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Abstract

We tested whether the association between bone mineral density (BMD) and coronary artery
calcification (CAC) varies according to dyslipidemia in community-living individuals. Between
2002 and 2005, 305 women and 631 men (mean age of 64 years) and naive to lipid-modifying
medications and estrogen use were assessed for spine BMD, CAC, and total (TC), HDL- and
LDL-cholesterol and triglycerides.
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Greater bone density is associated with less atherosclerosis in women with dyslipidemia but not in women without dyslipidemia.
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Participants—Random sample of participants from the Multi-Ethnic Study of Atherosclerosis
(MESA) without clinical cardiovascular disease.

Predictor variable—Spine BMD at the L3 vertebrate by computer tomography (CT).
Main outcome—CAC prevalence by CT.
Effect Modifier—Total cholesterol to HDL ratio (TC:HDL) = 5.0.

Results—The association of BMD with CAC differed in women with TC:HDL < 5.0 vs. higher
(p-interaction =0.01). In age and race adjusted models, among women with TC:HDL < 5.0, each
SD (43.4 mg/cc) greater BMD was associated with a 25% lower prevalence of CAC (Prevalence
Ratio [PR] 0.75, 95% confidence interval [CI] 0.63-0.89), whereas among women with higher
TC:HDL, higher BMD was not significantly associated with CAC (PR 1.22, 95% CI 0.82-1.82).
Results were similar using other definitions of hyperlipidemia. In contrast, no consistent
association was observed between BMD and CAC in men irrespective of the TC:HDL ratio (p
interaction 0.54).

Conclusion—The inverse association of BMD with CAC is stronger in women without
dyslipidemia. These data argue against the hypothesis that dyslipidemia is the key factor
responsible for the inverse association of BMD with atherosclerosis.

INTRODUCTION

Previous studies indicate that calcium deposition is associated with atherosclerosis (1, 2) and
calcified atherosclerosis is a useful marker of cardiovascular disease risk.(3) Epidemiologic
reports have reported inverse associations between bone mineral density (BMD) and
calcified atherosclerosis, independent of their shared risk factors including age, sex, race/
ethnicity, cigarette smoking, and physical activity.(4-8) Potential confounding factors such
as sex hormones, interleukin-6, and parathyroid hormone have not accounted for this
association.(5-7, 9) A leading explanation for the inverse association of BMD with calcified
atherosclerosis implicates dyslipidemia.(10-13) Experimental studies show the common
monocytic origin of multi-nucleated macrophages and osteoclasts and their dependence on
exogenous LDL cholesterol.(14) Parhami and colleagues demonstrated that oxidized low
density lipoprotein (LDL) inhibits osteoblastic differentiation of bone marrow stromal cells,
(15) and also induces the calcification of vascular cells.(16) Atherosclerosis-susceptible
mice fed with high-fat diets develop greater atherosclerosis and reduced bone mineralization
when compared to control mice.(17) Translating these findings to humans would suggest
that the inverse association of BMD with calcified atherosclerosis might be exaggerated in
persons with dyslipidemia.

We previously reported that an association between BMD and calcified atherosclerosis was
not attenuated after adjusting for dyslipidemia. We did not investigate the potential for
effect-modification.(8) To our knowledge, whether or not the association between BMD and
coronary artery calcification (CAC) differs according to dyslipidemia in community-living
individuals has not been investigated in humans. To test this hypothesis, we used volumetric
lumbar trabecular bone mineral density (vBMD), CAC, and abdominal aortic calcium
(AAC), all measured by computed tomography (CT), in an ethnically diverse sample of
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community-living men and women who were free of clinical cardiovascular disease and not
taking lipid-lowering or hormone replacement medications.

Details of the Multi-Ethnic Study of Atherosclerosis (MESA) have been published.(18) In
brief, the MESA is an observational cohort of volunteers recruited between July 2000 and
August 2002 from six field centers in the United States. The study population consists of
6,814 men and women who were aged 45 to 84 years and identified themselves as Non-
Hispanic White, Chinese American, African-American or Hispanic, who were free of
clinical cardiovascular disease.

This report is based on a random sample of MESA participants who were also participants in
MESA Abdominal Aortic Calcium Study (MESA-AACS). MESA-AACS participants were
recruited during one of two follow-up visits between August 2002 and September 2005 from
five of the six MESA field centers: Chicago, Illinois; Forsyth County, North Carolina; Los
Angeles County, California; New York, New York; and St. Paul, Minnesota. Of 2202
MESA potential participants, 2172 agreed to participate, and 1974 satisfied eligibility
criteria, including no recent abdominal CT, known post-menopausal status, and completed
scanning. Among these, 1926 provided scans that allowed measurement of lumbar spine
vBMD. To avoid pharmacologic effects, 255 women and 256 men were excluded based on
reported prior or current use of lipid-lowering medications (statins, niacin, fibrates, and/or
cholestyramines). An additional 365 women were excluded due to use of postmenopausal
hormone therapy in the past 2 years, 16 were excluded due to missing medication data, and
98 were excluded for missing lipid or covariate data resulting in a final analytic sample
included 936 participants (305 women and 631 men). Written informed consent was given
by each participant, and institutional review board approval was obtained from participating
academic centers.

Computed Tomography Scanning

Participants were randomly selected for CT scanning of the chest at one of two clinical visits
between August 2002 and September 2005. Scans were performed either with an ECG-
triggered (at 80% of the RR interval) electron-beam CT scanner (Chicago and Los Angeles;
Imatron C-150, Imatron)(19) or with prospectively ECG-triggered scan acquisition at 50%
of the RR interval with a multidetector CT system(20) that acquired 4 simultaneous 2.5-mm
slices for each cardiac cycle in a sequential or axial scan mode (New York, Forsyth County,
and St. Paul field centers; Imatron C-150 and Sensation 64, GE Lightspeed, Siemens S4+
Volume Zoom and Siemens Sensation 16). For accuracy, two chest scans were performed
for each individual.

CT of the abdominal aorta was performed a single time for each individual. For electron-
beam CT, scanners were set as follows: scan collimation of 3mm; slice thickness of 6mm;
reconstruction using 25 6mm slices with 35 cm field of view and normal kernel. For multi-
detector CT, images were reconstructed in a 35 cm field of view with 5mm slice thickness.
Participants were scanned along with phantoms of known physical calcium concentration to
convert CT numbers directly to equivalent vBMD in mg/cc.
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Calcium Scoring

Scans were read centrally by the MESA CT Reading Center at Harbor-University of
California, Los Angeles Research and Education Institute. Calcium scores among scanning
centers and between participants were adjusted with a standard calcium phantom scanned
simultaneously for each participant. At least two adjacent pixels with an attenuation
coefficient >130 Hounsfield units (modified to adjust for section thickness) defined a
calcified lesion, and the average coronary calcium scores across the two scans taken
concurrently was calculated using the method of Agatston.(21) Calcium was considered
present given an Agatston score greater than 0. Rescan agreement was found to be high with
both electron beam tomography and multi-detector CT scanners.(22) Interobserver
agreement and intraobserver agreement were very high (x=0.93 and 0.90, respectively).(23)

Bone density measurement

CT data were collected using the Image Analysis QCT 3D PLUS software program (Image
Analysis, Columbia, Kentucky) during follow-up visits. Measurements of vBMD in a virtual
10mm-thick slice of trabecular bone from each vertebra (L2 to L4) used software directed,
automated placement of the region of interest (ROI) in the anterior one-half to one-third of
the vertebral body where it 1) encompassed a large area exclusively of trabecular, or
cancellous bone, 2) excluded cortical bone, and 3) excluded the basivertebral plexus. Scans
were read centrally at the MESA CT Reading Center at Harbor-University of California
Medical Center (Los Angeles, California) by a trained reader blinded to arterial calcium
scoring. The reader examined each ROI and changed its placement to exclude vertebral
abnormalities such as bone islands and diffuse density variations or to exclude an entire
vertebra from measurement if the following abnormalities were noted: fractures, metastatic
lesions, osteophytes, benign focal lesions within the vertebra, any other vertebral pathology.
The present analyses use vBMD from the third lumbar vertebra, the most commonly
readable vertebra for all participants.

In a random sample of 25 scans re-read on three occasions by the blinded scan reader, there
was 100 percent agreement in inclusion or exclusion for each vertebra (L2-L4) and no
evidence of systematic differences between reads or a time effect in the data.

Clinical measurements

Participants completed a clinical examination and detailed questionnaire. Age, sex, race/
ethnicity, current medications (based on self report and examination of pill bottles), physical
activity patterns (mets x min/week), cigarette smoking history (ever/never/former), and
previous medical diagnoses were recorded. In addition, alcohol consumption (never/former/
current and average drinks per week) were calculated from a self-administered food
frequency questionnaire and dietary supplement form. Body mass index was calculated as
mass in kilograms divided by height in meters squared. Blood pressure was measured three
times with participants at rest in the seated position. The average of the last two
measurements was used to define hypertension as systolic pressure =140 mm Hg or diastolic
pressure 290 mm Hg or current use of antihypertensive medication.
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Laboratory measurements

Fasting (8-hour) morning plasma glucose was measured upon enroliment between July 2000
and August 2002, using standard laboratory methods previously described.(18) Diabetes was
defined by a baseline fasting plasma glucose =126 mg/dL or the use of hypoglycemic
medications.

Total cholesterol, high density lipoprotein cholesterol (HDL-C), and triglycerides were
measured from morning fasting blood samples (Roche Diagnostics, Indianapolis, IN 46250).
Analyses reported here use measurements ascertained between 2002 and 2004, that were
concurrent with the time of the CT scans for vBMD, CAC, and AAC. Low density
lipoprotein (LDL) cholesterol was calculated by the Friedewald equation.(24)

The total cholesterol:HDL cholesterol (TC:HDL) ratio was chosen because of its robust
associations with CVD, and because no other lipid measure has been shown to improve
power for CVD outcomes in epidemiologic studies and randomized clinical trials after first
considering TC:HDL..(25) For interpretability of interactions and comparison, a cut point of
less than 5 was chosen for TC:HDL.(26) For secondary dyslipidemia measures, cut point
were based on NCEP ATPIII guidelines as follows: total cholesterol greater than 240
mg/dL; LDL cholesterol greater than 160 mg/dL; HDL cholesterol less than 40 mg/dL;
triglycerides greater than 200 mg/dL.(27)

Statistical Analyses

RESULTS

All analyses were stratified by sex based on the well-known sex differences of CAC (28)
and vBMD in men and women.(29) Chi-square tests and generalized linear models were
used to compare distributions of categorical and continuous variables, respectively. Because
the odds ratio requires the rare disease assumption to accurately estimate the relative risk,
and the prevalence of CAC and AAC were each > 50% in the study sample,(30) the
association between vBMD and presence of calcified atherosclerosis was evaluated using
relative risk estimates using a generalized linear regression model with log link, Gaussian
error, and robust estimates of variance. The relative risk estimates were reported here as a
prevalence ratios given the cross-sectional study design. Tests of interaction of vBMD by
dyslipidemia status were performed first after adjustment for age and race/ethnicity, and
then after adjustment for other covariates including potential CVD and osteoporosis risk
factors as well as other covariates determined a priori from literature review. Covariates
were added individually to models to inspect their potential effects on the interaction.
Changes in direction of prevalence ratio for either lipid stratum or changes from statistically
significant interactions were reported as material changes in the results

The sex-specific characteristics of 936 study participants by TC:HDL ratio are shown in
Table 1. The average age was 64 years in woman and 63 years in men. Non-Hispanic white
participants were 20% of women and 37% of men. Prevalence of CAC, AAC and TC:HDL-
defined dyslipidemia was 34%, 64% and 15% in women and 55%, 67% and 24% in men,
respectively. Using ATPIII criteria based definitions for dyslipidemia, hyperlipidemia by
each measure was more common among participants with TC:HDL=5 (p<0.001 for each).
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Table 2 presents age- and race/ethnicity- adjusted characteristics for each sex according to
TC:HDL ratio. In these analyses, high TC:HDL ratio was associated with AAC prevalence
in both sexes, and also with CAC in women. Men with high TC;HDL ratio consumed less
alcohol and had higher BMI; results not observed in women.

Figure 1 displays the age- and race/ethnicity- adjusted prevalence ratio for CAC or AAC
associated with a one standard deviation greater vBMD (43.4 mg/cc in women and 39.1
mg/cc in men) according to each defined category of dyslipidemia. Greater vBMD was
consistently associated with lower prevalence of CAC in women without dyslipidemias,
whereas among women with dyslipidemia, the point estimates for greater vBMD trended
towards greater prevalence of CAC although the associations were not significant within this
strata. P-values for interaction were statistically significant for TC:HDL ratio and
triglycerides in women (P interaction = 0.002 and 0.01, respectively). In women, the
association of vBMD with AAC showed a similar pattern to CAC, but no statistically
significant interactions were detected. In men, the associations of vBMD with AAC and
CAC were much more modest in strength, and did not show significant differences
according to lipid levels (all p-interactions > 0.15). We additionally evaluated whether the
association of vBMD with CAC differed by diabetes status, and observed no evidence of
effect modification in either sex (P interaction = 0.92 in women and 0.78 in men). We also
conducted a sensitivity analysis excluding 11 women and 2 men that were taking
bisphosphonates at the time of the baseline study visit. Results were essentially unchanged
in the remaining subjects (data not shown).

Table 3 displays associations between one SD greater vBMD with CAC and AAC by
dyslipidemia groups, after adjustment for age, race/ethnicity, body mass index,
hypertension, diabetes, alcohol consumption, cigarette smoking, and physical activity.
Patterns were similar to those in Figure 1, and were not materially attenuated with addition
adjustment.

DISCUSSION

We tested the hypothesis that serum lipid levels may modify the association between vBMD
and calcified atherosclerosis in a sample of community-living participants without clinical
cardiovascular disease and naive to lipid-modifying medications and hormone replacement
therapy. We found that the inverse associations between vBMD and calcified atherosclerosis
were limited to women without dyslipidemia and to the CAC endpoint. In men, the inverse
association of vBMD with CAC and AAC were more modest and often altogether absent,
and we observed no evidence of effect modification by lipid status.

An atherosclerosis-lipid-bone model has been proposed to explain relationships between low
vBMD and atherosclerosis.(11, 13) In this construct, LDL and oxidative stress result in
oxidized LDL, a strongly atherogenic class of compounds that promote osteoblastic
differentiation of resident vascular cells.(16) Plaque formation takes place in arterial sites
within the highly-vascularized bone tissue.(10) Here, oxidized LDL stimulates bone marrow
stromal cells, which are located adjacent to the subendothelial matrix of bone vessels, to
favor adipogenic rather than osteoblastic differentiation.(31) The result is simultaneous
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arterial calcification and skeletal bone loss. These elegant hypothesis supported laboratory
studies would suggest that individuals with dyslipidemia might be predisposed to
simultaneous bone loss and vascularization. The present study is the first epidemiologic
study to our knowledge to investigate the atherosclerosis-lipid-bone model in humans. In
women, we observed that the inverse association of vBMD with calcified atherosclerosis
was confined to women without dyslipidemia. Conversely, the atherosclerosis-lipid-bone
model suggests that dyslipidemia is the key factor responsible for the inverse association of
vBMD with calcified atherosclerosis. Thus, the present study does not support the
atherosclerosis-lipid-bone model in community-living individuals naive to lipid lowering
and hormone replacement medications.

Other mechanisms may explain the inverse association of vBMD with calcified
atherosclerosis. Oxysterols, active components of oxidized LDL,(32) include numerous
oxygenated derivatives of cholesterol and can be found in the circulation and body tissues as
a result of dietary intake, auto-oxidation of cholesterol, and the action of mono-oxygenases.
(33) In a recent series of experiments, various oxysterols demonstrated strong osteogenic
effects including inhibition of the adipogenic effects of oxidized LDL on marrow stromal
cells and promotion of osteoblastic differentiation of these cells through multiple effects.
(34) In related experiments, oxysterols stimulated the calcification of osteoblast-like
vascular smooth muscle cells.(35) The actions of oxysterols vary according to their
combinations and concentrations, which also vary widely in human tissues.(32) These
findings also raise the testable hypothesis that osteoblastic combinations of oxysterols
predominate in dyslipidemic states but not normal lipid states. Future studies will be
required to test this hypothesis.

Alternatively, abnormal regulation of mineral metabolism may account for the inverse
association. For example, higher serum phosphorus levels have recently been associated
with calcified atherosclerosis independent of kidney function, other markers of mineral
metabolism (calcium, vitamin D, and parathyroid hormone), and traditional CVD risk
factors (36), and studies in animal models have provided insight into putative mechanisms.
(37) Estradiol has phosphaturic properties (38, 39), and as a consequence, post-menopausal
women consistently have higher serum phosphorus levels than similarly aged men (40-42).
Future studies should evaluate whether regulation of phosphorus may account for sex
differences in the inverse association of vBMD with calcified atherosclerosis.

This study benefited from a population-based sample of both men and women, and state-of-
the-art measurements of calcified atherosclerosis and vBMD. (43) Participants taking the
most common pharmacologic therapies for dyslipidemia and bone loss were excluded, thus
minimizing confounding by a pharmacologic effect. Conclusions from the study are
bolstered by investigation of multiple definitions of dyslipidemia. The study also has
limitations. Accordingly, the presence of a multi-ethnic population sample is a study
limitation. Further, this study used measures of vBMD and calcified atherosclerosis taken at
one-point in time, so temporal relationships of associations could not be addressed. The
study sample was limited to persons without prevalent CVD, and not taking lipid lowering
or hormone replacement therapies. Results may differ in other settings. We lacked data on
glucocorticoid use. Lastly, additional markers of osteoporosis and skeletal health (vitamin
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D, parathyroid hormone, thyroid hormone, sex hormones, and markers of bone turnover)
were not available.

In conclusion, the inverse association of vBMD with calcified atherosclerosis is stronger in
women without dyslipidemia. These data argue against the hypothesis that dyslipidemia
alone is responsible for the inverse association of vBMD with atherosclerosis. Further
laboratory and population-based investigations are required to investigate other factors that
may explain the inverse association of vBMD with atherosclerosis.
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Figure 1.

a=p<0.05 for bone density by dyslipidemia interaction.

“=" or “+” indicates absence or presence of dyslipidemia based on the following criteria:
total cholesterol to HDL ratio (TC:HDL) = 5.0; total cholesterol (TC) = 240 mg/dL; LDL-
cholesterol = 160 mg/dL; HDL-cholesterol <40 mg/dL; triglycerides (TRIG) = 200.

“=" error bar continue.
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