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Abstract Chronic obstructive pulmonary disease (COPD) is
associated with numerous comorbidities, among which oste-
oporosis is of high significance. Low bone mass and the oc-
currence of fragility fractures is a common finding in patients
with COPD. Typical risk factors related directly or indirectly
to these skeletal complications include systemic inflamma-
tion, tobacco smoking, vitamin D deficiency, and treatment
with oral or inhaled corticosteroids. In particular, treatment
with glucocorticoids appears to be a strong contributor to bone
changes in COPD, but does not fully account for all skeletal
complications. Additional to the effects of COPD on bone
mass, there is evidence for COPD-related changes in bone
microstructure and material properties. This review summa-
rizes the clinical outcomes of low bone mass and increased
fracture risk, and reports on recent observations in bone tissue
and material in COPD patients.
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Clinical Findings in Patients with COPD

COPD is characterized by chronic airflow limitation and path-
ologic changes in the lung and is predominantly caused by
smoking. In accordance with the Global Initiative for Chronic
Obstructive Lung Disease (GOLD), the disease is stratified
from mild to very severe forms according to the degree of
airflow limitation assessed by spirometry [1]. Low bone mass
and the occurrence of fragility fractures is a common finding
in patients with COPD [2-5]. The prevalence of osteopenia
and osteoporosis is high, and typically with increasing sever-
ity of COPD, the percentage of osteoporotic patients is in-
creasing. In her review article, Biskobing described that 35
to 72 % of patients with COPD had been reported to be
osteopenic, and 36 to 60 % osteoporotic [6]. A recent study
showed that low volumetric BMD was present in 58 % of all
subjects with COPD, was even more frequent in those with
worse COPD, and had a prevalence of 84 % among subjects
with very severe COPD [7¢]. Risk of fragility fractures is high
in COPD. Nuti et al. [8] reported that about 40 % of men and
women with COPD had sustained at least one vertebral frac-
ture. They reported also that a greater COPD severity was
associated with a higher prevalence of fracture. Similar, in a
more recent report, vertebral fractures occurred in 37 % of all
subjects and were associated with lower volumetric BMD at
each GOLD stage of severity [7¢]. In addition, sarcopenia has
been associated with severity of COPD which might be a
cause of increased number of falls and fractures [9].

Bone mechanical properties based on micro finite element
analysis have been assessed in patients with COPD. Romme
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et al. [10e<] reported on bone stiffness and failure load in male
patients with COPD compared to male individuals without
COPD. For this purpose, they assessed bone structure of the
distal radius and tibia by high-resolution peripheral quantita-
tive computed tomography. After stratification for areal BMD
at the femoral neck, they did not observe any significant dif-
ferences between subjects with and without COPD.
Osteoporotic COPD patients were similar in all study param-
eters compared to osteoporotic patients without COPD and
non-osteoporotic COPD patients did not differ from non-
osteoporotic patients without COPD. However, the authors
found that gas transfer capacity of the lung significantly pos-
itively correlated with estimated failure load of the distal tibia
in their cohort. As this relationship was observed after normal-
ization with respect to femoral neck areal BMD, it suggests
that gas transfer capacity of the lung might impact the struc-
tural and mechanical parameters of the bone [10e¢].

Patients with COPD often are treated with glucocorticoids
(GC) in an attempt to improve respiratory function by reduc-
ing inflammation and airway hyper-responsiveness. However,
the use of GC may in turn heighten bone fragility in patients
with COPD. The favored effects and side effects of systemic
treatment with GC in COPD have been reviewed recently
[L1]. Tt is well-known that systemic treatment with GC has
deleterious effects on the bone including direct effects on the
bone cells (enhancing osteoclastic resorption and impairing
maturation of osteoblasts), as well as effects on calcium ab-
sorption and excretion [12—16]. The quantification of the in-
creased fracture risk during oral GC therapy showed that the
relative rates of vertebral and hip fractures were particularly
increased [17]. Fracture risk was reported to be dependent on
GC dose [17, 18].

Treatment with inhaled GC is well-established in asth-
ma, but controversially discussed in COPD treatment [19].
Price et al. have reported that data on an effect of inhaled
GC on mortality or lung function are sparce and indiscrim-
inate use of inhaled GC in COPD may expose patients to
an unnecessary increase in the risk of side effects in par-
ticular when high doses of inhaled GC are used [19]. In
contrast to oral GC therapy, inhaled GC are claimed to
predominantly act locally in the airways thus minimizing
side effects, including increased bone fracture risk.
However, there are reports on side effects in particular in
patients who received high doses (recently reviewed by
Chee and colleagues [20]). Inhaled GC are often prescribed
in combination with bronchodilators (such as long-acting
beta2-agonists). The combination therapy has proven ben-
eficial compared to placebo for forced expiratory volume
in one second, exacerbation rate, symptoms, and health
status in COPD patients [21]; however, the isolated and
combined effects of inhaled GC and brochodilators on
bone is controversial. In a Danish COPD population, in-
haled long-acting beta2-agonists, inhaled agonists plus
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inhaled GC, and inhaled GC were not associated with frac-
ture risk [22]. In contrast, a meta-analysis (including stud-
ies with at least 24 weeks duration of treatment and partic-
ipants of any COPD severity) revealed that inhaled GC use
is associated with a modest, but statistically significant
increase in the risk of fractures in patients with COPD
(Odds ratio=1.27; 95 % confidence interval, 1.01 to 1.58
in the 16 randomized controlled trials) [23¢¢].

While a contribution of GC to low bone mass and/or bone
fragility appears to be well-established, GC therapy does not
appear to fully account for bone fragility in COPD. This indi-
cates that the underlying disease per se has a significant im-
pact on bone properties. Direct effects of COPD on the bone
are suggested to be caused by mediators, cytokines, or acti-
vated inflammatory cells which enter the systemic circulation
from the inflammation in the lung [24]. Other causes might
include reduced physical activity of patients and their limited
exposure to sunlight. The latter and/or a genetic link of COPD
to vitamin D levels might be causes of vitamin D deficiency in
patients with COPD [25, 26]. There is a high prevalence of
hypovitaminosis D in COPD patients [27, 28¢°]. Noteworthy,
plasma 25(OH)D concentration was positively associated
with bone density and exercise capacity in moderate to very
severe COPD [29]. As aforementioned, COPD is predomi-
nantly caused by smoking and the majority of patients have
a long history of tobacco smoking. In a large cohort of more
than one thousand males from a Dutch and Belgium Lung
Cancer Screening Trial, vertebral fracture prevalence was
higher in current than in former smokers; however, fracture
prevalence was similar in patients with COPD compared to
those without [30]. Nicotine at high doses was reported to
exert negative effects on bone cells and fracture repair in vitro
and in vivo (reviewed in [31]), thus this might also be an
important contributor to the observed skeletal alterations in
patients with COPD. Further, a genetic link to COPD was
identified by a significant association between polymorphism
in the transient receptor potential cation channel TRPV4 gene
and the prevalence of COPD [32, 33].

As many influencing factors and comorbidities exist in
COPD, a general estimation of the contribution of the disease
to skeletal complications is challenging. Attempts were made
to find relationships between parameters describing the func-
tional status of the lung with BMD. For instance, it was shown
that the percentage of low attenuation area of the lung (indic-
ative of the extent of pulmonary emphysema) was correlated
with low BMD [34].

Independent of the multifactorial origin of the skeletal
problems in COPD, the data suggest a need of adequate
anti-osteoporotic therapy in COPD. As up to now no fracture
prevention guidelines are available specifically for patients
with COPD, a clinical approach for improving identification
and treatment of patients at high risk of fracture has been
published recently [35].
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Bone Biopsy Findings in COPD

Beyond bone mineral density (BMD), information on “bone
quality” is important to get more insights into the underlying
mechanisms of increased bone fragility and to identify pa-
tients at high fracture risk [36, 37]. At the tissue level, bone
quality includes parameters such as bone volume and archi-
tectural indices. At the material level, bone quality includes
characteristics such as the local degree of bone matrix miner-
alization, bone composition, and mechanical properties. These
bone quality parameters are strongly influenced by bone for-
mation and resorption. Thus, various parameters of bone at
different hierarchical length scale might contribute to the re-
duced ability to resist fracture in a specific disease [38]. For
COPD, the information on such tissue and material character-
istics is relatively sparce so far.

Commonly, material properties are measured in transiliac
bone biopsy samples. Kulak and colleagues [28e°] studied
samples from twenty patients for bone histomorphometry.
The study cohort comprised postmenopausal women having
mild to severe COPD (according to the GOLD classification),
with the majority of patients having a long history of smoking
(i.e., more than 20 pack-years). The patients were either
untreated or treated with inhaled GC. Histomorphometric
alterations in both compartments, cancellous and cortical
bone were observed. The most significant findings were

Fig. 1 Quantitative backscatter electron imaging analysis of transiliac
bone biopsy samples from patients with COPD. On the /eft side, details
of backscatter electron images of typically thin trabeculae from biopsies
from a patient with moderate COPD (fop) and a patient with severe
COPD (bottom) are shown. On the right side, the corresponding
cancellous BMDD for both patients is presented (dashed line indicates

structural alterations, including lower trabecular bone volume,
decreased thickness, and higher separation of trabeculae
with a decreased connectivity compared to sex- and
age-matched controls. Moreover, cortical width was reduced
and the porosity was nearly twofold in the patients with
COPD. Bone formation rate was not different from normal
in average; however, it was lower in those with more severe
COPD.

Recently, we were able to characterize the identical biopsy
samples used for the aforementioned histomorphometric anal-
yses by quantitative backscatter electron imaging for bone
mineralization density distribution (BMDD) [39]. BMDD is
a measure of the degree and heterogeneity of bone matrix
mineralization and is generally closely related to the bone
turnover rate (which determines the average tissue age) and
mineralization kinetics (the time course of mineral accumula-
tion in the newly formed bone matrix) of the individual.
Considering the entire study cohort, we found no significant
differences in BMDD when compared to reference BMDD
data. However, the subset of most severely affected patients
with COPD (GOLD III and GOLD 1V) revealed a more
homogenously mineralized bone matrix than in patients with
moderate COPD in accordance with their lower bone turnover
rates (Fig. 1). We also observed that the patients with the
lowest bone volume had also the lowest degree of bone matrix
mineralization. This suggests that in some patients with

Frequency [% bone area]

10 15
Ca [weight %]

moderate COPD, solid line severe COPD). Please note the narrower peak
in severe COPD indicative for less heterogeneity of mineralization
densities. The white dashed line and the grey area in the background
indicate mean = 1 standard deviation of cancellous reference BMDD for
adult individuals (reference data from [39])
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COPD, additional to reduced bone volume, lower bone mate-
rial density contributes to the decreased BMD (by DXA).

A clinically important finding from both the
histomorphometry and backscatter electron imaging analyses
[28ee, 40+] was that there were no significant alterations in
any studied parameter between patients with inhaled GC treat-
ment versus those without treatment. In particular, there was
no difference in the degree of bone matrix mineralization be-
tween treated and untreated. Noteworthy in this context, sys-
temic treatment with GC was shown to decrease the degree of
bone mineralization in a rat model [41]. Although general
conclusions are limited in view of the small sample size of
our biopsy cohort, this finding nevertheless suggests that if
inhaled GC treatment exerts effects on bone tissue and mate-
rial properties, these appear to be small.

Moreover, both COPD biopsy studies [28ee, 40¢¢] together
indicated that the ability of the osteoblast to form a matrix
might be decreased resulting in a lower amount of formed
bone, but that the mineral accumulation in the newly formed
matrix follows a normal pace. Thus, impairments of the me-
chanical competence of COPD bone are unlikely directly re-
lated to the degree and heterogeneity of the bone matrix min-
eralization. Preliminary data on organic matrix properties
point towards differences in COPD patients compared to
healthy age- and sex-matched controls [42].

Conclusion

Osteoporosis and the occurrence of fragility fracture is a major
concern in patients with COPD independent of treatment with
GC. In accordance with low BMD, reduced bone volume has
been observed in transiliac biopsy samples from patients with
COPD. Although bone matrix mineralization was normal on
average, the bone mineralization findings suggest that in some
patients with lower bone volume, additionally, lower bone
matrix mineralization might contribute to the decrease in
BMD. The effects of COPD on other bone material character-
istics are still unknown. Given the increasing number of
COPD patients, there is a need for further studies at the bone
material level, such as mechanical properties and organic ma-
trix characteristics. Such studies might help to identify pa-
tients at high fracture risk and might provide further informa-
tion on the pathophysiologic mechanisms in bone in COPD.
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