weighted regression 
estimates to test for local departures from the missing-
at-random assumption gave results similar to those ob-
tained under missing-at-random multiple imputation 
(data not shown) (20). Because such analysis could not 
confirm the missing-completely-at-random assump-
tion, MICE was performed only on covariates with 
<25% of missing data to avoid estimation bias (21,22). 
Therefore, PA, with 36.3% of missing records, was not 
included in the final list of covariates. However, since 
PA is recognized as a major protective factor against 
osteoporosis, a sensitivity analysis was conducted by 
categorizing the variable into three levels (i.e., active, 
sedentary, and missing) that were incorporated into 
the logistic regression models to assess their robustness 
and stability. All tests were two-sided. The significance 
level was set as p < 0.05. The Benjamini–Hochberg 
procedure was applied to multiple comparisons oc-
curring in multivariable analysis to control the false 
discovery rate (23). As a consequence, the p-values re-
sulting from Model 1 were presented as q-values, i.e., 
adjusted p-values. All analyses were carried out using 
R-Studio statistical software (RStudio, PBC, Boston, 
MA, USA) (19).

Results

Study population

The main characteristics of the 45,483 subjects in-
cluded in the Istat sample are summarized in Table 1. 
A number of 23,527 (51.7%) individuals were females 
and 21,956 (48.3%) were males. A total of 34,201 
(75.2%) individuals were younger than 65 years, and 
11,282 (24.8%) were 65 or older. A total of 5,938 
(13.1%) had a university degree, 14,281 (31.4%) a high 
school degree, 12,438 (27.3%) a middle school de-
gree, and 9,926 (21.8%) an elementary school degree. 

Table 1. Population characteristics.

N %

Gender

Male (ref.) 21,956 48.3

Female 23,527 51.7

Age

Elderly (>65yo) 11,282 24.8

Young (<65yo) (ref.) 34,201 75.2

Educational level

University degree (ref.) 5,938 13.1

High school degree 14,281 31.4

Middle school degree 12,438 27.3

Elementary school degree 9,926 21.8

Missing 2900 6.4

Citizenship

Italian (ref.) 42,792 94.1

Foreign 1,633 3.6

Missing 1,058 2.3

Region

North-west 9,940 21.9

North-east (ref.) 9,711 21.4

Center 8,238 18.1

South 12,912 28.4

Isles 4,648 10.2

Missing 34 0.1

Osteoporosis

No 39,003 85.8

Yes 3,998 8.8

Missing 2,482 5.5

Air quality

Very polluted 4,303 9.5

Quite Polluted 10,619 23.3

Scarcely polluted 17,151 37.7

Not polluted at all (ref.) 11,958 26.3

Missing 1,452 3.2

Physical Activity

Active (ref.) 6,437 14.2

Sedentary 22,547 49.6

Missing 16,499 36.3

BMI

Underweight 1,104 2.4

Normal weight (ref.) 19,317 42.5

Table 1 (Continued)
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The vast majority hold Italian citizenship (94.1%). 
Air quality at residential places was reported as very 
polluted by 4,303 (9.5%), quite polluted by 10,619 
(23.3%), scarcely polluted by 17,151 (37.7%), and not 
polluted by 11,958 (26.3%). A diagnosis of osteopo-
rosis was reported by 3,998 (8.8%) subjects. Overall, 
13,488 (29.7%) records were incomplete. The percent-
age of missing values varied between 0.0% and 15.6% 
across the 17 variables included in the regression mod-
els, except for PA that was burdened by 36.3% of miss-
ing data (see ‘Methods’ section).

Regression analysis

Complete results from logistic regression models 
are reported in Table 2. The crude analysis showed a 
significant association between air pollution and osteo-
porosis, with the prevalence of osteoporosis being sig-
nificantly higher in very polluted areas (OR = 1.26, 95%  
CI = 1.12–1.42, p <0.001) than in not polluted areas. 
This significant association was confirmed in the adjusted 
model (OR = 1.35, 95% CI = 1.17–1.57, q <0.001), ac-
cording to which the rate of osteoporosis was also higher 
among those living in quite polluted areas (OR = 1.28, 
95% CI = 1.15–1.43, q <0.001), but not in scarcely pol-
luted areas (OR = 1.10, 95% CI = 1.00–1.22, q = 0.0872), 
as compared to those living in not polluted areas.

Female gender, older age, obesity, presence of co-
morbidities, lower educational level, foreign citizen-
ship, and living in central, southern or insular Italy 
were also significantly associated with higher rates of 
osteoporosis (Table 2).

As reported in Table 3, higher odds of osteo-
porosis were identified in females exposed to higher 
levels of air pollution (OR = 1.37, 95% CI = 1.18–
1.60, q <0.001), but not in males (OR = 1.12, 95%  
CI = 0.83–1.50, q = 0.210).

Lastly, the introduction of PA in the analy-
sis did not significantly change the model estimates 
(Supplementary Table S1).

Discussion

This cross-sectional study performed on 45,483 
subjects residing in Italy supports the hypothesis of air 

N %

Overweight 13,676 30.1

Obese 4,281 9.4

Missing 7,105 15.6

Vegetables consumption

More than once a day 5,486 12.1

Once a day 13,619 29.9

A few times a week 19,769 43.5

Less than once a week 3,569 7.8

Never 1,155 2.5

Missing 1,885 4.1

Smoking habit

Smoker 7,201 15.8

Quitter 9,368 20.6

Non-smoker 24,319 53.5

Missing 4,595 10.1

Diabetes

no 40,350 88.7

yes 2, 846 6.3

Missing 2,287 5.0

Heart disease

no 41,259 90.7

yes 1,535 3.4

Missing 2,689 5.9

COPD

no 41,034 90.2

yes 1,824 4.0

Missing 2,625 5.8

Asthma

no 41,016 90.2

yes 1,776 3.9

Missing 2,691 5.9

Ulcer

No 41,551 91.4

Yes 1,222 2.7

Missing 2,710 6.0

Cancer history

No 41,571 91.4

yes 1,259 2.8

Missing 2,653 5.8

Abbreviation: ref. = reference category.
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Table 2. Logistic regressions results.

Adjusted model Unadjusted model

OR 95% CI p-value q-value OR 95% CI p-value

Air pollution

Not polluted — — — —

Scarcely polluted 1.1 1.00, 1.22 0.052 0.072 1.02 0.94, 1.11 0.643

Quite Polluted 1.28 1.15, 1.43 <0.001 <0.001 1.14 1.04, 1.25 0.013

Very polluted 1.35 1.17, 1.57 <0.001 <0.001 1.26 1.12, 1.42 <0.001

Gender

Male — —

Female 7.73 6.93, 8.63 <0.001 <0.001

Age

Young — —

Elderly 8.01 7.31, 8.77 <0.001 <0.001

Educational level

University degree — —

High school degree 1.27 1.09, 1.48 0.002 0.003

Middle school degree 1.41 1.21, 1.64 <0.001 <0.001

Elementary school degree 1.55 1.34, 1.80 <0.001 <0.001

Citizenship

Italian — —

Foreign 0.61 0.44, 0.84 0.003 0.004

Macro-region

North-East — —

North-West 1.11 0.98, 1.25 0.111 0.148

Center 1.38 1.22, 1.57 <0.001 <0.001

South 1.67 1.49, 1.88 <0.001 <0.001

Islands 1.95 1.68, 2.26 <0.001 <0.001

BMI

Normal weight — —

Underweight 0.94 0.74, 1.19 0.609 0.656

Overweight 1.10 1.01, 1.20 0.038 0.056

Obesity 1.18 1.05, 1.34 0.007 0.011

Vegetables Consumption

Never — —

Less than once a week 1.07 0.78, 1.47 0.693 0.718

A few times a week 1.16 0.87, 1.55 0.297 0.347

Once a day 1.20 0.90, 1.61 0.210 0.267

More than once a day 1.20 0.89, 1.61 0.243 0.295

Table 2 (Continued)
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Adjusted model Unadjusted model

OR 95% CI p-value q-value OR 95% CI p-value

Smoking history

Non-smoker — —

Quitter 1.03 0.93, 1.14 0.599 0.656

Smoker 0.99 0.87, 1.12 0.834 0.834

Diabetes

No — —

Yes 1.63 1.45, 1.84 <0.001 <0.001

Heart Disease

No — —

Yes 2.20 1.88, 2.57 <0.001 <0.001

COPD

No — —

Yes 2.59 2.24, 3.00 <0.001 <0.001

Asthma

No — —

Yes 1.70 1.43, 2.01 <0.001 <0.001

Gastric/duodenal ulcer

No — —

Yes 4.11 3.48, 4.85 <0.001 <0.001

Cancer

No — —

Yes 2.65 2.25, 3.12 <0.001 <0.001

Note: the q value is derived from the Benjamini & Hochberg correction for multiple testing.

pollution as a potential risk factor for osteoporosis. 
Previous studies performed in large population-based 
cohorts reported a significant decrease in BMD cou-
pled with a significant increase in osteoporosis in peo-
ple exposed to high levels of air pollutants, including 
PM2.5, PM10 and NOx (24–26). Another study dem-
onstrated higher levels of urinary polycyclic aromatic 
hydrocarbons (PAHs) in patients with osteoporosis 
(27). Moreover, higher levels of exposure to PM2.5 
were associated with higher risk of osteoporotic frac-
tures (28,29). Although the exact pathogenesis re-
mains to be established, several mechanisms linking 
chronic exposure to air pollution to osteoporosis have 
been postulated. First, air pollution has been demon-
strated to trigger inflammatory pathways and oxidative 
stress involved in pathogenesis of osteoporosis (30,31). 
Pro-inflammatory cytokines and other inflammatory 

mediators may contribute to the disruption of bone 
tissue and reduce BMD (32,33). RANK-RANKL-
OPG pathway is primarily involved in the pathogen-
esis of osteoporosis. RANK binding to RANKL, a 
member of the tumor-necrosis-factor family of ligands 
placed on the surface of osteoclasts, activates their dif-
ferentiation, thus stimulating bone resorption (34). 
Osteoprotegerin (OPG) binds to RANKL and pre-
vents its interaction with RANK, thus inhibiting os-
teoclastogenesis. The RANKL/OPG ratio has a crucial 
role in maintaining bone homeostasis. In osteoporosis, 
a relative increase in RANKL and decrease in OPG 
results in the increase of osteoclastic activity (34). In-
flammation increases the production of RANKL, acti-
vating the RANK pathway, and, consequently, 
stimulates osteoclast activation and bone resorption 
(35,36), ultimately increasing the risk of osteoporotic 
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Table 3. Gender stratified logistic regressions.

Males Females

OR 95% CI p-value q-value OR 95% CI p-value q-value

Air pollution

Not polluted — — — —

Scarcely polluted 1.07 0.88, 1.31 0.506 0.711 1.09 0.98, 1.21 0.043 0.065

Quite Polluted 1.19 0.95, 1.49 0.377 0.598 1.32 1.17, 1.48 <0.001 <0.001

Very polluted 1.12 0.83, 1.50 0.101 0.210 1.37 1.18, 1.60 <0.001 <0.001

Age

Young — — — —

Elderly 4.86 4.02, 5.87 <0.001 <0.001 9.08 8.24, 10.0 <0.001 <0.001

Educational level

University degree — — — —

High school degree 1.11 0.81, 1.54 0.656 0.768 1.29 1.10, 1.53 0.002 0.003

Middle school degree 1.24 0.91, 1.71 0.233 0.420 1.43 1.21, 1.68 <0.001 <0.001

Elementary school degree 1.70 1.25, 2.35 0.010 0.024 1.50 1.28, 1.77 <0.001 <0.001

Citizenship

Italian — — — —

Foreign 0.88 0.38, 1.74 0.230 0.42 0.55 0.39, 0.77 0.004 0.006

Macro-region

North-East — — — —

North-West 0.99 0.75, 1.31 0.366 0.598 1.10 0.96, 1.25 0.141 0.182

Center 1.42 1.08, 1.87 0.010 0.024 1.33 1.16, 1.53 <0.001 <0.001

South 2.05 1.61, 2.62 <0.001 <0.001 1.63 1.44, 1.85 <0.001 <0.001

Islands 1.78 1.31, 2.42 <0.001 <0.001 2.00 1.71, 2.34 <0.001 <0.001

BMI

Normal weight — — — —

Underweight 0.93 0.33, 2.24 0.427 0.640 0.87 0.68, 1.10 0.741 0.741

Overweight 1.09 0.84, 1.39 0.067 0.150 1.08 0.98, 1.19 0.061 0.086

Obesity 0.99 0.77, 1.27 0.962 0.965 1.23 1.08, 1.41 <0.001 <0.001

Vegetables Consumption

Never — — — —

Less than once a week 0.79 0.47, 1.40 0.566 0.728 1.22 0.84, 1.78 0.393 0.443

A few times a week 0.82 0.52, 1.36 0.868 0.937 1.33 0.96, 1.88 0.211 0.248

Once a day 0.74 0.46, 1.24 0.682 0.768 1.41 1.01, 2.00 0.096 0.129

More than once a day 0.81 0.48, 1.39 0.965 0.965 1.38 0.98, 1.97 0.149 0.182

Smoking history

Non-smoker — — — —

Quitter 1.14 0.95, 1.36 0.628 0.768 1.06 0.95, 1.19 0.506 0.546

Smoker 1.22 0.96, 1.53 0.526 0.711 0.95 0.83, 1.09 0.646 0.671

Table 3 (Continued)
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Males Females

OR 95% CI p-value q-value OR 95% CI p-value q-value

Diabetes

No — — — —

Yes 2.19 1.81, 2.64 <0.001 <0.001 1.43 1.26, 1.64 <0.001 <0.001

Heart Disease

No — — — —

Yes 2.05 1.64, 2.56 <0.001 <0.001 2.34 1.96, 2.80 <0.001 <0.001

COPD

No — — — —

Yes 2.44 1.93, 3.06 <0.001 <0.001 2.48 2.09, 2.95 <0.001 <0.001

Asthma

No — — — —

Yes 2.36 1.83, 3.04 <0.001 <0.001 1.40 1.15, 1.68 <0.001 <0.001

Gastric/duodenal ulcer

No — — — —

Yes 3.51 2.76, 4.44 <0.001 <0.001 4.46 3.65, 5.44 <0.001 <0.001

Cancer

No — — — —

Yes 2.54 1.98, 3.25 <0.001 <0.001 2.95 2.44, 3.55 <0.001 <0.001

Note: the q value is derived from the Benjamini & Hochberg correction for multiple testing.

fractures (37). High levels of air pollution may also in-
directly promote osteoporosis by significantly reducing 
PA, lowering the willingness to practice outdoor phys-
ical exercise in individuals living in highly polluted  
areas (38). In addition, air pollution has been linked to 
decreased lung function and increased rates of respira-
tory symptoms, which may reduce the ability to en-
gage in PA and participate in activities requiring high 
levels of aerobic fitness (39,40). Furthermore, air pol-
lution may contribute to reducing vitamin D levels by 
lowering the amount of solar UVB radiation, especially 
in people living in highly polluted areas (41,42), which 
represents a primary risk factor for osteoporosis. Spe-
cifically, particulate matter absorbs UVB radiation and 
reduces the amount that reaches the earth’s surface (43), 
while other pollutants like ozone and sulfur dioxide 
could scatter UVB radiation (44). A 2019 cohort study 
found an association between air pollution exposure 
and vitamin D deficiency in pregnant women (45). 
Finally, some components of particulate matter may act 
as endocrine-disruptors and negatively impact on bone 

health (46) by interfering with estrogen activity  
directly (i.e., PAHs and polychlorinated biphenyls  
(PCBs) (47–49)), and indirectly via RANK-RANKL 
pathway (50), disrupting the function of the 
hypothalamic-pituitary-adrenal (HPA) axis, a key en-
docrine system involved in the regulation of stress and 
metabolism (51,52), with consequent decrease in BMD 
and increased risk of osteoporosis (53–55). Our gen-
der-stratified analysis suggests the existence of gender 
differences in the association between air pollution and 
osteoporosis. The underlying mechanisms explaining 
these gender differences are not fully understood yet. 
However, the endocrine effects of pollutants, as well as 
lifestyle and environmental exposure pathway differ-
ences between men and women, may play a role in ex-
plaining these results (56). Moreover, the prevalence of 
osteoporosis is lower in males, resulting in a decreased 
statistical power in this sub-sample. Further research is 
needed to confirm these results. This study also con-
firms the significant increase of osteoporosis in elderly 
and females (49), as well as in subjects with an obesity 
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the prevalence of many pathologies, including osteopo-
rosis, in the foreign population is underestimated due 
to difficulties accessing healthcare (82). Migrants and 
non-native speakers may face language and cultural 
barriers in accessing the health system, which may pre-
vent these individuals from seeking medical attention 
and getting an accurate diagnosis (83). In addition, a 
nationwide study in Sweden showed that foreigners 
had lower risk of osteoporotic fractures compared to 
Swedish citizens (84), suggesting that explanations on 
this association may be linked also to shared individu-
als’ characteristics, and not only to societal determi-
nants. The main strength of this study is the large 
sample size, which provides sufficient statistical power 
to assess the association between perceived air pollu-
tion and osteoporosis, and to assess the impact of other 
endogenous and exogenous factors. On the other hand, 
some limitations should be acknowledged. First, the 
cross-sectional design limits causal inferences. Moreo-
ver, residual confounding can not be excluded. Second, 
osteoporosis, air pollution and all the other determi-
nants included in the analysis were self-reported. While 
self-assessment can be a useful tool for collecting data, 
it is subject to biases and errors that may affect the ac-
curacy and reliability of the results. For example, par-
ticipants may not accurately remember or report their 
behavior or attitudes or may be influenced by social 
desirability biases. Additionally, self-assessment relies 
on the assumption that participants are capable of ac-
curately evaluating their own characteristics, which 
may not always be the case. Although it is not the ideal 
choice of diagnosis assessment method, self-reported 
prevalence of osteoporosis was reported as acceptable 
in terms of accuracy (85). On the other hand, self-re-
ported levels of exposure to air pollution were found to 
be associated with objectively measured exposure levels 
to air pollutants (86). Third, the self-reported diagnosis 
of osteoporosis was the only outcome variable analyzed 
in this study. Hence, associations between air pollution 
and osteoporosis severity or staging, or clinical compli-
cations, such as fractures, remain to be investigated. 
Fourth, data were collected at supra-regional level, 
which means that it is not possible to analyze and draw 
conclusions on the association between osteoporosis 
and air pollution for smaller geographical areas or spe-
cific municipalities within each region, which could, 

condition, in agreement with the most recent research 
(57–59). Indeed, as suggested by previous studies (60), 
fat mass could exert protective effects on bone health, 
but this may not be sufficient to counteract the negative 
effects of obesity secondary, for example, to chronic 
low-grade systemic inflammation, which increases 
bone marrow adipogenesis and bone resorption, and  
reduces bone formation (61). Moreover, all comorbidi-
ties included in the adjusted model resulted associated 
with osteoporosis, confirming previous stud-
ies  (7,10,62). The most important underlying patho-
genic mechanism appears to be chronic inflammation, 
typical of diabetes, cardiovascular diseases, but also 
COPD and cancer, leading also to the increase of os-
teoporotic fractures (10, 11, 62–64). The results of this 
study also found an association between higher risk of 
osteoporosis and lower education. This association may 
be the result of a multifactorial mechanism, with edu-
cation also acting as a proxy variable for socioeconomic 
status. Low education and deprived socioeconomic sta-
tus may represent barriers to the access to health infor-
mation, and to the adoption of healthy lifestyle (i.e., 
buy healthy food and practice physical activity) (65–70). 
Moreover, socioeconomic status may influence the ac-
cess to healthcare interventions aimed at preventing 
osteoporosis and associated comorbidities (71,72). The 
higher osteoporosis rates in people living in southern 
regions and islands could be a direct consequence of a 
lower availability of health services (73,74). Moreover, 
higher prevalence of osteoporosis in southern and insu-
lar regions may be related to the higher prevalence of 
vitamin D deficiency since childhood reported in the 
literature (75). This study findings are coherent with 
the 2019 geographical distribution of the use of osteo-
porosis treatments in Italy (76). Smoking habit and low 
vegetable consumption were not associated with an in-
creased risk of osteoporosis, although they are generally 
considered known risk factors (77–80). These results 
may depend on selection bias, reverse causality, or self-
report bias affecting studies with a cross-sectional de-
sign (81). The results also showed that individuals with 
foreign citizenship had a lower likelihood of reporting 
a diagnosis of osteoporosis compared to those with 
Italian citizenship. The underlying reasons are multi-
factorial and may be difficult to fully understand. One 
of the potential explanatory mechanisms may be that 
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viduals With COPD: A Systematic Review and Meta-
analysis. Chest 2019;156:1092–110. doi: 10.1016/j.chest 
.2019.06.036.

11.	Teresa Selvin S, Thomas S, Bikeyeva V, et al. Establishing 
the Association Between Osteoporosis and Peptic Ulcer 
Disease: A Systematic Review. Cureus 2022;14:e27188.  
doi: 10.7759/cureus.27188.

12.	Chiu Y-C, Lin Y-T, Hsia Y-F, et al. Long-term exposure to 
fine particulate matter and osteoporotic fracture: A case–
control study in Taiwan. Environ Res 2021;196:110888. 
doi: 10.1016/j.envres.2021.110888.

13.	Heo S, Kim H, Kim S, et al. Associations between Long-
Term Air Pollution Exposure and Risk of Osteoporosis-
Related Fracture in a Nationwide Cohort Study in South 
Korea. Int J Environ Res Public Health 2022;19:2404.  
doi: 10.3390/ijerph19042404.

14.	Pang K-L, Ekeuku SO, Chin K-Y. Particulate Air Pollution 
and Osteoporosis: A Systematic Review. Risk Manag Healthc 
Policy 2021;14:2715–32. doi: 10.2147/RMHP.S316429.

15.	Mousavi SE, Amini H, Heydarpour P, Amini Chermahini F,  
Godderis L. Air pollution, environmental chemicals, and 
smoking may trigger vitamin D deficiency: Evidence and 
potential mechanisms. Environ Int 2019;122:67–90. doi: 
10.1016/j.envint.2018.11.052.

16.	Multipurpose survey on households: aspects of daily life - 
microdata for research purposes 2023. https://www.istat.it 
/en/archivio/129934 (accessed February 12, 2024).

instead, present significant differences in terms of air 
pollution. To conclude, this study found an association 
between self-reported osteoporosis and higher per-
ceived air pollution at the participants’ area of resi-
dence. It was also found that people living in the 
central, southern and insular regions of Italy had a 
higher probability of having osteoporosis. Age, gender, 
educational level, body weight and specific comorbidi-
ties also resulted as determinants of osteoporosis. 
However, these findings are not conclusive and further 
studies are needed to confirm and expand upon them. 
Because of the complexity of osteoporosis pathogene-
sis, large prospective harmonized cohorts of patients 
living in different countries and evaluated with stand-
ardized tools are strongly required to assess the impact 
of air pollution and other environmental and social de-
terminants. Understanding the underlying mechanisms 
by which environmental exposures and demographic 
factors may contribute to osteoporosis could lead to the 
development of targeted prevention and treatment 
strategies. Overall, this study adds to the growing body 
of research on osteoporosis and highlights the need for 
continued investigation in this important area of bio-
medical research.
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ANNEX

Table S1. Sensitivity analysis.

Adjusted model

OR 95% CI p-value q-value

Air pollution

Not polluted — —

Scarcely polluted 1.11 1.01, 1.23 0.037 0.056

Quite Polluted 1.29 1.16, 1.44 <0.001 <0.001

Very polluted 1.36 1.17, 1.58 <0.001 <0.001

Gender

Male — —

Female 7.43 6.65, 8.30 <0.001 <0.001

Age

Young — —

Elderly 7.24 6.59, 7.96 <0.001 <0.001

Educational level

University degree — —

High school degree 1.21 1.04, 1.41 0.014 0.022

Middle school degree 1.29 1.11, 1.51 0.001 0.002

Elementary school degree 1.42 1.22, 1.66 <0.001 <0.001

Citizenship

Italian — —

Foreign 0.57 0.41, 0.79 <0.001 0.001

Macro-region

North-East — —

North-West 1.08 0.95, 1.22 0.251 0.302

Center 1.32 1.16, 1.50 <0.001 <0.001

South 1.53 1.36, 1.72 <0.001 <0.001

Islands 1.8 1.55, 2.09 <0.001 <0.001

BMI

Normal weight — —

Underweight 1.33 0.73, 1.18 0.540 0.578

Overweight 1.07 0.98, 1.17 0.128 0.175

Obesity 1.13 1.00, 1.27 0.057 0.082

Vegetables Consumption

Never — —

Less than once a week 1.06 0.77, 1.46 0.711 0.711

A few times a week 1.16 0.87, 1.55 0.299 0.345

Once a day 1.22 0.91, 1.63 0.181 0.226

More than once a day 1.23 0.91, 1.66 0.176 0.226
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Smoking history

Non-smoker — —

Quitter 1.04 0.94, 1.15 0.467 0.519

Smoker 1.37 0.86, 1.10 0.674 0.697

Diabetes

No — —

Yes 1.61 1.43, 1.81 <0.001 <0.001

Heart Disease

No — —

Yes 2.19 1.87, 2.56 <0.001 <0.001

COPD

No — —

Yes 2.54 2.20, 2.94 <0.001 <0.001

Asthma

No — —

Yes 1.71 1.44, 2.02 <0.001 <0.001

Gastric/duodenal ulcer

No — —

Yes 4.03 3.42, 4.76 <0.001 <0.001

Cancer

No — —

Yes 2.66 2.26, 3.13 <0.001 <0.001

Physical activity

Active — —

Sedentary 1.21 1.08, 1.35 <0.001 0.002

Missing 1.02 0.71, 7.38 0.761 0.819

Note: the q value is derived from the Benjamini & Hochberg correction for multiple testing.


