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Abstract

Hip fractures are associated with significant morbidity and mortality in smokers with lung disease,
but whether lung-specific factors are associated with fracture risk is unknown. Our goal was

to determine whether lung-specific factors associate with incident hip fracture and improve

risk discrimination of traditional fracture risk models in smokers. The analysis consisted of a
convenience sample of 9,187 current and former smokers (58,477 participant follow-up years)
participating in the Genetic Epidemiology of COPD longitudinal observational cohort study.
Participants were enrolled between 2008-2011 with follow-up data collection through July 2018.
Traditional risk factors associated with incident hip fracture (n=361) included age, female sex,
osteoporosis, prevalent spine and hip fracture, rheumatoid arthritis, and diabetes. Lung-specific
risk factors included post-bronchodilator FEV1% predicted (OR 0.95, 95% CI 0.92-0.99 for
each 10% increase), GOLD classification (OR 1.09, 95% CI 1.002-1.19 for each higher stage),
presence of CT-determined emphysema (OR 1.34, 95% CI 1.06-1.69), symptom scores (OR
1.10, 95% CI 1.03-1.19 for each higher unit score), six-minute walk distance (OR 0.92, 95%
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Cl1 0.90-0.95 for each 30 meter increase), BODE index (OR 1.07, 95% CI 1.01-1.13 for each
higher unit score), total exacerbations (OR 1.13, 95% CI 1.10-1.16 per exacerbation), and annual
exacerbations (OR 1.37, 95% CI 1.21-1.55 per exacerbation). In multivariable modeling, age,
African American race, osteoporosis, prevalent hip and spine fracture, rheumatoid arthritis, and
diabetes were associated with incident hip fracture. The presence of emphysema, six-minute
walk distance, and total number of exacerbations added to traditional models improved risk
discrimination (integrated discrimination improvement values 0.001 (95% CI 0.0003-0.002),
0.001 (95% CI1 0.0001-0.002), and 0.008 (95% CI 0.003-0.013) corresponding to a relative IDI
of 12.8%, 6.3%, and 34.6%). These findings suggest that the incorporation of lung-specific risk
factors into fracture risk assessment tools may more accurately predict fracture risk in smokers.

Keywords

Fracture risk assessment; osteoporosis; screening; pulmonary disease; chronic obstructive;
smoking

INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is the third leading cause of death
worldwide, affecting approximately 10% of adults.(1) COPD-related comorbidities
substantially contribute to disease burden.(2) Low bone mineral density (BMD) is common
in smokers with lung disease, (3, 4) often in the absence of defined risk factors.(5, 6)
Osteoporotic fractures are likewise prevalent and associated with worse outcomes in COPD
patients.(3, 7) Efforts aimed at primary prevention of fractures in individuals with COPD
are hindered by ambiguity regarding osteoporosis risk attributable to chronic lung disease
in established osteoporosis screening guidelines (8, 9) and lack of defined osteoporosis
screening strategies in COPD management clinical guidelines. As such, physicians are not
routinely ordering BMD assessments in current and former smokers with lung disease,
resulting in underdiagnosis of osteoporosis in COPD.(10)

Studies have demonstrated an independent association between low BMD and both CT-
determined emphysema (11-14) and acute exacerbations of COPD.(15) Whether these

lung disease-specific risk factors for low BMD are relevant to osteoporotic fracture risk

is unknown given that BMD is a surrogate predictor of actual fracture risk. Previous

studies showing an association between smoking and fracture risk lack the detailed

lung phenotyping necessary to adequately study lung-disease specific risks.(16, 17)
Understanding the impact of these lung specific factors may provide screening guidance to
clinicians caring for heavy smokers and COPD patients and provide data for future guideline
development.

The Genetic Epidemiology of COPD (COPDGene) study was designed to examine genetic
determinants of COPD and COPD progression.(18) Entering its tenth year of data collection,
the COPDGene cohort provides longitudinal clinical events, physiologic, and radiographic
data in a large cohort of smokers with and without airflow obstruction. Our objective

was to leverage the wealth of baseline and longitudinal data available in the COPDGene
cohort to examine risk factors in smokers associated with incident hip fracture with the
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ultimate goal of identifying lung disease-related risk factors that may inform decisions
regarding early osteoporosis screening in select smokers with COPD. We hypothesized

that both established and lung-disease specific factors associated with low BMD in prior
studies would be associated with incident hip fracture in current and former smokers. We
further hypothesized that these lung-disease specific factors would significantly improve risk
discrimination for incident hip fracture when added to traditional risk factor models.

MATERIALS AND METHODS
Study Population

The study population consisted of participants enrolled in the Genetic Epidemiology

of COPD (COPDGene) study who participated in longitudinal follow-up with at least

one follow-up contact. COPDGene is a multi-center, observational, longitudinal cohort
study designed to examine genetic factors associated with COPD. Baseline enrollment
occurred between 2008-2011. Follow-up data collected through July 2018 was included

in the analysis. Participants were recruited from the communities of the 21 study centers.
Inclusion criteria included individuals age 45-80 who self-identify as either non-Hispanic
Caucasian or non-Hispanic African American with a minimum of ten pack-years tobacco
exposure. Current and former smokers both with and without COPD, defined as a forced
expiratory volume in the 15t second (FEV1) to forced vital capacity (FVC) ratio < 0.70

on post-bronchodilator spirometry, were enrolled. Individuals with interstitial lung disease,
other significant lung disease or a history of lung transplantation were excluded. Detailed
inclusion and exclusion criteria have been previously described.(18) A convenience sample
that included all COPDGene participants with a baseline study visit and at least one
longitudinal follow-up contact was included in the analysis. Institutional Review Board
approval was obtained at each center and written, informed consent was obtained for each
participant.

Study Measurements

Baseline study procedures included demographic and clinical questionnaires, symptom
questionnaires [modified Medical Research Council Questionnaire (MMRC), ranging from

0 to 4], pre- and post-bronchodilator spirometry, a chest computed tomography (CT) scan,
and a six-minute walk test. Spirometry was performed before and ten minutes after two puffs
of albuterol in accordance with ATS guidelines.(19) CT scans were obtained during a breath
hold at coached total lung capacity and at functional residual capacity or residual volume by
either 16- or 64-detector CT scanners. Images were obtained at 120 kV tube voltage and 200
mA tube current and reconstructed using a high-resolution reconstruction algorithm with
1-mm slice thickness and 10-mm reconstruction intervals. Percent emphysema was defined
as the percentage of lung tissue voxels with attenuation values <—950 Hounsfield Units (HU)
on inspiratory scan and determined using VIDA (VIDA Diagnostics, Inc) quantitative image
analysis software.(20) Emphysema presence was defined by greater than 5% of lung volume
with CT attenuation values less than =950 HU (= 5% emphysema).
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Longitudinal Follow-Up

Longitudinal follow-up of participants began in May 2009. Participants were contacted at
3- to 6-month intervals via automated telephone calls, web-based surveys, or coordinator
phone calls. During follow-up encounters, participants were asked about hospitalizations,
smoking habits, respiratory symptoms, the incidence, frequency, and severity of COPD
exacerbations, and the incidence of new medical conditions that occurred since the time of
previous contact. Participants were also asked about new hip fractures that occurred during
the follow-up interval. Vital status was assessed through follow-up tracking of subjects,
secondary contacts and searching the social security death index. Follow-up data through
July 2018 for both living and deceased participants were included in the final analysis.

Statistical Analysis

Differences in demographic, clinical, and radiographic characteristics, lung function,
medication use, exacerbation frequency during follow-up, and pre-existing comorbidities
between participants with and without incident hip fracture were compared using Welch

T test for continuous variables and the Chi-Square test for categorical variables. Lung
function was reported as both a continuous (FEV1%) and categorical variable. Categories

of lung function included: GOLD 0 — current and former smokers with normal spirometry
(FEV1/FVC 20.70 and FEV1% and FVC% both = 80% predicted); GOLD 1 — FEV/forced
vital capacity (FVC) < 70, FEV1% = 80; GOLD 2 — FEV1/FVC <70, 50 < FEV1%

< 80; GOLD 3 - FEV;/FVC < 70, 30 < FEV1% < 50; GOLD 4 - FEV{/FVC < 70,

FEV1% < 30. Unclassified or preserved ratio impaired spirometry (PRIsM) was defined

as an FEV1/FVC ratio = 70 but FEV < 80% predicted. CT-determined emphysema was
reported as both a continuous and dichotomous variable with emphysema presence defined
by a quantitative threshold of = 5%, the minimum percentage needed in a general population
for emphysema to be considered present.(21) Treatment with bone-modifying therapy was
defined by self-reported use of bisphosphonates or hormonal therapy including estrogen,
testosterone, or parathyroid hormone. Prevalent osteoporosis, hip and spine fracture,
rheumatoid arthritis, and diabetes were based on self-report. As part of a separate study,

a subset of participants (n=2830) were assessed for vertebral fracture on chest CT scan using
previously described methods.(3) Severe exacerbations were defined as acute exacerbations
requiring hospitalization. The analyses were performed in participants with available follow-
up data, which included 9187 out of 10612 recruited (13.4% lost to follow up). Final

models included 8994 subjects. Univariable and multivariable analyses were performed with
available-case analysis (pairwise) and complete-case analysis (listwise), respectively.

The primary outcome of interest was self-reported incident hip fracture during follow-up.
Established osteoporosis risk factors, including age, sex, race, current smoking, oral steroid
use, prevalent self-reported osteoporaosis, hip or spine fracture, rheumatoid arthritis, and
diabetes, and potential lung disease-specific osteoporosis risk factors, including obstruction
severity, emphysema, inhaled corticosteroids, six-minute walk distance, body mass index
(BMI), respiratory symptoms, and acute exacerbation frequency, were the primary exposures
of interest. The association of established risk factors with incident hip fracture was

assessed with univariable and multivariate logistic regression analyses. Predictive models
were developed using traditional risk factors for osteoporosis and three separate modeling
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approaches (backward selection, Bayesian information criterion [BIC],(22) and Bayesian
Model Averaging [BMA]). In the BMA approach, the best fitting model that included
variables with posterior effect probability (PEP)>0.5 was reported. Factors established in the
literature as risk factors for fracture, regardless of their significance level in univariable
analysis in our cohort, were included in the final model. A sensitivity analysis was
performed in the subset of participants with CT-assessed vertebral compression fractures
(n=2830) in which CT-assessed vertebral fracture was substituted for self-reported vertebral
compression fracture in the predictive modeling. The association of lung disease-specific
exposures with incident hip fracture was assessed individually with logistic regression
models adjusted for established osteoporosis risk factors.

To determine the added value of including lung disease-specific risk factors in a fracture
prediction model, lung disease-specific risk factors were first individually added to the
established osteoporosis risk factor model with the greatest number of significant established
clinical predictors using the three modeling approaches and the net reclassification
improvement (NRI), the integrated discrimination improvement (IDI), and relative IDI were
calculated.(23) NRI and IDI capture the marginal strength of a new predictor, in this case

a lung-disease specific fracture risk factor, while accounting for correlations with variables
included in the baseline model.(23) NRI in patients with (event) and without (non-event)
new hip fracture were reported separately for each lung disease-specific risk marker using a
threshold of 3% hip fracture risk for each model.(24) Adjusted odds ratio (aOR) and change
in likelihood ratio (from traditional model) for each lung-specific predictor were likewise
calculated.

Our goal was to determine the model with the highest predictive performance regardless
of whether the model’s predictors were independently associated with incident hip fracture
in our univariable logistic analyses. We combined both traditional and lung-specific risk
factors in a single model using three modeling approaches (backwards selection, BIC, and
BMA) and selected the model with the best discrimination power (bootstrapped AUC)

and calibration (Hosmer-Lemeshow goodness of fit). Statistical analyses were performed
with Stata 15.1 (StataCorp, College Station, TX) and R 3.6.1 (Vienna, Austria) BMA and
StepAlC packages.

Subject Characteristics

A total of 9,187 participants were followed longitudinally over a median 7.4 years (total

of 58,477 participant follow-up years). Participants were 51.4% male with a median age of
60 years (Table 1). Tobacco burden was high with nearly half of the participants actively
smoking at study entry. At enrollment less than half of the participants had evidence of
airflow obstruction and only one-third had emphysema present on chest CT. The presence
of major risk factors, including reported prevalent fracture, systemic steroid use, and
rheumatoid arthritis, was low at 6.5%, 2.5%, and 7.3% respectively. The prevalence of
diabetes, which is associated with an increased fracture risk, was 13.2%. The self-reported
prevalence of osteoporosis was 9.6% while only 6% of the cohort reported the use of bone-
modifying therapy, and the reported prevalence of vertebral compression and hip fractures
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was 4.7% and 1.8%, respectively (Table 1). Approximately 33% had some evidence of
vertebral fracture on chest CT scan.

Factors Associated with Incident Hip Fracture

During follow-up, there were 361 incident hip fractures reported. Participants with

incident hip fractures were older, were more likely to be female or African American,

had lower FEV1% predicted, greater inhaled steroid use, greater emphysema, greater
symptoms, shorter six-minute walk distances, and higher reported pre-existing fractures
and comorbidities (Table 1). The total number and annual rate of acute exacerbations and
exacerbations requiring hospitalization were increased in participants experiencing incident
hip fracture during follow-up. There was no statistically significant difference in oral steroid
use or prior treatment with oral or parenteral steroids between groups. A trend toward
increased mortality occurred in the incident hip fracture group (19% vs 15%, p=0.08).

Among established osteoporosis risk factors, older age (OR 1.03, 95% CI 1.02-1.05 per
year), female sex (OR 1.23, 95% CI 1.0-1.54), personal history of osteoporosis (OR 2.18,
95% CI 1.65-2.89), prevalent self-reported compression fracture (OR 2.41, 95% CI 1.68-
3.45), prevalent self-reported hip fracture (OR 6.11, 95% ClI 4.06-9.17), rheumatoid arthritis
(OR 1.99, 95% CI 1.45-2.74), and diabetes (OR 1.73, 95% CI 1.32-2.25) were associated
with increased hip fracture risk. BMI, smoking status, CT-assessed prevalent vertebral
fracture, and baseline oral steroid use were not associated with incident hip fracture risk
(Figure 1). Of the lung-disease specific risk factors, post-FEV1% predicted (OR 0.95, 95%
Cl1 0.92-0.99 for each 10% increase), GOLD classification (OR 1.09, 95% CI 1.002-1.19 for
each higher stage), = 5% emphysema (OR 1.34, 95% CI 1.06-1.69), mMRC score (OR 1.10,
95% CI 1.03-1.19 for each higher unit score), six-minute walk distance (OR 0.92, 95% CI
0.90-0.95 for each 30 meter increase), BODE index (OR 1.07, 95% CI 1.01-1.13 for each
higher unit score), total exacerbations (OR 1.13, 95% CI 1.10-1.16 per exacerbation), and
annual exacerbations (OR 1.37, 95% CI 1.21-1.55 per exacerbation) were associated with
incident hip fracture (Figure 1). A trend existed between baseline inhaled steroid use and
incident hip fracture (OR 1.26, 95% CI 1.00-1.59).

Impact of Lung Disease-Specific Risk Factors on Prediction Models

Predictive modeling for incident hip fracture using traditional osteoporosis risk factors
showed similar AUCs for the backward selection, BIC, and BMA models with significant
overlap of confidence intervals at 0.66 (0.63-0.69), 0.64 (0.60-0.67) and 0.64 (0.61-0.67)
respectively (Table 2). The backward selection model included the greatest number of
significant clinical risk factors. Traditional risk factors that were significantly associated
with incident hip fracture included older age at enrollment, African American race, reported
osteoporosis, prevalent hip and spine fracture, rheumatoid arthritis, and diabetes (Table

2). In sensitivity analyses using CT-assessed vertebral compression fracture in place of self-
reported vertebral compression fracture, CT-assessed vertebral compression fracture was not
significant in any of the three models. The addition of lung disease-specific risk factors
individually to the traditional backward selection model, which was the multivariate model
that included the greatest number of significant established risk factors, resulted in similar
AUCs. However, the addition of the presence of = 5% quantitative emphysema, six-minute
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walk distance, and total number of exacerbations individually to the traditional backward
selection model improved risk discrimination with IDI values of 0.001 (95% CI 0.0003-
0.002), 0.001 (95% CI 0.0001-0.002), and 0.008 (95% CI 0.003-0.013) corresponding to

a relative IDI of 12.8%, 6.3%, and 34.6% (Table 3). Likewise, the inclusion of six-minute
walk distance and presence of = 5% quantitative emphysema to the model resulted in a
significantly greater proportion of individuals being reclassified into a more appropriate risk
category with an NRI of 0.043 (SE 0.015) and 0.027 (SE 0.012).

Of the three modeling approaches used to determine the best predictive model for incident
hip fracture that combines all traditional and lung-specific risk factors into a single model,
both the BIC and BMA models had the best discrimination power (AUC = 0.67) and
goodness of fit according to the Hosmer-Lemeshow test (p values of 0.70 and 0.49,
respectively; Table 4), whereas the backwards selection model demonstrated poor goodness
of fit (Hosmer-Lemeshow test p=0.03). Of the prediction variables retained in the BIC and
BMA models, only current smoking was not independently associated with incident hip
fracture in univariable analysis in our cohort.

DISCUSSION

In this cohort of current and former smokers with detailed lung assessments, nearly 4%

of individuals experienced an incident hip fracture over 58,477 participant follow-up years.
Incident hip fractures were ascertained by self-report, a strategy that has demonstrated

high sensitivity and specificity to detect hip fracture in prior epidemiologic studies.(25) We
identified several established and lung-disease specific risk factors independently associated
with incident hip fracture in this cohort. Notably, the presence of emphysema on CT scan,
six-minute walk distance, and acute exacerbation frequency significantly improved risk
discrimination when added individually to models including established fracture risk factors.
In contrast to prior studies,(26-28) African American race was associated with increased hip
fracture risk. This finding may be attributable to a race-dependent differential impact of lung
disease on fracture risk, the increased prevalence of diabetes, where fracture risk is increased
despite normal BMD, (29, 30), or treatment disparities in African American participants.

Notably, only 18% and 9% of participants with and without incident hip fracture,
respectively, reported a diagnosis of osteoporosis at baseline and even fewer reported the use
of anti-resorptive or bone-modifying therapy. We suspect that this is a gross underestimation
of osteoporosis prevalence and reflects the known underdiagnosis of osteoporosis in COPD.
(10) In fact, of those participants with self-reported hip fracture at baseline, only 26.5%
reported a diagnosis of osteoporosis despite the fact that they would all meet the clinical
definition of osteoporosis by fracture criteria. Similarly, in the subset of participants with
CT-assessed vertebral fractures, nearly one-third had evidence of prevalent fracture, yet
only 12.5% reported a diagnosis of osteoporosis. Even in those cohort participants who
reported a history of symptomatic vertebral compression fracture at baseline, only 27.1%
reported a diagnosis of osteoporosis. These discrepancies between fracture prevalence and
self-reported osteoporosis underscore the lack of awareness and failure of physicians to
diagnose osteoporosis in this high-risk group of patients. The high prevalence of thoracic
CT imaging in the COPD population provides physicians the opportunity to carefully review
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these studies for fracture and to then proceed with additional osteoporosis screening and
management if clinically indicated.

Predictive models that included only traditional risk factors, similar to those used clinically
by the FRAX tool, (31) and both traditional and lung-specific risk factors in a single model
performed only modestly with AUCs ranging from 0.64 to 0.68. These findings suggest

that traditional risk factors may not be optimal for fracture risk prediction in smokers with
lung disease. However, studies that have assessed performance of the FRAX tool using

“real world” data in some instances have demonstrated similar accuracy. Importantly, we
show that CT-determined emphysema, walk distance, and acute exacerbations of COPD
improve prediction models when using statistical approaches that are designed to detect
small but meaningful improvements in risk discrimination that may not be captured by AUC
assessment.(23)

Emerging data suggest that risk factors for osteoporosis in individuals with COPD likely

go beyond established risks (i.e. frailty, chronic steroid use), particularly in individuals with
milder airflow obstruction in whom low BMD is still prevalent.(3, 6, 14, 15, 32, 33) Studies
demonstrate an independent association between CT-determined emphysema and low BMD
(13, 14) as well as accelerated bone loss over short-term follow-up intervals.(11) Notably in
the COPDGene cohort, we have previously shown that emphysema independently associates
with volumetric BMD and prevalent thoracic vertebral fractures.(3) Others have likewise
demonstrated an association between acute exacerbation frequency, volumetric thoracic
vertebral BMD, and BMD loss over time.(15) This study is the first to show that a history

of acute exacerbations is associated with incident hip fractures and that the inclusion of
emphysema, six-minute walk distance, and acute exacerbation frequency improves risk
discrimination in established models. Current risk assessment models, such as the Fracture
Risk Assessment Tool (FRAX),(34) include current smoking and glucocorticoid use but fail
to account for the significant lung disease and persistent systemic inflammation that may be
present in former smokers, (35, 36) or the cumulative burden from intermittent steroid use in
individuals treated for frequent acute exacerbations of COPD, factors likely contributing to
incident fracture in our cohort. Of note, while current smoking was retained in our predictive
models, this factor was not independently associated with incident hip fracture in our cohort.
Although traditional statistical modeling approaches often limit variable inclusion to those
associated with the outcome of interest, we chose to include current smoking in our model
building as active smoking is widely-accepted and well-established as an osteoporosis risk
factor in the literature.(34)

The median age of 63 years and near-equal sex distribution in cohort participants with

hip fracture further highlights the inadequacy of guidelines in addressing fracture risk in
current and former smokers with lung disease, particularly in men who comprised 46%

of those affected. Current screening guidelines recommend BMD assessment in women

65 years of age or older or less than 65 years of age with major risk factors, of which
chronic lung disease is not included.(8) However, screening recommendations for men vary.
Guidelines that do recommend osteoporosis screening in men focus on screening in men
with risk factors, explicitly stating that data are insufficient in men to determine whether
respiratory disease increase the risk of low BMD-mediated fracture.(9) Yet, our group and
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others have shown that lung disease-specific factors such as emphysema and exacerbation
frequency are associated with bone loss and prevalent fracture.(3, 11, 14, 15, 32) More
permissive osteoporosis screening guidelines, such as those published by the National
Osteoporosis Foundation (37) and the American Association of Clinical Endocrinologist/
American College of Endocrinology (38), do consider chronic obstructive lung disease

to be a significant risk factor for osteoporosis. However, they provide no guidance on
which COPD patients are at highest risk for low BMD and warrant earlier screening.

Here, we demonstrate that emphysema and exacerbation history as well as six-minute walk
distance improve risk discrimination for incident fracture. With the advent of lung cancer
screening guidelines recommending annual chest CT imaging in smokers,(39) emphysema
status, walk distance, and exacerbation history are easily assessed during a routine office
visit. Consideration of these factors may guide early BMD screening in selected high-risk
smokers.

A deeper understanding of the mechanisms underlying the associations between walk
distance, emphysema, exacerbation frequency and incident fracture is needed to optimize
COPD management while avoiding bone loss. Six-minute walk distance provides an overall
assessment of functional status and may be influenced by muscle mass, activity level or
comorbidities, factors that may impact bone health. Similarities between macrophages and
osteoclasts and their respective roles in the pathogenesis of emphysema and osteoporosis
implicate them as biologically plausible causal factors in the link between lung and

bone. Animal studies have shown that a mutation in the macrophage colony-stimulating
factor (M-CSF) gene leads to a defect in both macrophage and osteoclast formation,
suggesting a common origin for cells involved in the destruction of lung and bone
matrix.(40) Inflammatory mediators, including interleukin (IL) 1, tumor necrosis factor
alpha (TNF-a.), IL6, and IL17, promote osteoclast-mediated bone resorption and have
likewise been implicated in emphysema pathogenesis in both human and animal models.
(41-45) Acute exacerbations of COPD are characterized by increased respiratory symptoms
and lung inflammation accompanied by heightened systemic inflammation.(46) Although
data in COPD are lacking, studies in other chronic lung diseases such as cystic fibrosis
demonstrated correlation between circulating inflammatory mediators and elevated markers
of bone metabolism during infectious exacerbations that decrease with antimicrobial
therapy.(47, 48) The identification of inflammatory pathways activated during periods of
both COPD stability and instability and associated with concomitant accelerated bone
turnover may lead to precision therapy targeting both disease processes.

This study has several limitations. First, our analysis utilized convenience sampling,
leveraging existing clinical data from the COPDGene study. The COPDGene study was
designed to determine genetic factors associated with COPD. As such, data regarding
important contributors to fracture risk, such as cumulative systemic steroid exposure and
falls, were not systematically collected as these were not key factors of interest for the parent
cohort study. The mainstay of therapy for acute exacerbations is systemic corticosteroids,
duration and dosing of which may vary among individuals. Although oral corticosteroid use
at baseline was low and there was no significant difference between groups with respect

to reported prior oral or parenteral steroid treatment, information regarding cumulative
corticosteroid dosing either prior to enrollment or during longitudinal follow-up was not
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available. Steroid use during acute exacerbations likely contributed to bone loss and

fracture risk. However, studies focusing on the peri-exacerbation period that include detailed
assessments of steroid use, systemic inflammatory mediators, physical activity levels, and
other factors that may contribute to bone loss are necessary to fully understand how acute
exacerbations relate to fracture risk.

The lack of data regarding falls, a key risk factor for fracture, is a limitation of this study.
Although we were unable to assess how falls predict incident hip fracture in our cohort,
we were able to assess how lung disease-related risk factors associated with osteoporosis
in prior studies predict long-term fracture risk, recognizing that both osteoporosis and falls
are major predictors of fracture. Osteoporosis is grossly underdiagnosed in current and
former smokers with COPD.(10) We would hope that our findings may inform decisions
regarding early BMD assessment in select current and former smokers with chronic lung
disease, and that primary prevention strategies, including early fall risk assessment, would
be implemented when a diagnosis of osteoporosis is established.

Only approximately one-third of the cohort had severe obstructive lung disease at baseline
with an annual rate of 0.4 exacerbations per year, limiting the generalizability of our findings
to individuals with frequent exacerbations and more severe airflow obstruction. We would
anticipate a higher number of incident hip fractures and other established risk factors,

such as low BMI, to associate with fracture risk in a more severely diseased smoking
population. As this cohort ages and lung disease progresses, we may uncover additional
factors associated with fracture risk during longer-term follow-up.

Finally, we focused on incident hip fracture due to the associated morbidity and mortality
and availability of this outcome assessment through longitudinal follow-up surveys.
Vertebral fractures are likewise associated with significant morbidity, including reductions
in lung function and chronic pain. Prevalent vertebral fractures were significant in a subset
of this cohort at baseline when assessed objectively on CT scan(3) and associated with lung-
disease specific factors including emphysema. However, when we compared self-reported
compression fractures to objectively measured vertebral fractures we found the sensitivity
of self-report to detect true vertebral fracture quite low at 9%, whereas the specificity was
high at 96%. Although associated with incident hip fracture in univariate models despite not
being a highly accurate measure, self-reported compression fracture did not impact the final
multivariate predictive models. Whether factors associated with incident hip fracture predict
incident vertebral fracture also is not known but can be explored as we continue to collect
serial chest CT imaging for cohort participants.

Hip fractures contribute to significant morbidity and mortality in smokers with lung disease.
We have identified lung-disease specific risk factors that are easily assessed during a routine
office visit and improve risk discrimination when added to traditional risk prediction models.
A further understanding of the mechanisms underlying these associations is necessary to
guide osteoporosis screening strategies and to develop targeted therapy for individuals with
COPD-related bone loss.
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OR (95% Cl) P value
Diabetes ] 1.73 (1.32,2.25)  <0.001
Age Enrollment, per year 1.03 (1.02,1.05)  <0.001
Female gender | 1.24 (1.003, 1.53) 0.048
BMI, per Kg/m2 1.01 (0.99,1.02) 0.48
Current Smoker ==l 0.94 (0.76,1.17)  0.59
Oral Steroid e ——] 1.53 (0.86,2.70) 0.15
Osteoporosis | o | 2.18 (1.65,2.89) <0.001
Prevalence Hip Fracture [t 6.11 (4.06, 9.17)  <0.001
Prevalent Compression Fracture ] 2.41 (1.68, 3.45)  <0.001
CT-Assessed Vertebral Fracture* [ 1.46 (0.97,2.20) 0.066
Rheumatoid Arthritis =] 1.99 (1.45,2.74)  <0.001
Caucasian = 0.80 (0.64,1.00) 0.050
I [ I I [
125 .25 1 2 4 8
*n=2830
Lung-Specific Risk Factors OR (95% Cl) P value
FEV1 10% 0.95 (0.92, 0.99) 0.021
GOLD —e—] 1.09 (1.002, 1.19) 0.043
Inhaled steroid 1.26 (1.00, 1.59) 0.051
Emphysema 2 5% 1.34 (1.06, 1.6970) 0.016
BODE [—e=] 1.07 (1.01, 1.13) 0.021
6MW distance, per 30 m 0.92 (0.90, 0.95) <0.001
Total exacerbations [ g | 1.13 (1.10, 1.16) <0.001
mMRC [——1] 1.10 (1.03, 1.19) 0.006
Annual exacerbations [————] 1.37 (1.21, 1.55) <0.001

Figure 1:

Forest plot depicting traditional and lung-specific risk factors associated with incident hip
fracture in univariate logistic regression modeling.
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Baseline Participant Characteristics

Table 1:

ALL NO HIP FRACTURE | HIP FRACTURE | P VALUE
N=9187 N=8826 N=361

Age, median (IQR) 60.0 (52.7-67.2) | 59.9 (52.7-67.1) 63.1 (55.3-70.6) <0.001
Male gender, n (%) 4719 (51.4) 4552 (51.6) 167 (46.3) 0.048
Race

Caucasian, n (%) 6530 (71.1) 6290 (71.3) 240 (66.5) 0.049

African American, n (%) 2657 (28.9) 2536 (28.7) 121 (33.5)
BMIZ. median (IOR) 28.1 (24.5-32.4) | 28.1 (24.5-32.4) 28.2(24.2-335) | 052
Current smoker, n (%) 4309 (48.5) 4140 (48.5) 169 (47.1) 0.59
Pack years, median (IQR) 39.5(27.7-55.5) | 39.5(27.8-55.3) 40.4 (26.3-57.0) 0.33
FEVlb% predicted post, median (IQR) | 8% (58.7-94.5) | 80.2 (58.9-94.6) 75.0 (54.0-92.6) 0.024
FEV,/FVCE post ratio, median (10R) | 072 (057-0.78) | 071 (0.57-0.78) 0.71(0.57-0.78) | 0.14
GOLD, n (%) 0.009

0 3737 (42.3) 3613 (42.6) 124 (34.7)

1 693 (7.8) 667 (7.9) 26 (7.3)

2 1722 (19.5) 1648 (19.4) 74 (20.7)

3 1069 (12.1) 1014 (12.0) 55 (15.4)

4 525 (5.9) 508 (6.0) 17 (4.8)

Unclassified PRiSM? 1094 (12.4) 1033 (12.2) 61 (17.1)
Percent emphysema, median (IQR) 2.2(0.7-7.4) 2.2(0.7-7.3) 3.1(0.9-8.9) 0.14
Percent emphysema = 5%, n (%) 2513 (32.4) 2396 (32.1) 117 (38.7) 0.016
Inhaled corticosteroid use, n (%) 2202 (24.8) 2098 (24.6) 104 (29.2) 0.05
Oral corticosteroid use, n (%) 219 (2.5) 206 (2.5) 13(3.7) 0.14
Prior oral or parenteral steroids, n (%) 1482 (16.6) 1418 (16.5) 64 (17.8) 0.52
Reported osteoporosis, n (%) 849 (9.6) 784 (9.2) 65 (18.1) <0.001
Treated with bone-modifying agent 555 (6.0) 522 (5.9) 33(9.4) 0.012
Prior hip fracture, n (%) 161 (1.8) 130 (1.5) 31 (8.6) <0.001
Reported vertebral fracture, n (%) 413 (4.7) 377 (4.4) 36 (10.0) <0.001
CT assessed vertebral fracture™ 920 (32.5) 879 (32.2) 41 (41.0) 0.065
Reported rheumatoid arthritis, n (%) 647 (7.3) 600 (7.0) 47 (13.1) <0.001
Reported diabetes, n (%) 1172 (13.2) 1099 (12.9) 73(20.3) <0.001
Six-minute walk distance (meters) 422 (342-495) 425 (344-497) 381 (296-457) <0.001
mMRCE mean (SD) 1.3(1.4) 1.3(1.4) 1.5 (1.4) 0.007
Total exacerbations, mean (SD) 2.3(4.7) 2.2(4.6) 4.2(6.1) <0.001
Total Severe exacerbations, mean (SD) | 0.8 (2.1) 0.7 (2.0 1.8(3.8) <0.001
Exacerbations/year, mean (SD) 0.4 (0.9) 0.4 (0.9) 0.6 (1.0) <0.001
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ALL NO HIP FRACTURE | HIP FRACTURE | P VALUE
N=9187 N=8826 N=361
Severe Exacerbations/year, mean (SD) 0.1(0.5) 0.1(0.5) 0.3(0.6) <0.001
Died, n (%) 1429 (15.6) 1361 (15.4) 68 (18.8) 0.079

a .
Body mass index

b .
Forced expiratory volume

c . .
Forced vital capacity

d . . .
Preserved ratio, impaired spirometry

e . .. . . . .
Modified medical research council symptom questionnaire

*
N =2830
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Table 2:
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Traditional Population Risk Factors for Hip Fracture, Multivariable Model. Results are Odds ratio (95%Cl).

Backward

BIC

BMA

Age Enrollment

1.04 (1.02-1.05)

1.04 (1.02-1.05)

1.04 (1.03-1.05)

BMI

1.01 (1.00-1.03)

Caucasian

0.58 (0.45-0.75)

0.55 (0.43-0.71)

0.56 (0.43-0.71)

Osteoporosis

1.75 (1.30-2.35)

1.84 (1.38-2.47)

1.89 (1.41-2.54)

Prevalent Hip Fracture

4.40 (2.86-6.79)

5.16 (3.40-7.84)

5.15 (3.39-7.83)

Prevalent Compression Fracture

1.61 (1.09-2.39)

Rheumatoid arthritis

1.48 (1.06-2.07)

Diabetes

1.54 (1.18-2.03)

Smoking

Bootstrap AUC (95%Cl)

0.66 (0.63-0.69)

0.64 (0.60-0.67)

0.64 (0.61-0.67)

P value of H-L test for goodness of fit (higher better)

0.16

0.47

0.70
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Table 3:

Impact of the Addition of Individual Lung-Specific Risk Factors to Prediction Models

Page 20

aOR (95%c1)® [ CMANGEIN | NRy (sE)° (e':‘lfn't) (’r‘]‘?n'_ ID1 (95% CI)f Relative
BIC . D19
vent)

FEV1, per 10% 1.00 (0.96-1.004) 9.2 0.005 (0.005) 0.003 -0.002 0.00001 (-0.0001~ 0.5%
0.0001)

GOLD 0.99 (0.90-1.08) 23.7 0.020 (0.014) -0.054 | -0.074 -0.0001 (-0.0009- 2.3%
0.0006)

0, _ — — _ 0,

Emphysema = 5% 1.13 (0.88-1.46) 18.0 0027 (0.012)3 0.029 0.056 0.001 (;]).0003 12.8%
0.002)

Inhaled steroids 0.99 (0.77-1.26) 14.4 —-0.001 0.005 0.006 -0.0003 (-0.0029 - | -3.1%

(0.006) —o.ooz7)b

6-minute walk 0.999 (0.998- -9.6 0.043 0.014 -0.029 0.001 (0.0001~ 6.3%

distance, per 30 b b a

meters 0.9996) (0.015) 0.002)

Modified Medical 1.01 (0.94-1.09) 0.1 —-0.002 -0.003 | -0.0005 -0.0001 (-0.001- -0.2%

Research Council (0.005) 0.001)

i - — — _ 0,

Total exacerbations 111 (1.08—1.15)b 30.8 0.026 (0.016) 0.028 0.054 0.008 (1(7).003 34.6%

0.013)

% <0.05

bP<0.01

Adjusted Odds ratio (95% ClI) for traditional risk factors (age enrollment, race, osteoporosis, prevalent hip or compression fracture, rheumatoid

arthritis, diabetes).

a . . -
Bayesian Information Criteria

e o .
Net reclassification index, using a category of 3.0%

f TR
Integrated discrimination improvement

gModeI slope with traditional predictors was 0.0229
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Table 4:
Predictive models of Hip Fracture using difference approach for variable selection. Result for each variable is
Coefficient (SE).
BIC Backward BMA
Intercept -5.054 (0.536) | -5.143(0.701) | -5.571(0.485)
Age Enrollment, per year 0.034 (0.008) 0.041 (0.009) 0.040 (0.008)
Male Gender -- - -
Caucasian - -0.350 (0.169) | -0.615 (0.158)
BMI, per Kg/m? - -- -
Current Smoker 0.323 (0.126) 0.338 (0.158) -
Oral steroid -- - -
Osteoporosis 0.489 (0.151) 0.667 (0.180) 0.646 (0.178)

Prevalent Hip Fracture

1.559 (0.220)

1.483 (0.278)

1.563 (0.274)

Prevalent Compression Fracture

Rheumatoid arthritis -- 0.489 (0.206) -
Diabetes -- 0.393 (0.178) -
FEV1 % - - .
GOLD - - -
Emphysema = 5% -- - -

Inhaled steroids

BODE - -0.093 (0.044) -
6-MW distance (m) -0.002 (0.0005) | -0.002 (0.001) -
MMRC - -- --
Total exacerbations 0.107 (0.015) 0.114 (0.020) 0.113 (0.019)

Bootstrap AUC (95%Cl) (higher better)

0.67 (0.63-0.69)

0.68 (0.65-0.71)

0.67 (0.63-0.70)

P value of H-L test for goodness of fit (higher better)

0.70

0.03

0.49
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