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Association between exposure to fine particulate matter
and osteoporosis: a population-based cohort study
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Abstract
Summary Long-term environmental air pollution exposure was associated with osteoporosis’ risk in a cohort of women at high
risk of fracture. Cortical sites seemed to be more susceptible to the exposure’s effect.
Introduction Environmental air pollution has been associated with disruption of bone health at a molecular level. Particulate
matter (PM) exposure can simultaneously stimulate bone resorption and halt bone formation. The primary aim of the present
study is to describe the association between long-term exposure to PM and osteoporosis in a large cohort of women at high risk of
fracture.
Methods Clinical, demographic, and densitometric data were extracted from the DeFRAcalc79 dataset, which gathers data on
women at risk for osteoporosis. Data on the monitoring of PM10 and PM2.5 concentrations were retrieved from the Italian
institute of environment protection and research (Istituto Superiore per la Protezione e la Ricerca Ambientale, ISPRA).
Generalized linear models with robust estimators were employed to determine the relationship between BMD and PM long-
term exposure.
Results A total 59,950women from 110 Italian provinces were included in the study. PM 2.5 exposure was negatively associated
with T-score levels at the femoral neck (β −0.005, 95 CI −0.007 to −0.003) and lumbar spine (β −0.003, 95% CI −0.006 to
−0.001). Chronic exposure to PM2.5 above 25 μg/m3 was associated with a 16% higher risk of having osteoporotic T-score at
any site (aOR 1.161, 95% CI 1.105 to 1.220), and exposure to PM10 above 30 μg/m3 was associated with a 15% higher risk of
having osteoporotic T-score at any site (aOR 1.148, 95% CI 1.098 to 1.200).
Conclusion Long-term exposure to air pollution was associated with higher risk of osteoporosis. Femoral neck site seemed to be
more susceptible to the detrimental effect of PM exposure than lumbar spine site.
Key message Exposure to air pollution is associated with osteoporosis, mainly at femoral site.
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Introduction

Osteoporosis is a chronic disease characterized by low bone
mineral density (BMD) and increased risk of fragility fractures
[1]. Osteoporosis affects approximately one-third of the wom-
en aged 50 years or more, causing a major societal and eco-
nomic cost [1]. The worldwide burden of osteoporosis is ex-
pected to surge in magnitude in the next decades as the pop-
ulations are rapidly aging [2]. The single, most important,
determinant of bone strength and, consequently, fractures risk
is BMD. BMD itself is influenced by a number of factors,
such as age, body mass index (BMI), menopause, family his-
tory of fragility fractures, alcohol intake, smoking status, bone
disrupting comorbidities, and intake of some medications. For
example, glucocorticoids (GCs) directly affect BMD by in-
ducing osteoblasts and osteocytes apoptosis [3]. Again, in-
flammatory rheumatic diseases have been associated with
higher risk of osteoporosis [4, 5]. Nevertheless, albeit the
knowledge around the determinants of low BMD has con-
stantly expanded in the last decades, there still are unknown
aspects. Environmental air pollution is among the novel risk
factors that has emerged only in the very last few years as a
possible contributor to low BMD; this evidence was particu-
larly pronounced in highly industrialized and polluted areas
[6]. The biological rationale underpinning such correlation is
strong. Indeed, exposure to fine particulate matter (PM) of
diameter of less than 10 μm or of less than 2.5 μm favors
the secretion of receptor activator of nuclear factor-kappa li-
gand 1 (RANKL), altering the RANKL to osteoprotegerin
(OPG) ratio [7]. In addition, exposure to pollutants has been
linked with a low-grade inflammation with the release of pro-
inflammatory cytokines, similarly has seen in inflammatory
arthritides [8, 9]. Finally, high concentrations of PM in the
lower atmosphere can decrease the amount of UVB that reach
the Earth’s surface, with, consequently, impaired vitamin D
production [10]. However, even if the rationale is strong, air
pollution has been neglected as a risk factor for osteoporosis
and has not been included in the commonly available fracture
risk tools. The primary objective of the present study is to
determine and describe, using a web-based fracture risk as-
sessment tool, the association between long-term exposure to
fine PM and osteoporosis in a large population-based cohort
of women at high risk of fracture.

Material and methods

We extracted clinical and densitometric data from the
DeFRAcalc79 dataset, which was generated using the web-
based fracture risk assessment tool, DeFRAcalc79 (https://
defraosteoporosi.it). The DeFRAcalc79 gather data of
women at risk of fracture all over Italy collected from
June 2016 to January 2020 by 3,326 physicians (both family

care practitioners and bone specialists). DeFRAcalc79
considers the following variables for risk calculation: age;
weight; height; number and site of prior fragility fractures;
parental history of hip and clinical vertebral fractures; GC
intake (≥5 mg/day prednisone equivalent); treatment with ad-
juvant hormone therapy for breast or prostate cancer; and a
diagnosis of rheumatoid arthritis (RA), systemic lupus erythe-
matosus (SLE), psoriatic arthritis (PsA), systemic sclerosis
(SS), other connective tissue diseases (CTDs), inflammatory
bowel diseases (IBD), chronic obstructive pulmonary diseases
(COPD), diabetes, neurological diseases (ND; including
Parkinson’s disease, multiple sclerosis, and severe physical
disability), lumbar spine, and femoral neck T-scores (calculat-
ed from the BMD reference range of young same sex individ-
uals). No patients were taking anti-osteoporotic pharmacolog-
ical treatment at the time of enrollment to the database. The
cohort characteristics have been descripted in detail elsewhere
[11, 12].

We retrieved data on the monitoring of PM10 and PM2.5
concentrations from the Italian institute of environment pro-
tection and research (Istituto Superiore per la Protezione e la
Ricerca Ambientale, ISPRA) which gather data from air qual-
ity stations across the country. The long-term average PM
concentrations were the exposure of interest. Every study sub-
ject was linked to a PM exposure value, which resulted from
the average concentration of urban, rural, and near-traffic sta-
tions of the subject province of residency from January 2013
to December 2019.

Group comparisons were performed using a Student’s t-test
and Mann-Whitney U test (for normally and non-normally
distributed continuous variables, respectively). Associations
between continuous variables were tested using Pearson cor-
relation coefficients. Generalized linear models with robust
estimators were employed to identify determinants of osteo-
porosis (defined as T-score at any site <-2.5) and relationship
between BMD and PM long-term exposure. Exposure to PM
was analyzed either as a continuous variable or as a binary
variable (exposure thresholds were 30 μg/m3 and 25 μg/m3

for PM10 and PM2.5, respectively). We sequentially adjusted
for confounders. Model 1 included age, body mass index
(BMI), presence of prevalent fragility fractures, family history
of vertebral or hip fractures, and menopause. Model 2 was
further adjusted for glucocorticoid treatment and comorbidi-
ties. Model 3 (main model) was further adjusted for the
macro-area of residency (stratified as a categorical variable:
northern Italy, central Italy, and southern Italy). Differences
were considered significant at p <0.05. All statistical analyses
were performed using SPSS Version 26 (SPSS, Inc., Chicago,
IL, USA). Data were anonymized in full compliance with the
Italian code of protection of personal data (Legislative Decree
196/03, http://www.camera.it/parlam/leggi/deleghe/03196dl.
htm). No identifiers related to patients were provided to the
researchers. Results derived from all analyses were produced
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as aggregated summaries, which are not possible to assign,
either directly or indirectly, to the individual patients.
Informed consent was not required using encrypted
retrospective information. This study was approved by the
University of Verona ethic committee (prot.1876).

Results

We collected data from 59,950 women (mean age 65.1 years);
most of the population had osteoporotic T-scores (64.5%), and
comorbidities that affect bone health were present in about
15% of the cohort. Table 1 shows the descriptive characteris-
tics of the study population. A total of 41,219 (68.8%) sub-
jects were resident in northern Italy, 7,109 (11.9%) in central
Italy, and 11,622 (19.4%) in southern Italy. We obtained air
quality data from 617 air quality stations across 110 Italian
provinces. Figure Fig. 1 shows the PM10 2013–2019 average
concentrations across Italy. Average exposure to air pollution
in the 2013–2019 period in Italy was 16.0 μg/m3 as regards
PM2.5 and 25.0μg/m3 as regards PM10. Exposure to PMwas
higher in the Po Valley and in other flat, industrialized and
densely populated provinces across Italy.

We found a negative association between long-term expo-
sure to PM and T-scores; the point estimates were larger for
PM2.5 compared to PM10 and for femoral neck T-scores
compared to lumbar spine T-scores. In the unadjusted analy-
ses, we found an association between PM long-term exposure
and T-score levels (p −0.31 and p −0.14, p <0.001 for PM10
and femoral neck and lumbar spine T-scores, respectively, and
p −0.56 and p −0.30, p <0.001 for PM2.5 and femoral neck
and lumbar spine T-scores, respectively). The results of the
generalized linear models are presented in Table 2. In the main
model, PM 2.5 exposure was negatively associated with T-
score levels at the femoral neck (mean difference −0.015 T-
score points per 3 μg/m3 increase in PM2.5, 95%CI −0.021 to
−0.009). Fitting of the main model was good (deviance/df
0.784). We then considered long-term exposure to PM as a
categorical variable (thresholds for average exposure to
PM2.5: 25 μg/m3 and average exposure to PM10: 30 μg/
m3). We found that being chronically exposed to high levels
of PM was associated to an increased risk of osteoporosis
(Figure Fig. 2). In the fully adjusted model, subjects chroni-
cally exposed to average levels of PM10 above 30 μg/m3 had
a 15% higher risk of having osteoporotic T-score at any site
(aOR 1.148, 95% CI 1.098 to 1.200), and patients exposed to
average concentrations of PM2.5 above 25 μg/m3 had a 16%
higher risk of having osteoporotic T-score at any site (aOR
1.161, 95% CI 1.105 to 1.220). Figures Fig. 3 and Fig. 4 show
the risk of osteoporosis stratified by site (femoral neck and
lumbar spine).

Discussion

We conducted an observational, population-based cohort
study on the association between long-term exposure to PM
and BMD. Overall, we found that exposure to air pollution
was negatively associated with BMD levels. In particular,
cortical sites (i.e., femoral neck) were more susceptible as
compared to trabecular sites (i.e., lumbar spine) to the detri-
mental effect imposed by PM exposure. PM2.5 was more
strongly associated to low BMD compared to PM10.

There is a strong biological rationale supporting our results.
Air pollution has been shown to induce oxidative stress not
only in the airways but also in bone cells [13]. Indeed, pollut-
ants can directly diminish Wnt signaling activity in the skele-
ton with detrimental effects on bone formation [14].
Furthermore, exposure to fine PM has been associated with
increased serum levels of bone resorption markers [15]. In
summary, exposure to air pollutants exerts a dual negative
effect on both bone resorption and bone formation; hence it
is not surprising that long-term exposure to high levels of air
pollutants (i.e., 30 μg/m3 of PM10 and 25 μg/m3 of PM2.5)
was associated with a 15% higher risk of having osteoporosis.

Table 1 Descriptive characteristics of the cohort

Overall cohort n = 59,950

Age in years (± SD, IQR) 65.1 (± 11.0, 58-73)

Weight in kg (± SD, IQR) 62.2 (± 12.1, 54-69)

Height in cm (± SD, IQR) 160.3 (± 7.6, 155–165)

BMI in kg/m2 (± SD, IQR) 24.2 (± 4.7, 21.2–26.6)

Femoral neck T-score (± SD, IQR) −2.16 (± 0.94, −2.8 to −1.6)
Lumbar spine T-score (± SD, IQR) −2.50 (± 1.16, −3.21 to −1.90)
T-score <-2.5 at any site (%) 38,670 (64.5%)

% 10-year risk of fracture (± SD, IQR) 19.5 (± 18.7, 7.9–22.9)

Parental history of fragility fractures (%) 14,939 (24.9%)

Prevalent fragility fracture (%) 20,487 (34.2%)

Comorbidities (%)

None 46,404 (77.4%)

Diabetes 3,114 (5.2%)

Rheumatoid arthritis 3,008 (5.0%)

Psoriatic arthritis 703 (1.2%)

Systemic lupus erythematosus 294 (0.5%)

Systemic sclerosis 277 (0.5%)

Other connective tissue diseases 1,910 (3.2%)

Inflammatory bowel diseases 942 (1.6%)

Chronic obstructive pulmonary disease 1,614 (2.7%)

Parkinson’s disease 412 (0.7%)

HIV infection 235 (0.4%)

Multiple sclerosis 243 (0.4%)

Severe physical handicap 749 (1.3%)
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From the generalized linear models, we found a negative
association between PM2.5 exposure and BMD in both lum-
bar spine and femoral neck sites with point estimates larger for
femoral neck site. Indeed, we found a peculiar vulnerability of
the cortical site to the detrimental effect of air pollution.
Interestingly, low-grade inflammation of chronic inflammato-
ry arthritides has been shown to induce cortical bone loss
through a RANKL-mediated mechanism [5, 16], which is
remarkably similar to what occurs after the exposure to envi-
ronmental air pollution [7]. Indeed, toxic components of fossil
combustion can directly increase the secretion of RANKL
through the induction of pro-inflammatory cytokines [7, 8].
The “low-grade inflammation” hypothesis is also supported
by the established association between air pollution exposure

and systemic markers of inflammation [17, 18]. However, the
aforementioned association between air pollution exposure
and low-grade inflammation might be less relevant in older
individuals, whom are commonly less exposed to air pollution
than younger individuals. In addition, aging is itself associated
with a low-grade inflammation, which contributes to the path-
ogenesis of age-related diseases, such as osteoporosis [19].

Air pollution has been previously linked to low BMD.
Several studies had been conducted on this topic, and they
all led to similar conclusions. A recent paper by Ranzani and
colleagues elegantly demonstrated that both ambient and
household air pollution were associated with lower bone min-
eral content (BMC) [20]. The magnitude of the effect on bone
health demonstrated by the authors was comparable to our

Fig. 1 Long-term exposure to particulate matter (PM) of less than 10 μm in Italy (2013–2019 average concentration μg/m3)
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study. However, several aspects differentiate our analyses
from the study by Ranzani et al. First, the authors involved
approximately 4,000 individuals in their study compared to
slightly less than 60,000 patients included in our study.
Moreover, Ranzani et al included younger individuals (mean
age 35.7 years), who were exposed to an average exposure to
PM2.5 of 32.8 μg/m3, which is remarkably higher than the
average PM2.5 concentration observed in Italy (16.0 μg/m3).
Nevertheless, other population-based studies had been con-
ducted on the effects of air pollution on bone health. For
example, Chang and colleagues found an association between

exposure to PM and osteoporosis in a cohort of more than
36,000 Taiwanese residents [21]. However, in their study,
the diagnosis of osteoporosis was based on administrative data
and was not supported by densitometric data, limiting the
possibility of analyzing BMD as a continuous variable as we
did. Indeed, we retrieved patients’ data from the
DeFRAcalc79 database. The DeFRAcalc79 is a web-based
fracture risk assessment tool that is commonly accessed for
fracture risk assessment. The present study and other previ-
ously published studies showed the potentiality of datasets
derived from such tools [11, 12, 22].

Table 2 Association between long-term exposure to particulate matter (PM) and T-score

Site, model PM10 - β and 95% CI p value PM2.5 - β and 95% CI p value

Femoral neck

Unadjusted −0.005 (−0.007 to −0.004) < 0.0001 −0.010 (−0.012 to −0.009) < 0.0001

Model 1 −0.003 (−0.004 to −0.002) < 0.0001 −0.007 (−0.008 to −0.005) < 0.0001

Model 2 −0.003 (−0.004 to −0.002) < 0.0001 −0.007 (−0.008 to −0.005) < 0.0001

Model 3 0.000 (−0.001 to 0.002) Ns −0.005 (−0.007 to −0.003) < 0.0001

Lumbar spine

Unadjusted −0.003 (−0.005 to −0.001) 0.003 −0.007 (−0.009 to −0.005) < 0.0001

Model 1 −0.001 (−0.002 to 0.001) Ns −0.003 (−0.005 to −0.002) < 0.0001

Model 2 −0.001 (−0.002 to 0.001) Ns −0.003 (−0.005 to −0.002) < 0.0001

Model 3 0.000 (−0.001 to 0.002) Ns −0.003 (−0.006 to −0.001) 0.01

Model 1 adjusted for age, body mass index (BMI), presence of prevalent fragility fractures, family history of osteoporosis, and menopause. Model 2
adjusted for age, body mass index (BMI), presence of prevalent fragility fractures, family history of osteoporosis, menopause, glucocorticoid treatment,
and comorbidities. Model 3 (main model) adjusted for age, body mass index (BMI), presence of prevalent fragility fractures, family history of
osteoporosis, menopause, glucocorticoid treatment, comorbidities, and macro-area of residency (categorized as northern Italy, central Italy, and southern
Italy)

Fig. 2 Risk of osteoporosis at any site in patients chronically exposed to
particulate matter (PM) 10 >30 μg/m3 and PM2.5 >25 μg/m3. Model 1
adjusted for age, body mass index (BMI), presence of prevalent fragility
fractures, family history of osteoporosis, and menopause. Model 2 adjust-
ed for age, body mass index (BMI), presence of prevalent fragility frac-
tures, family history of osteoporosis, menopause, glucocorticoid

treatment, and comorbidities. Model 3 (main model) adjusted for age,
body mass index (BMI), presence of prevalent fragility fractures, family
history of osteoporosis, menopause, glucocorticoid treatment, comorbid-
ities, and macro-area of residency (categorized as northern Italy, central
Italy, and southern Italy)
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Our study adds to the body of literature on this topic and
provides new insight on the magnitude of the detrimental ef-
fect of PM exposure on bone health. Our study, different from
others on the same topic, has been conducted on a large cohort
of women at high risk of fracture with access to densitometric
and bone-related clinical variables. However, the present
study should be interpreted in view of some limitations. We

estimated the long-term exposure to air pollutant from the
average concentration of PM in the time frame 2013 to
2019. Such estimation might not truly representative of the
mean exposure during the lifespan of every patient of our
study but rather a mere approximation of the long-term expo-
sure. However, the vast majority of the studies that evaluated
the effects of pollutants on health-related outcomes used

Fig. 3 Risk of osteoporosis at femoral neck in patients chronically
exposed to particulate matter (PM) 10 >30 μg/m3 and PM2.5 >25 μg/
m3. Model 1 adjusted for age, body mass index (BMI), presence of prev-
alent fragility fractures, family history of osteoporosis, and menopause.
Model 2 adjusted for age, body mass index (BMI), presence of prevalent
fragility fractures, family history of osteoporosis, menopause,

glucocorticoid treatment, and comorbidities. Model 3 (main model) ad-
justed for age, body mass index (BMI), presence of prevalent fragility
fractures, family history of osteoporosis, menopause, glucocorticoid treat-
ment, comorbidities, and macro-area of residency (categorized as north-
ern Italy, central Italy, and southern Italy)

Fig. 4 Risk of osteoporosis at lumbar spine in patients chronically
exposed to particulate matter (PM) 10 >30 μg/m3 and PM2.5 >25 μg/
m3. Model 1 adjusted for age, body mass index (BMI), presence of prev-
alent fragility fractures, family history of osteoporosis, and menopause.
Model 2 adjusted for age, body mass index (BMI), presence of prevalent
fragility fractures, family history of osteoporosis, menopause,

glucocorticoid treatment, and comorbidities. Model 3 (main model) ad-
justed for age, body mass index (BMI), presence of prevalent fragility
fractures, family history of osteoporosis, menopause, glucocorticoid treat-
ment, comorbidities, and macro-area of residency (categorized as north-
ern Italy, central Italy, and southern Italy)
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similar rough estimations of long-term exposure [8, 15]. We
did not have access to relocation data of the cohort. However,
the internal mobility rate of the Italian population attests at
approximately 2.2% of the population, and this proportion
drops to less than 1% in individuals aged more than 50 years
(https://www.istat.it/it/files/2018/12/Report-Migrazioni-
Anno-2017.pdf). In addition, it is reasonably to think that
people living with osteoporosis or other diseases are unlikely
to relocate at these rates. Thus, we can conservatively assume
that less than 600 subjects in our cohort have relocated every
year, a proportion that is unlikely to affect our results.
Moreover, other pollutants (e.g., nitric oxide, sulfur dioxide,
and carbon monoxide), which might play an important role in
the development of osteoporosis, were not included in the
study. We did not have access to data regarding scholarity or
socioeconomic status, conditioning osteoporosis awareness,
or physical activity and calcium intake, well-known risk fac-
tors for osteoporosis. Moreover, we did not have access to
other covariates that might work has proxies of the socioeco-
nomic status, such as income. Finally, our study has been
conducted on a cohort of older women with higher risk for
osteoporosis, which has affected the generalizability of our
results.

In conclusion, we observed that exposure to airborne fine
PM increased the risk of osteoporosis. Cortical bone seemed
to bemore susceptible compared to trabecular bone. Our study
has important direct societal and clinical consequences: poli-
cies aimed at reducing particles emissions and their gaseous
precursors would be relevant also in order to prevent osteopo-
rosis; this recommendation is of particular interest in those
highly industrialized regions where emissions are rapidly
surging, and population is aging faster than ever.
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