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ABSTRACT
The prevalence of low bone mineral density (BMD) is increased in individuals with
chronic obstructive pulmonary disease (COPD) independent of traditional osteoporosis
risk factors. COPD-specific guidelines for BMD assessment do not exist and general
guidelines for osteoporosis screening do not recognize COPD as a risk factor for
fracture. Nonetheless, osteoporotic fractures are of major public health importance
given the negative impact of fractures on morbidity and mortality in COPD patients.
Furthermore, increased bone turnover independently contributes to fracture risk yet
cannot be determined by cross-sectional dual x-ray absorptiometry (DXA) assessment
alone. We established a longitudinal cohort of male and female smokers with and
without smoking-related lung disease (i.e. emphysema or airflow obstruction) to
determine factors related to accelerated BMD loss in smokers. We obtained baseline
and 2-year measurements of pulmonary function, BMD, radiographic emphysema, and
demographic and clinical characteristics. We assayed baseline blood samples for
markers of bone metabolism, vitamin D, matrix metalloproteinases (MMP) and their
inhibitors, interleukin-6, and tumor necrosis factor alpha. Of those with lung disease,
48.6% had evidence of osteopenia or osteoporosis at baseline compared to 29.4%
without lung disease (p=0.01). The incidence of accelerated hip or lumbar spine BMD

loss was 33.8% in subjects with lung disease versus 19.6% in those participants without
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lung disease (p=0.01). Both type | collagen C telopeptide (CTx), a marker of bone
resorption, and radiographic emphysema were independent predictors of accelerated
BMD loss (OR 5.5 [2.1,14.4] for moderate/severe emphysema; OR 2.9 [1.3,6.4] for
highest tertile CTx) when adjusted for age, gender, steroid use, and current smoking
status. Tissue inhibitor of matrix metalloproteinase (TIMP) 4 was independently
associated with BMD decline at the hip (p=0.04) and higher in subjects with emphysema
progression (p=0.03). TIMP1 and MMP?7 levels were also higher in subjects with
emphysema progression. These findings suggest that accessible and easily measured
biomarkers may be used to guide early and serial DXA BMD assessments in a subset
of smokers at risk for accelerated BMD decline. TIMP4 and MMPs may further be
involved in the regulation of lung and bone matrix degradation in individuals with

emphysema-related BMD decline.



TABLE OF CONTENTS

ACKNOWLEDGEMENTS. ... s s s s e s s s s e e s s s e e e s nnnean ix
1.0 INTRODUCTION. ... oot e e s e s s s s e e s s s e e e s s a s smmeenennnns 1
2.0 METHODS. ... .ot e e s e s s s e e s s a e e s sa s n e s sa e s e saenns 2
2.1 Subject Selection........cocviiiiiiiiiii 2
2.2 Dual X-ray Absorptiometry.........c.ccoiiiiiiiiiii 3
72 T 028 - T o | 4
24 Biomarker Measurements.........cccviiiiiiiiiiiiririr s 4
2.5  Statistical AnalysSiS......c.ocviiiiiiii 5
B T ] U I N 6
3.1 Subject CharacteristiCs...........ccoviiiiiiii e 6

3.2 Prevalence of Low Bone Mineral Density and Accelerated Bone
Mineral Density LOSS........ccceiiiiiiiiiiiii e s 8

3.3 Factors Associated with Accelerated Bone Mineral Density Decline10

3.4 Serum Biomarkers Associated with Bone Mineral Density Change..14

4.0 DISCUSSION..... et e s e s s s e e e s s e sana s a s s s san s s sannnens 15
41 Summary of Findings and Review of the Literature......................... 15
4.2 Strengths and Limitations..........c.ccoiiiiiii i, 18
4.3 Public Health Significance............c.cooiiiiiiiii 20
5.0 CONCLUSION. ... ..t st e s s e e s s a e s s sa e s s s s e s e sannns 20
BIBLIOGRAPHY ...ttt e s e e s s e s s s e s e s s e e e eas 21

vi



Table 1:

Table 2:
Table 3:
Table 4:
Table 5:

Table 6:

LIST OF TABLES
Subject CharacteristiCs. ... ..o

Characteristics of Subjects with and without Accelerated Bone
Mineral Density LOSS. ......cuuiiie i

Predictors of Accelerated Bone Mineral Density Loss Multivariable
Analysis

Predictors of Accelerated Bone Mineral Density Loss Multivariable
Analysis

Factors Associated with Annual Percent Change in Hip Bone Mineral

Matrix Metalloproteinase and Matrix Metalloproteinase Inhibitor
Levels in Subjects with and without Emphysema Progression................

vii



Figure 1:

Figure 2:

Figure 3:

LIST OF FIGURES

Prevalence of normal and low bone mineral density in those with and

without smoking-related lung disease...............c.cocooiiiiiiiiiiiiiii

Distribution of annual percent change in hip bone mineral density for
males and females with and without lung disease..............................

Forest Plot showing predictors of accelerated bone mineral density
loss in multivariable logistic regression analysis.................ocoeiiiiiiin.

viii



ACKNOWLEDGEMENTS
This work is funded by NIH K23HL095909-01, P50 HL084948, and P50 CA90440. This

work is also funded by a foundation grant from the Snee-Reinhardt Foundation.

ix



1.0 INTRODUCTION
Osteoporotic fractures contribute to increased morbidity and mortality in patients with
chronic obstructive pulmonary disease (COPD) (1-3). Whereas osteoporosis risk factors
including decreased physical activity levels, increased steroid use, and frailty are
common in severe obstructive lung disease, numerous studies have demonstrated an
increased prevalence of low bone mineral density (BMD) even in those individuals with
mild airflow obstruction (4-9). Criteria for BMD assessment in COPD patients remain
undefined while general osteoporosis screening guidelines fail to recognize chronic lung
disease as a major risk factor for fracture (10-12). As such, clinicians caring for patients
with COPD may miss a substantial proportion of patients with significant bone loss who
are at high risk for debilitating fractures. Subsets of patients, notably men, are at
particular risk of missed diagnosis given low general screening rates in these

populations (2).

Dual x-ray absorptiometry (DXA) assessment of BMD in all patients with COPD is not
common clinical practice. BMD assessments limited to those patients with the most
severe lung disease may exclude patients with significant bone loss whereas universal
screening of all COPD patients is probably not cost-effective. Further, a single cross-
sectional BMD assessment provides no information regarding the rate of BMD loss, a
separate and important risk factor for osteoporotic fracture (13, 14). Thus, a need exists
for an easily measureable biomarker associated with accelerated BMD decline that may

be used to target screening in COPD patients at highest fracture risk. Early detection of



COPD patients with low BMD, or accelerated BMD loss, with targeted DXA BMD

assessments will lead to earlier treatment strategies for fracture prevention.

Large cohort studies designed to study the influence of genetic variation or patterns of
inflammation on disease expression have advanced the field of clinical phenotyping in
COPD (15, 16). However, the study of BMD loss in these cohorts is challenged by the
fact that, without systematic assessments of BMD, osteoporosis remains silent until
fracture occurs, thus impacting the accuracy of a patient-reported osteoporosis
diagnosis. We have established a cohort of current and former smokers with and
without smoking-related lung disease, defined as either radiographic emphysema or
airflow obstruction (9). We have followed this cohort for 2 years with serial assessments
of clinical and demographic data, pulmonary function, radiographic emphysema, and
BMD. We have also measured baseline circulating serum biomarker levels. This cohort
provides the opportunity to study the natural history of BMD loss in smokers with and
without lung disease and to examine factors associated with BMD loss. We hypothesize
that accelerated BMD loss is prevalent in smokers with lung disease and that clinical,
radiographic, and molecular biomarkers can be used to identify smokers at risk for rapid

BMD decline.

2.0 METHODS
2.1 Subject Selection
The study population consisted of 240 male and female subjects participating in the

COPD Specialized Center for Clinically Oriented Research (SCCOR) at the University



of Pittsburgh. Subjects were current or former smokers ages 40-79 with a minimum of
10 pack-years tobacco history at enrollment. One hundred thirty nine subjects had
smoking-related lung disease, defined as either visual emphysema on CT scan or
airflow obstruction [forced expiratory volume in 1 second to forced vital capacity ratio
(FEV1/FVC) less than 0.70]. The remaining 101 participants had no evidence of visual
emphysema or airflow obstruction. Exclusion criteria included chronic daily prednisone
use, clinical or radiographic evidence of another significant pulmonary diagnosis (e.g.
interstitial lung disease), history of lung cancer or a new, suspicious nodule on CT scan,
obesity with a BMI > 34, active treatment with bisphosphonate therapy, calcitonin,
denosumab, raloxifene, or parathyroid hormone replacement, or active treatment with
hormone replacement therapy. Each subject completed a chest CT scan, pre and post-
bronchodilator spirometry and plethysmography, measurement of lung diffusion
capacity, demographic and medical history questionnaires, and DXA measurements of
hip and lumbar spine BMD at baseline and 2 years. Physical activity levels were
quantified using a validated, five-point activity questionnaire that addressed both on-the-
job and leisure activity levels (17). Symptom scores were assessed with the Saint
George’s Respiratory Questionnaire (18). Blood specimens were collected at each
study visit. The study protocol was approved by the University of Pittsburgh Institutional

Review Board and written informed consent was obtained for each subject.

2.2 Dual X-Ray Absorptiometry
BMD at the hip and lumbar spine were determined using a Hologic 4500A Discovery

bone densitometer. BMD is reported as an absolute value (gm/cm?) and a T score, the



number of standard deviations from a young, gender and ethnic specific reference
mean, using the NHANES |l database reference population for hip BMD measurements
(19) and the Hologic database reference population for spine BMD measurements. T
scores were used to classify subjects as having normal BMD (T score > -1.0),

osteopenia (-2.5 < T score < -1.0), or osteoporosis (T score <-2.5).

2.3 CT Scans

Noncontrast CT examinations were performed with a General Electric (GE) LightSpeed
VCT (64-detector) scanner. A single chest radiologist, blinded to subject identities and
other characteristics, interpreted the CT images using a 6-point semi-quantitative visual
scoring system to define emphysema severity (O=none, 1=trace, 2=mild, 3=moderate,
4=severe, 5=very severe) which corresponded to 0%, <10%, 10-25%, 26-50%, 51-75%,
and > 75% visual emphysema. Our group has validated this methodology in a previous
publication (20). The percentage of low attenuation areas (LAA%) was defined as the
fraction of voxels less than -950 HU as a percent of total voxels per identification of lung
regions similar to the traditional density mask (21). Radiographic progression was

defined as greater than a 0.5% annual increase in LAA.

2.4 Biomarker Measurements

Baseline blood samples were analyzed for the following biomarkers. Type | collagen c-
telopeptide (CTx), a marker of bone resorption (14, 22), receptor activator of nuclear
factor kappa beta ligand (RANKL) and osteoprotegerin (OPG) were measured by a

commercially available electrochemiluminescence-based immunoassay using Roche



Elecsys2010 (Roche Diagnostics). Amino-terminal propeptide of type | procollagen
(P1NP), a marker of bone formation (14, 22), was measured with a commercial
radioimmunoassay kit from Immunodiagnostic Systems Inc. Matrix metalloproteinase
(MMP) 1, MMP7, tissue inhibitor of matrix metalloproteinase (TIMP) 1, TIMP2, and
TIMP4 were measured using Performance Assay MMP and TIMP multi-plex kits (R and
D Systems) on a Luminex system. Interleukin (IL) 6 , TNF-alpha, and vitamin D were
measured by enzyme-linked immunoabsorbant assay (ELISA) in duplicate. All assays
and kits were used according to manufacturers’ instructions. All samples were above

the detection level for each measured biomarker.

2.5 Statistical Analysis

Annual percent change in total hip and lumbar spine BMD was calculated for each
subject. A Monte Carlo simulation with 10,000 iterations was performed separately on
both male and female subjects with no evidence of emphysema or airflow obstruction to
obtain separate, smoothed estimates of the distribution of annual BMD percent change
at the hip and lumbar spine among both male and female cohort participants without
smoking-related lung disease. A prior population-based study (23) showed that every
one standard deviation below the mean annual BMD percent change at the femoral
neck (corresponding to approximately the lower 16% of the population under normal
distribution assumptions) was associated with 3.9 excess hip fractures per 100 persons.
Given the non-normal distribution of BMD change in our longitudinal cohort, we thus
chose a conservative 10" percentile cut-off to define accelerated BMD loss at the hip

and lumbar spine. Definitions of accelerated BMD loss were then applied to both those



with and without smoking-related lung disease and cohort participants below the 10™
percentile threshold at either the hip or lumbar spine were classified as having
accelerated BMD loss. The entire tobacco-exposed cohort, regardless of lung disease
status, was included in all analyses. The characteristics of subjects with and without
accelerated BMD loss were compared using Student'’s t-test for continuous variables
and chi-square analysis for categorical variables. Wilcoxon rank-sum test was used for
non-normally distributed variables. Univariable and multivariable logistic regression
analyses were performed to assess factors related to accelerated BMD loss.
Biomarkers were included in the models as both continuous and categorical (tertile)
variables. Biomarker tertiles and median levels were determined using the entire
tobacco-exposed cohort. Biomarkers that were not normally distributed were log-
transformed. Associations between biomarkers were assessed by Spearman
correlation. Models were adjusted for age, gender, steroid use, and smoking status. The
relationship between plasma biomarkers and absolute change in BMD at the total hip
and lumbar spine were assessed with univariable and multivariable regression analyses
adjusting for age, gender, smoking status, and steroid use. All statistical analyses were

performed using SAS 9.2 and Stata 13.1.

3.0 RESULTS
3.1 Subject Characteristics
The mean age of the cohort was 66.7 years with an equal distribution of men and

women. Although cohort participants had a significant degree of tobacco use and 40%



continued to smoke, lung disease in the cohort was mild with only approximately 29% of

the cohort having moderate or severe airflow obstruction (Table 1).

Table 1: Subject Characteristics (N=240)

Age, mean (SD) 66.7 (5.6)
Gender male, n (%) 126 (52.5)
Pack Years, mean (SD) 48.7 (25.3)
Current Smokers, n (%) 97 (40.4)
BMI, mean (SD) 28.2 (4.4)
FEV1%, mean (SD) 85.7 (21.1)
GOLD, n (%)
At risk 141 (58.7)
[ (mild) 29 (12.1)
Il (moderate) 59 (24.6)
Il (severe) 11 (4.6)
Emphysema present, n (%) 115 (47.9)
Emphysema or Obstruction, n (%) 139 (57.9)
Bone Mineral Density
Normal, n (%) 97 (40.4)
Osteopenia, n (%) 125 (52.1)
Osteoporosis, n (%) 18 (7.5)
ICS Use, n (%) 35 (14.6)
Oral Steroid Use, n (%) 15 (6.3)
Bisphosphonate Use, n (%) 0 (0)

BMI=body mass index; ICS=inhaled corticosteroids; oral
steroids=temporary use within the past six months.

As a result, both inhaled and oral steroid use was low. However, radiographic
emphysema was present in almost half of the cohort participants with 57.9% of the

cohort having evidence of either radiographic emphysema or airflow obstruction.



3.2 Prevalence of Low Bone Mineral Density and Accelerated Bone Mineral
Density Loss

The prevalence of low BMD was high with 60% of the entire cohort having low BMD on
baseline DXA assessment (Table 1). Osteopenia and osteoporosis were significantly
more common in cohort participants with smoking-related lung disease compared to

unaffected smokers (p=0.01, Figure 1). Notably, 65% of cohort participants with lung

80~ Bl No Lung Disease
Lung Disease

Prevalence (%)
S o
(=] (=]

[1 [

N
(=]
1

0' 1 |
Normal Low

Bone Mineral Density

Figure 1: Prevalence of normal bone mineral density, osteopenia,
and osteoporosis in those with and without smoking-related lung
disease (radiographic emphysema and/or airflow obstruction). P=0.01

disease and osteopenia and 29% of those with lung disease and osteoporosis did not
meet the established age criteria for osteoporosis screening (> 65 year of age in
women, >70 years of age in men). Annual median percent loss in BMD at the hip was

0.2% and 0.5% for males and females with lung disease respectively. Males without



lung disease had a 0.2% annual median percent increase in BMD at the hip while

females without lung disease still had 0.7% median percent loss in hip BMD (Figure 2).
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Figure 2: Distribution of annual percent change in hip bone
mineral density for males and females with and without lung disease



Males and females with or without lung disease demonstrated slight increases in
lumbar spine BMD over the 2-year study interval. Using the 10™ percentile cut-off of the
Monte Carlo simulated distribution of annual percent BMD change for cohort
participants without smoking-related lung disease, accelerated BMD loss was defined
as an annual percent BMD loss of greater than 1.9% at the hip or 1.2% at the lumbar
spine for women and greater than .74% at the hip or 0.24% at the lumbar spine for men.
Of those with smoking-related lung disease, 47 (33.8%) had evidence of accelerated
BMD loss at either the hip or lumbar spine over the 2-year study period. Again, the
majority (68%) of those with lung disease and accelerated BMD loss did not meet age
criteria for osteoporosis screening. In contrast, only 20 (19.6%) of unaffected smokers

demonstrated rapid BMD decline at either the hip or lumbar spine (p=0.01).

3.3 Factors Associated with Accelerated Bone Mineral Density Decline

Age, gender distribution, BMI, steroid use, and current smoking status did not differ
between those subjects with and without rapid BMD decline; although annual percent
change in hip BMD did decrease with increasing age (p=0.013) and decreasing BMI
(p=0.001). A greater proportion of subjects with accelerated BMD loss had evidence of
either radiographic emphysema or airflow obstruction compared to those with stable
BMD over time (70.1% vs. 52.6%, p=0.01, Table 2). This increased prevalence of rapid
BMD loss appeared to be driven by the presence of emphysema rather than the

severity of airflow obstruction. In fact, the odds of accelerated BMD loss were 2.1 times
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Table 2: Characteristics of Subjects with and without Accelerated
Bone Mineral Density Loss

No Accelerated Loss (-) Accelerated Loss (+) P-Value

n=173 n=67
Age, mean (SD) 64.4 (0.4) 64.2 (0.8) 0.85
Gender, male, n (%) 87 (50.3) 39 (58.2) 0.27
BMI, mean (SD) 28.6 (0.3) 27.8 (0.5) 0.16
Pack Years, mean (SD) 47.3 (1.9) 50.3 (2.9) 0.41
Current Smoker, n (%) 74 (42.8) 28 (41.8) 0.89
Emphysema or Obstruction, n (%) 91 (52.6) 47 (70.1) 0.01
Emphysema Present, n (%) 74 (42.8) 41 (61.2) 0.01
LAA%, median (IQR) 0.5(0.8) 0.8 (3.1) 0.08
FEV1 %, mean (SD) 86.5 (1.4) 81.7 (2.7) 0.18
ICS Use, n (%) 16 (9.2) 11 (16.4) 0.11
Oral Steroid Use, n (%) 10 (5.8) 5(7.5) 0.62
Activity Score, median (IQR) 3(1) 2.5(2) 0.46
Symptom Score, median (IQR) 14.2 (19.5) 13.9 (25.7) 0.45
Vitamin D ng/ml, median (IQR) 33.7 (25.9) 32.1 (32.2) 0.52
CTx pg/ml, median (IQR) 248 (192) 322 (205) 0.01
P1NP pg/ml, median (IQR) 28.5 (14.2) 28.2 (18.8) 0.66
OPG pg/ml, median (IQR) 1092.6 (580.3) 1216.5 (631.7) 0.05
RANKL pg/ml, median (IQR) 94.2 (113.1) 98.2 (116.2) 0.98
TIMP1 pg/ml, median (IQR) 65490.3 (19518.4) 64189.7 (19383.8) 0.67
TIMP2 pg/ml, median (IQR) 63679.9 (10436.5) 64360.3 (10304.7) 0.84
TIMP4 pg/ml, median (IQR) 1193.6 (647.7) 1247.5 (753.6) 0.21
MMP1 pg/ml, median (IQR) 1789.1 (1693.0) 2093.6 (1941.8) 0.24
MMP7 pg/ml, median (IQR) 11278.15 (6736.2) 10683.5 (8813.4) 0.41
IL6 pg/ml, median (IQR) 1.22 (1.39) 1.38 (1.15) 0.73
TNF-alpha pg/ml, median (IQR) 1.89 (1.27) 1.94 (1.23) 0.62

BMI=body mass index; FEV1=forced expiratory volume in 1 second; LAA=low attenuation areas; ICS=inhaled

corticosteroids; CTx=type | collagen C-telopeptide; P1NP=amino terminal propeptide of type | procollagen;

OPG=osteoprotegerin; RANKL=receptor activator of nuclear factor kappa beta ligand; TIMP=tissue inhibitor of matrix
metalloproteinases; MMP=matrix metalloproteinase; TNF=tumor necrosis factor

11



higher in subjects with any evidence of radiographic emphysema (p=0.01) and 5.2 times
higher in subjects in whom emphysema was moderate or severe (p<0.001). These
findings remained significant after adjustment for age, gender, current smoking status,
and steroid use (Table 3). Whereas a trend for greater odds of accelerated BMD
decline did exist in subjects with airflow obstruction (OR 1.7, p=0.06), this effect was lost

after emphysema severity was included in the model.

Table 3: Predictors of Accelerated Bone Mineral Density Loss
Multivariable Analysis

Odds Ratio P-Value
Emphysema Present 22(1.2,4.0) 0.009
Age 1.0 (0.9, 1.0) 0.8
Gender (female) 0.6 (0.4,1.2) 0.1
Current Smoking 1.1 (0.6, 2.1) 0.7
Steroid Use 1.5 (0.3, 8.0) 0.6

CTx levels were higher among those cohort participants with accelerated BMD decline
(322 [205 1QR] vs. 248 [192 IQR], p=0.01, Table 2) whereas vitamin D levels and other

circulating biomarker levels did not differ between groups.

As shown previously (24), CTx levels were highly correlated with PAINP levels (r=0.61,
p<0.0001). Participants with CTx levels above the median value had a 1.9 greater
chance of having accelerated BMD loss (OR 1.9, p=0.03) and those with the highest
tertile of CTx levels were 3 times more likely to have rapid BMD decline (OR 3.05,
p=0.01). The addition of age, gender, current smoking status, and steroid use to the
model did not impact the significance of these findings. A multivariable model including

emphysema severity and CTx tertile showed that both the severity of radiographic

12



emphysema and circulating CTx levels are independent predictors of accelerated BMD

loss (Figure 3) when adjusted for age, gender, steroid use, and smoking status. The

Odds Ratio

Age i 1.0 (0.9, 1.0)

Gender (female) = 0.6 (0.3, 1.2)

Current Smoking 1.1 (0.6, 2.1)

Steroid Use (yes) L 1.1 (0.2, 6.3)
Moderate/Severe Emphysema b = i 5.5(2.1,14.4)
Trace/Mild emphysema —-— 1.6 (0.8, 3.2)

CTx (highest tertile) —a— 29(1.3,6.4)

CTx (middle tertile) H—— 1.8(0.8,4.2)

012345678 9101112131415
Odds Ratio

Figure 3: Forest Plot showing predictors of accelerated bone mineral density loss in multivariable
logistic regression analysis.

presence of any radiographic emphysema or CTx values above the median level

likewise predicted rapid BMD loss after accounting for other potential confounders

(Table 4).
Table 4: Predictors of Accelerated Bone Mineral Density Loss
Multivariable Analysis
Odds Ratio P-Value
Emphysema Present 22(1.2,4.1) 0.01
CTx (above median) 21 (1.1, 3.8) 0.02
Age 1.0 (0.9, 1.0) 0.3
Gender (female) 0.6 (0.3, 1.1) 0.08
Current Smoking 1.2 (0.6, 2.2) 0.6
Steroid Use 1.2 (0.2, 6.8) 0.8

13



3.4 Serum Biomarkers Associated with Bone Mineral Density Change

TIMP4 levels were associated with a decrease in annual percent change in hip BMD in
univariable regression analysis (p<0.001). This relationship remained significant after
adjustment for age, gender, BMI and current smoking status. In fact, multivariable
modeling showed that TIMP4 levels, age, gender, and BMI were all independently

associated with BMD loss at the hip (R?=17.8, p<0.001, Table 5).

Table 5: Factors Associated with Annual Percent Change
in Hip Bone Mineral Density

Coefficient P-Value
TIMP4 (log) -0.49 0.04
Age -.03 0.06
Gender 0.50 0.001
Body Mass Index 0.05 0.03

TIMP=Tissue inhibitor of matrix metalloproteinase

Baseline TIMP4 levels, as well as TIMP1 and MMP7 levels, were likewise higher in

subjects with radiographic progression of emphysema (n=27, 11.3%, Table 6)

Table 6: Matrix Metalloproteinases and Their Inhibitor Levels in
Subjects with and without Emphysema Progression

(+) Progression (-) Progression P-Value
TIMP1 pg/ml 73626.2 (16740.9)  66470.4 (14556.0) 0.04
TIMP2 pg/ml 64403.1 (8337.1)  65048.9 (10634.7) 0.8
TIMP4 pg/ml 1570.3 (703.2) 1305.9 (549.0) 0.03
MMP1 pg/ml 3554.9 (3334.6) 2677.7 (3055.8) 0.09
MMP7 pg/mi 15090.1 (6885.8) 12387.8 (6559.0) 0.02

All values expressed as median (interquartile range)
MMP=matrix metalloproteinase
TIMP=tissue inhibitor of matrix metalloproteinase

14



compared to those with stable lung disease over the 2-year study interval. Annual
percent change in spine BMD was small in the overall cohort and was not associated

with circulating biomarker levels or other osteoporosis risk factors (data not shown).

4.0 DISCUSSION
4.1 Summary of Findings and Review of the Literature
We have shown that the prevalence of osteopenia and osteoporosis is increased in
smokers with smoking-related lung disease (i.e. emphysema or airflow obstruction)
when compared to smokers with similar demographic and clinical characteristics. The
incidence of accelerated BMD loss is high in this group with the positive correlation
between CTx, a marker of bone resorption, and P1NP, a marker of bone formation,
suggesting that BMD decline in smokers is due to a high turnover state. The majority of
subjects with osteopenia or osteoporosis were below the recommended screening age
for osteoporosis (10, 11) and traditional risk factors, including age, gender, and steroid
use, did not differentiate those subjects with accelerated BMD loss from those without.
Two easily accessible biomarkers, radiographic emphysema and serum CTx levels,
independently predicted accelerated decline in BMD over a short follow-up interval.
Further, a circulating inhibitor of matrix metalloproteinases, TIMP4, was independently
associated with BMD loss at the hip after adjustment for other factors commonly

attributed to BMD decline.

Osteoporosis and osteoporotic fractures are a significant public health problem in

individuals with smoking-related lung disease. Individuals with COPD who sustain hip

15



fractures have 60-70% higher rates of mortality compared to individuals with hip
fractures who do not have evidence of lung disease (1). Further, in those patients with
COPD, hip fracture increases 1-year mortality up to 3 to 5 times that of COPD patients
without fracture (1). Osteoporotic vertebral fractures can lead to reductions in forced
vital capacity and FEV1, further impairing lung function in individuals who already have
low pulmonary reserve (3). Yet, osteoporosis screening rates remain low in persons
with COPD, particularly in subgroups, such as men, where general osteoporosis
screening guidelines have not reached a uniform consensus. For example, a study of
the Veterans Affairs electronic database revealed a high fracture rate (3.99 and 1.31 per
1000 person years for hip and wrist fractures respectively) with only rare BMD
assessments (4.4%) and osteoporosis treatment (2.8%) in male veterans with COPD
(2). Findings from our study further highlight the complexities of osteoporosis screening
in smoking-related lung disease with only 35.1% of those with low BMD and 32.0% with

accelerated BMD loss meeting screening criteria for BMD assessment.

The finding that both radiographic emphysema and serum CTx levels independently
predict rapid BMD decline coupled with literature linking emphysema with cross-
sectional assessments of BMD (9, 25) offers a potential means of identifying patients
with smoking-related lung disease who should undergo early and serial DXA BMD
assessment. Studies have shown that the rate of bone loss may be as important as
absolute bone mineral density when determining fracture risk (13, 14). Cross-sectional
assessments of BMD, even if performed at an earlier age than guidelines currently

advise, provide no information regarding rate of BMD decline. As evidence in support of
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lung cancer CT screening (26) and experimental options for endoscopic lung volume
reduction increase (27, 28), the frequency of routine chest CT scans in the management
of patients with COPD will continue to rise. Meanwhile, commercial assays for CTx are
readily accessible and available in most clinical laboratories. A strategy incorporating
these two biomarkers to direct targeted osteoporosis screening will likely be more cost-
effective than universal screening in all patients with COPD. The age at which screening
should commence remains unclear, although our findings would suggest that initial
BMD assessment before the age of 65 is warranted. The impact of age on prevalence
of low BMD and BMD decline should be systematically studied in a COPD cohort with a
more diverse distribution of age and disease severity to establish age criteria for

osteoporosis screening in COPD patients.

The independent association between radiographic emphysema and low BMD that has
been demonstrated in numerous studies (9, 25) suggests a common mechanism linking
lung and bone matrix destruction. Our findings would suggest that MMPs and MMP
inhibitors are important contributors to these synchronous processes. TIMP4, an
inhibitor of MMPs, was the only circulating biomarker associated with change in BMD at
the hip over the 2-year study interval. TIMP4, as well as TIMP1 and MMP7, was also
higher in those subjects demonstrating radiographic emphysema progression over 2
years. MMPs play an important role in tissue remodeling in both emphysema and
osteoporosis (29-32). TIMP4 levels may increase in response to lung or bone matrix
destruction by MMPs and other pro-inflammatory cytokines. We did not find a significant

association between serum MMP levels and BMD change. However, the follow-up
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interval was short, a small number of MMPs were assayed, and only baseline MMP
levels were assessed. Further investigation into the role MMPs and their inhibitors play
in COPD-related BMD loss is warranted given their potential as both diagnostic and

therapeutic biomarkers.

4.2 Strengths and Limitations

The strength of our cohort lies in the availability of longitudinal, gold standard
assessments of BMD coupled to well-characterized clinical data in smokers with few
competing osteoporosis risk factors. Most epidemiologic cohorts to date either provide
systematic BMD or fracture assessments with little information regarding both lung
function and radiographic emphysema (4, 5) or detailed pulmonary function and CT
data without gold-standard assessments of BMD (33). No published studies to date
have assessed longitudinal BMD loss in individuals with smoking-related lung disease.
Despite the mild severity of underlying lung disease, a significant proportion of our
cohort experienced substantial BMD loss in a relatively short time period. We would
expect to see even greater BMD decline over several years, given that BMD loss likely
does not follow a linear trajectory, particularly in individuals with COPD where systemic

inflammation may wax and wane with lung disease activity (34-37).

The absence of longitudinal cohorts examining BMD loss specifically in smokers creates
a challenge when defining accelerated BMD loss in our cohort. Population based
studies of healthy individuals have used absolute thresholds (>0.4% BMD loss per year

in post-menopausal females, no change in men) (38) or standard deviations from the
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mean (one standard deviation below the mean associated with an excess of 3.9 hip
fractures per 100 persons) (23) to define accelerated BMD loss or to determine clinically
meaningful BMD change respectively. Thresholds defined by these studies may not be
appropriate for our cohort, all of whom have had a significant smoking history. However,
the availability of complete pulmonary function and radiographic data in our cohort
participants provided us the opportunity to define a smoking control group that has a
common risk factor (smoking) but has not developed lung disease. Because BMD data
from our cohort was not normally distributed, we extrapolated the findings of Berry et al.
(23) and chose the 10" percentile, well below the 16" percentile that would correspond
to one standard deviation below the mean found significant in their study, below which
accelerated BMD loss was defined. Thresholds to define accelerated BMD loss
established by this methodology were greater than those used in a prior study to define

accelerated BMD loss in a healthy population (38).

Finally, the paucity of longitudinal COPD cohorts with systematic measurements of
BMD limits our ability to validate our results at present. However, validation of our
findings in a separate, more clinically relevant cohort of COPD patients with more
severe lung disease will be necessary, and is currently planned, to confirm our findings
and identify any additional factors associated with bone loss in those with more

extensive disease.
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4.3 Public Health Significance

COPD is the third leading cause of death in the United States (39). The increased
prevalence of osteopenia and osteoporosis in individuals with COPD has a significant
impact on both morbidity and mortality (1-3), yet screening guidelines fail to recognize
COPD as a major risk factor to warrant early BMD assessment and monitoring (10, 11).
Universal osteoporosis screening of all COPD patients at an earlier age than currently
recommended by general osteoporosis screening guidelines is not cost-effective. As
such, research addressing which subset of COPD patients should undergo early, and

perhaps serial, BMD assessments is of great public health importance.

5.0 CONCLUSION
We have confirmed that low BMD is prevalent in smokers with emphysema or airflow
obstruction and are the first to show that significant proportions of individuals with
smoking-related lung disease have accelerated BMD decline. Low osteoporosis
screening rates combined with detrimental outcomes following fracture in patients with
COPD has given rise to a significant public health problem for many current and former
smokers. The incorporation of biomarkers associated with accelerated BMD decline into
osteoporosis screening algorithms may facilitate selection of individuals for early and
serial BMD monitoring and ultimately alter clinical practice for our chronic lung disease

patients.

20



BIBLIOGRAPHY

. de Luise C, Brimacombe M, Pedersen L, Sgrensen H. Chronic Obstructive
Pulmonary Disease and Mortality Following Hip Fracture: A Population-Based
Cohort Study. European Journal of Epidemiology 2008; 23: 115-122.

. Morden NE, Sullivan SD, Bartle B, Lee TA. Skeletal Health in Men with Chronic Lung
Disease: Rates of Testing, Treatment, and Fractures. Osteoporosis International
2011; 22: 1855-1862.

. Lombardi |, Oliveira L, Mayer A, Jardim J, Natour J. Evaluation of Pulmonary
Function and Quality of Life in Women with Osteoporosis. Osteoporosis
International 2005; 16: 1247-1253.

. Sin DD, Man JP, Man SF. The Risk of Osteoporosis in Caucasian Men and Women
with Obstructive Airways Disease. Am J Med 2003; 114: 10-14.

. de Vries F, van Staa TP, Bracke MSGM, Cooper C, Leufkens HGM, Lammers JWJ.
Severity of Obstructive Airway Disease and Risk of Osteoporotic Fracture. Eur
Respir J 2005; 25: 879-884.

. Graat-Verboom L, Spruit MA, van den Borne BE, Smeenk FW, Martens EJ, Lunde R,
Wouters EF. Correlates of Osteoporosis in Chronic Obstructive Pulmonary
Disease: An Underestimated Systemic Component. Respir Med 2009; 103:
1143-1151.

. Ferguson GT, Calverley PMA, Anderson JA, Jenkins CR, Jones PW, Willits LR,
Yates JC, Vestbo Jr, Celli B. Prevalence and Progression of Osteoporosis in
Patients with Copd. Results from Torch. Chest 2009; 136: 1456-1465.

. Bolton CE, lonescu AA, Shiels KM, Pettit RJ, Edwards PH, Stone MD, Nixon LS,
Evans WD, Griffiths TL, Shale DJ. Associated Loss of Fat-Free Mass and Bone
Mineral Density in Chronic Obstructive Pulmonary Disease. Am J Respir Crit
Care Med 2004; 170: 1286-1293.

. Bon J, Fuhrman CR, Weissfeld JL, Duncan SR, Branch RA, Chang C-CH, Zhang Y,
Leader JK, Gur D, Greenspan SL, Sciurba FC. Radiographic Emphysema
Predicts Low Bone Mineral Density in a Tobacco-Exposed Cohort. Am J Respir
Crit Care Med 2011; 183: 885-890.

10. Qaseem A, Snow V, Shekelle P, Hopkins R, Jr., Forciea MA, Owens DK. Screening

for Osteoporosis in Men: A Clinical Practice Guideline from the American College
of Physicians. Ann Intern Med 2008; 148: 680-684.

11. Screening for Osteoporosis: U.S. Preventive Services Task Force Recommendation

Statement. Ann Intern Med 2011; 154: 356-364.

21



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Lim LS, Hoeksema LJ, Sherin K. Screening for Osteoporosis in the Adult U.S.
Population: ACPM Position Statement on Preventive Practice. American Journal
of Preventive Medicine 2009; 36: 366-375.

Riis BJ, Hansen MA, Jensen AM, Overgaard K, Christiansen C. Low Bone Mass
and Fast Rate of Bone Loss at Menopause: Equal Risk Factors for Future
Fracture: A 15-Year Follow-up Study. Bone 1996; 19: 9-12.

Garnero P. Biomarkers for Osteoporosis Management: Utility in Diagnosis, Fracture
Risk Prediction and Therapy Monitoring. Molecular Diagnosis & Therapy 2008;
12: 157-170.

Vestbo J, Anderson W, Coxson HO, Crim C, Dawber F, Edwards L, Hagan G,
Knobil K, Lomas DA, MacNee W, Silverman EK, Tal-Singer R, ECLIPSE
investigators. Evaluation of COPD Longitudinally to Identify Predictive Surrogate
End-Points (Eclipse). European Respiratory Journal 2008; 31: 869-873.

Regan EA, Hokanson JE, Murphy JR, Make B, Lynch DA, Beaty TH, Curran-Everett
D, Silverman EK, Crapo JD. Genetic Epidemiology of COPD (COPDgene) Study
Design. COPD 2010; 7: 32-43.

Taylor-Piliae RE, Norton LC, Haskell WL, Mahbouda MH, Fair JM, Iribarren C,
Hlatky MA, Go AS, Fortmann SP. Validation of a New Brief Physical Activity
Survey among Men and Women Aged 60-69 Years. Am J Epidemiol 2006; 164:
598-606.

Jones PW, Quirk FH, Baveystock CM, Littlejohns P. A Self-Complete Measure of
Health Status for Chronic Airflow Limitation: The St. George's Respiratory
Questionnaire. American Review of Respiratory Disease 1992; 145: 1321-1327.

Looker AC, Wahner HW, Dunn WL, Calvo MS, Harris TB, Heyse SP, Johnston CC,
Jr,, Lindsay R. Updated Data on Proximal Femur Bone Mineral Levels of Us
Adults. Osteoporos Int 1998; 8: 468-489.

Wilson DO, Weissfeld JL, Balkan A, Schragin JG, Fuhrman CR, Fisher SN, Wilson
J, Leader JK, Siegfried JM, Shapiro SD, Sciurba FC. Association of Radiographic
Emphysema and Airflow Obstruction with Lung Cancer. Am J Respir Crit Care
Med 2008; 178: 738-744.

Leader J, Zheng B, Rogers R, Sciurba F, Perez A, Chapman B, Patel S, Fuhrman
C, Gur D. Automated Lung Segmentation in X-Ray Computed Tomography:
Development and Evaluation of a Heuristic Threshold-Based Scheme. Acad
Radiol 2003; 10: 1224-1236.

22



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Botella S, Restituto P, Monreal |, Colina |, Calleja A, Varo N. Traditional and Novel
Bone Remodeling Markers in Premenopausal and Postmenopausal Women.
Journal of Clinical Endocrinology & Metabolism 2013; 98: E1740-1748.

Berry SD, Samelson EJ, Pencina MJ, et al. Repeat Bone Mineral Density Screening
and Prediction of Hip and Major Osteoporotic Fracture. JAMA 2013; 310: 1256-
1262.

Bon JM, Zhang Y, Duncan SR, Pilewski JM, Zaldonis D, Zeevi A, McCurry KR,
Greenspan SL, Sciurba FC. Plasma Inflammatory Mediators Associated with
Bone Metabolism in COPD. COPD; 7: 186-191.

Ohara T, Hirai T, Muro S, Haruna A, Terada K, Kinose D, Marumo S, Ogawa E,
Hoshino Y, Niimi A, Chin K, Mishima M. Relationship between Pulmonary
Emphysema and Osteoporosis Assessed by CT in Patients with COPD. Chest
2008; 134: 1244-1249.

The National Lung Screening Trial Research Team. Aberle DR, Adams AM, Berg
CD, Black WC, Clapp JD, Fagerstrom RM, Gareen IF, Gatsonis C, Marcus PM,
Sicks JD. Reduced Lung-Cancer Mortality with Low-Dose Computed
Tomographic Screening. The New England Journal of Medicine 2011; 365: 395-
4009.

Sciurba FC, Ernst A, Herth FJF, Strange C, Criner GJ, Marquette CH, Kovitz KL,
Chiacchierini RP, Goldin J, McLennan G. A Randomized Study of Endobronchial
Valves for Advanced Emphysema. New England Journal of Medicine 2010; 363:
1233-1244.

Shah PL, Zoumot Z, Singh S, Bicknell SR, Ross ET, Quiring J, Hopkinson NS,
Kemp SV. Endobronchial Coils for the Treatment of Severe Emphysema with
Hyperinflation (Reset): A Randomised Controlled Trial. The Lancet Respiratory
Medicine 2013; 1: 233-240.

Churg A, Zhou S, Wright JL. Matrix Metalloproteinases in Copd. European
Respiratory Journal 2012; 39: 197-2009.

Krane SM, Inada M. Matrix Metalloproteinases and Bone. Bone 2008; 43: 7-18.

Bolton CE, Stone MD, Edwards PH, Duckers JM, Evans WD, Shale DJ. Circulating
Matrix Metalloproteinase-9 and Osteoporosis in Patients with Chronic Obstructive
Pulmonary Disease. Chronic Respiratory Disease 2009; 6: 81-87.

Imai K, Dalal SS, Chen ES, Downey R, Schulman LL, Ginsburg M, D'Armiento J.

Human Collagenase (Matrix Metalloproteinase-1) Expression in the Lungs of
Patients with Emphysema. Am J Respir Crit Care Med 2001; 163: 786-791.

23



33.

34.

35.

36.

37.

38.

39.

Jaramillo JD, Wilson C, Stinson DJ, Lynch DA, Bowler RP, Lutz S, Bon JM, Arnold
B, McDonald ML, Washko GR, Wan ES, DeMeo DL, Foreman MG, Soler X,
Lindsay SE, Lane NE, Genant HK, Silverman EK, Hokanson JE, Make BJ, Crapo
JD, Regan EA, Investigators CO. Reduced Bone Density and Vertebral Fractures
in Smokers. Men and Copd Patients at Increased Risk. Annals of the American
Thoracic Society 2015; 12: 648-656.

Drost EM, Skwarski KM, Sauleda J, Soler N, Roca J, Agusti A, MacNee W.
Oxidative Stress and Airway Inflammation in Severe Exacerbations of COPD.
Thorax 2005; 60: 293-300.

Groenewegen KH, Dentener MA, Wouters EF. Longitudinal Follow-up of Systemic
Inflammation after Acute Exacerbations of Copd. Respiratory Medicine 2007,
101: 2409-2415.

Hurst JR, Perera WR, Wilkinson TMA, Donaldson GC, Wedzicha JA. Systemic and
Upper and Lower Airway Inflammation at Exacerbation of Chronic Obstructive
Pulmonary Disease. Am J Respir Crit Care Med 2006; 173: 71-78.

Pinto-Plata VM, Livnat G, Girish M, Cabral H, Masdin P, Linacre P, Dew R, Kenney
L, Celli BR. Systemic Cytokines, Clinical and Physiological Changes in Patients
Hospitalized for Exacerbation of COPD. Chest 2007; 131: 37-43.

Warming L, Hassager C, Christiansen C. Changes in Bone Mineral Density with Age
in Men and Women: A Longitudinal Study. Osteoporosis International 2002; 13:
105-112.

Hoyert DL, Xu J. Deaths: Preliminary Data for 2011. National vital statistics reports :

from the Centers for Disease Control and Prevention, National Center for Health
Statistics, National Vital Statistics System 2012; 61: 1-51.

24



	Title Page
	Committee Members
	Abstract
	Table of Contents
	List of Tables
	List of Figures
	Acknowledgements
	1.0 Introduction
	2.0 Methods
	2.1 Subject Selection
	2.2 Dual X-Ray Absorptiometry
	2.3 CT Scans
	2.4 Biomarker Measurements
	2.5 Statistical Analysis

	3.0 Results
	3.1 Subject Characteristics
	3.2 Prevalence of Low Bone Mineral Density and Accelerated Bone Mineral Density Loss
	3.3 Factors Associated with Accelerated Bone Mineral Density Decline
	3.4 Serum Biomarkers Associated with Bone Mineral Density Change

	4.0 Discussion
	4.1 Summary of Findings and Review of the Literature
	4.2 Strengths and Limitations
	4.3 Public Health Significance

	5.0 Conclusion
	Bibliography



