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Abstract

Background—Arterial stiffening is one of the hallmarks of vascular aging, and is an important
risk factor for cardiovascular morbidity and mortality. Aging is also associated with bone
demineralization. Accumulating evidence indicate that arterial stiffness and bone demineralization
might share common pathways. The aims of this study were to evaluate whether the association
between arterial stiffness and bone demineralization is independent of age, and to explore putative
mechanisms that may mediate their relationship.

Methods—A cross-sectional analysis was performed using data from 321 men (68 + 12 years)
and 312 women (65 + 13 years) of the Baltimore Longitudinal Study of Aging. Arterial stiffness
was assessed by carotid-femoral pulse wave velocity (PWV) and cross-sectional cortical bone area
(cCSA) was assessed at the level of the mid-tibia with CT imaging.

Results—Age was significantly correlated with PWV in men (r=0.38, p<0.0001) and women
(r=0.35, p<0.0001). Age was associated with cCSA in women (r=-0.14, p=0.0008), but not in
men. Age-adjusted linear regression analysis showed a significant inverse association between
PWYV and cCSA, in women but not in men. The association between PWV and cCSA remained
significant in women after adjusting for age, mean arterial pressure, obesity, menopause, drugs,
alcohol intake, physical activity, renal function, serum calcium, and total estradiol concentration.

Conclusions—Independent of age and other shared risk factors, arterial stiffness is inversely
related to cortical bone area in women. The sex-specific signaling and molecular pathways that
putatively underlie the cross-talk between central arteries and bone are not completely understood.
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INTRODUCTION

Aging is associated with structural changes of the arterial wall, which result in decreased
distensibility and increased arterial stiffness (1). Arterial stiffness can be evaluated by
measuring pulse wave velocity (PWV) between two sites in the arterial tree, with higher
PWV indicating greater stiffness (2). Arterial stiffness increases with advancing age even in
relatively healthy people who are at low risk for cardiovascular disease (3). In addition,
arterial stiffness is a predictor of mortality and morbidity (4,5), hypertension (6), and decline
in cognitive function (7).

Aging is also associated with bone demineralization, a process that is accelerated in women
compared to men (8). Several lines of evidence suggest that age-associated bone
demineralization and arterial calcification share common mechanisms and signaling
pathways (9).

We therefore sought to test the hypothesis that arterial stiffness (measured by carotid-
femoral PWV) is associated with bone demineralization (assessed by middle tibia cortical
cross-sectional area, cCSA) independent of age; and to explore putative mechanisms that
might mediate this relationship in a normative aging study population.

METHODS
Study design and patients

The Baltimore Longitudinal Study of Aging (BLSA\) is a prospective study of normative
aging conducted by the National Institute on Aging, Intramural Research Program since
1958. BLSA participants are healthy volunteers 21-96 years of age who undergo
standardized testing across multiple body systems over 2 to 3 days at regular intervals (10).
The study cohort for this cross-sectional analysis included all participants with pulse wave
velocity (PWV) and tibial CT scan data obtained during their regularly scheduled BLSA
study visit.

Pulse wave velocity (PWV)

PWV was measured with the participant supine in a quiet room. After simultaneous
acquisition of pressure waveforms in the right common carotid artery and right femoral
artery, pulse transit time between these two sites were automatically measured by the
Complior SP device ® (Artech Medical, Pantin, France), as previously described and
validated (11). The average of 3 measurements was used in the analyses.

Computed Tomography (CT) scan

A 10-mm axial slice of the tibia at 38% of the tibial length, renamed middle tibia, was
obtained using a Siemens Somatom Sensation 10 CT scanner. Each image was assessed for
quality and accurate positioning using ImageJ (NIH, Bethesda, MD). Middle tibia cortical
cross-sectional area, (cCSA) of the cortical bone was determined using Geanie software
(Bonalyse Qy, Jyvaskyla, Finland) and indexed to body mass index (BMI).
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Anthropometrics, smoking status assessment and physical activity level

Height (m) and weight (kg) were measured for all participants. BMI was calculated as body
weight in kilograms (kg) divided by their height in meters (m) squared (kg/m?). Obesity was
defined as a BMI of 30 and above. Systolic (SBP) and diastolic (DBP) blood pressure, mean
arterial pressure (MAP) and heart rate (HR) determinations were performed at the time of
PWV analysis with an oscillometric device (Dash 4000 ® Monitor, General Electric),
following a five-minute quiet resting period. Smoking status was ascertained by a
questionnaire that classified each subject as ever or never smoker. Alcohol intake data were
ascertained by a questionnaire that classified each subject as ever or never had alcohol
consumption in the last year before the visit. Medication use (antihypertensives, loop and
thiazide diuretics, and hypoglycemic agents), hormone replacement therapy (testosterone in
men, estrogens/progesterone in women) and calcium and/or vitamin D supplementation
were also verified at the time of the BLSA visit. Participants were classified with respect to
their levels of weekly physical activity and exercise program (metabolic equivalents, METs
per week) using validated standard questionnaires (12).

Laboratory Testing

Blood samples were drawn, at rest, from the antecubital vein after an overnight fast between
7 and 8 AM. Serum albumin was measured with a commercial enzymatic test (Roche
Diagnostics GmbH, Mannheim, Germany). Automated chemical analysis was used for
analysis of calcium and creatinine. Corrected calcium (Ca;) was computed as Ca.= (4.0 g
per dL — (plasma albumin)) x 0.8 + (serum calcium) (13). Estimated glomerular filtration
rate (eGFR) was computed according the Modification of Diet in Renal Disease Study
(MDRD) equation (14). Concentrations of plasma triglycerides and total cholesterol were
determined by enzymatic method (Abbott Laboratories ABA-200 ATC Biochromatic
Analyzer, Irving, Texas). The concentration of high-density lipoprotein (HDL) cholesterol
was determined by a dexstran sulfate-magnesium precipitation procedure. Low-density
lipoprotein (LDL) cholesterol concentrations were estimated by using the Friedewald
formula. The fasting plasma glucose concentration was measured by the glucose oxidase
method (Beckman Instruments, Inc., Fullerton, California). Total estradiol testing was
performed by Esoterix, Inc (Calabasas Hills, CA). Total estradiol was measured by 2-
dimensional liquid chromatography (HPLC) with mass spectrometry detection after liquid-
liquid extraction, yielding a lower limit of detection of 0.1 ng/dL, and between assay
coefficients of variation (CV) < 4%. Total testosterone (available in 317 out of 321 men and
in all women) was assayed using commercial radioimmunologic kits (Diagnostic Systems
Laboratories, Webster, TX). The minimum detectable concentration was 0.03 nmol/L; intra-
assay and inter-assay CV were 8.1% and 8.4%, respectively.

Statistical Analysis

For continuous variables, unpaired #test was used to compare means. Correlations between
variables were assessed with Pearson’s correlation coefficient (r). The associations between
PWV and cCSA were evaluated with hierarchical multiple linear regression analysis. The
interaction term between cCSA and sex was highly significant (p=0.0001), thus analyses
were performed separately in men and women. In the initial model, age, MAP, obesity,
menopause status (in women) and cCSA were included as independent variables (Model 1).
In Model 2, eGFR and serum calcium levels were added as covariates to Model 1. In Model
3, the effects of medications were evaluated by adding hormone replacement therapy,
antihypertensive medications, thiazide-type diuretics, and calcium/vitamin D
supplementation to Model 2. Subsequently, in Model 4, alcohol intake and physical activity
level were added to Model 3. Finally, in Model 5, total estradiol was added to Model 4.
Multi-collinearity among the covariates was tested using the variance inflation factor. Total
estradiol and total testosterone levels were log-transformed because of the skewed
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distribution and expressed as median and interquartile range. Data are expressed as means +
standard deviation (SD) or proportions. All analyses were performed using SAS (Version
9.1, Cary, NC) with significance set at P<0.05.

The study cohort consisted of 321 men aged 68 + 12 years and 312 women aged 65 + 13
years. Descriptive and clinical characteristics for these men and women are summarized in
Table 1. Sixty-three percent of men and 53% of women were Caucasian.

PWV was 7.1 + 1.9 m/s (range 3.0 — 15.5) in men, and was 6.5 + 1.8 m/s (range 2.8 — 15.4)
in women. Men with hypertension (n = 171) had higher PWV compared to non-hypertensive
men (n=150) (7.3 + 1.8 vs. 6.9 + 1.7, p=0.04, respectively). Women with hypertension
(n=104) had higher PWV compared to non-hypertensive women (n=208) (7.1 + 1.9vs. 6.2 £
1.7, p<0.0001, respectively). Men with diabetes (n = 33) had higher PWV compared to non
diabetic men (n=288) (7.8 £ 2.0 vs. 7.0 = 1.9, p=0.02, respectively). Women with diabetes
(n=8) had higher PWV compared to non diabetic women (n=304) (8.5+2.8vs. 6.4+ 1.8,
p=0.002, respectively).

Bivariate correlates of PWV are shown in Table 2. In men, PWV was directly correlated
with age (r=0.38, p<0.001) and inversely correlated with eGFR (r=—0.11, p<0.05). No
significant correlation between PWYV and cCSA was observed in men with or without
hypertension or diabetes. In women, PWV was directly correlated with age (r=0.37,
p<0.0001) and MAP (r=0.25, p<0.0001); and inversely correlated with eGFR (r=-0.20,
p=0.0003). An inverse correlation between PWV and cCSA was observed in women (r=
-0.22, p<0.0001), but not in men (r=0.07, p=0.21). Regression lines depicting the
relationship between carotid-femoral pulse wave velocity and cCSA are shown in Figure 1.

After adjusting for age, we found a significant inverse correlation between PWV and cCSA
in women (Standardized [Std] p = —0.17, p=0.001), but not in men (Std p = 0.05, p=0.33).
Next, we attempted to identify potential mediators of the association between PWV and
cCSA by successively adding variables known to influence PWV or bone demineralization
(Table 3). After adjusting for MAP, obesity and menopause status, the association between
PWV and cCSA remained highly statistically significant in women (Model 1) but not in
men. The association between PWV and cCSA remained unchanged after eGFR and serum
calcium levels were added to the model (Model 2). Similarly, this association was not
influenced by the addition of medications that affect PWV or bone demineralization (Model
3), or alcohol intake and physical activity levels (Model 4). Finally, the association between
PWV and cCSA still remained significant after adjusting for total estradiol levels (Model 5).
The fully-adjusted model (Table 3, Model 5) showed that, in women, for every SD decrease
in cCSA, PWYV increased by 0.14 SD. Notably, only three other variables remained
independently associated with PWV, with age providing the greatest contribution (Std p =
0.24, p=0.002), followed by menopause (Std g = 0.16, p=0.002), and hormone replacement
therapy (Std p = -0.13 p=0.01).

Our findings were not changed when the analyses were repeated with cCSA not indexed to
BMI or indexed to height.

DISCUSSION

In the present study we found an inverse association between arterial stiffness and bone
demineralization in women but not in men, independent of age and several confounders.
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Arterial stiffness and bone demineralization in women

Four previous studies that explored the association between arterial stiffness and bone
demineralization in women (15-18) also found an inverse relationship between these two
variables. It should be noted that these 4 studies focused on postmenopausal women,
measured bone mineral density with dual energy x-ray absorptiometry (DEXA), and all but
one (17) assessed PWYV at the brachial and ankle sites. In our study, we examined
community-dwelling women with a wide range of bone mineral density (BMD); we
assessed PWV at the carotid and femoral sites, which is the gold standard for the non
invasive assessment of arterial stiffness (11); and we measured BMD with computed
tomography, which, unlike DEXA, can distinguish between cortical and trabecular bone.
Using peripheral quantitative CT, Tanaka and colleagues also found a significant association
between arterial stiffness and para-articular trabecular bone loss at the distal radius, in
patients with rheumatoid arthritis (19).

We found that every SD decrease in cCSA is associated with a 0.14 SD increase in PWV.
Although this effect size is quite modest, it is not very surprising as age is the main
determinant of PWV. Previous studies that explored the relationship between PWV and
BMD reported somewhat stronger effect sizes. Sumino et al. (15) found that in
postmenopausal women (n=95), after adjusting for age, years since menopause, systolic and
diastolic blood pressure, every SD decrease in lumbar spine bone mineral density (BMD) is
associated with a 0.26 SD increase in PWV. Similarly, Frost et al. (17) found that in
postmenopausal women (n=54), after adjusting for age, mean arterial pressure, total
cholesterol, LDL, HDL, triglycerides, every SD decrease in total hip BMD is associated
with a 0.25 SD increase in PWV; and every SD decrease in lumbar spine BMD is associated
with a 0.17 SD increase in PWV.

Arterial stiffness and bone demineralization in men

In our study, we did not find an association between PWV and cCSA in men. Similarly,
Benetos and colleagues (20) did not observe an association between osteoporosis and aortic
stiffness in seemingly healthy French men over the age of 60. On the other hand, a clinical
study in Japanese men spanning a very large age range (21-80 years), found a correlation
between brachial ankle PWV and the osteo-sono index, an ultrasound-based method for
detecting osteoporosis (21). However, the osteo-sono index represents a surrogate marker of
BMD and reflects elastic properties that may be relatively independent of bone
mineralization.

Putative mediators of the relationship between arterial stiffness and bone demineralization

Both arterial stiffening and bone demineralization are highly regulated processes. A number
of mechanisms may explain the association between arterial stiffness and bone
demineralization (9). For example, elastin breakdown may stimulate calcium deposition
(22). Elastin degradation products produce cathepsin S, a proteinase that is regulated by
inflammation; is overexpressed in diseased arteries and can trigger osteogenesis (22).

Moreover, experimental studies have shown that under appropriate conditions, cells either
residing in the vascular wall (smooth muscle cells, SMC) or precursor cells with the
potential for mesenchymal differentiation acquire osteogenic properties, a process that
appears to be regulated by bone morphogenetic protein (BMP), Smad6 and core-binding
factor a-1 (cbfa-1) signaling pathways. These osteoblast-like cells deposit bone matrix
proteins that can subsequently become mineralized. In addition, matrix vesicles and
apoptotic bodies from vascular SMC can also become calcified, a process that appears to be
regulated by fetuin-A and matrix Gla protein (MGP) (9). Recently, Pirro et al. (23) found
that postmenopausal osteoporotic women have both high PWV and circulating immature
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osteoprogenitor cells (OPCs) compared to hon-osteoporaotic subjects, and that the number of
circulating OPCs was directly associated with PWV. Hence, although circulating OPCs are
believed to play a beneficial influence on bone by actively contributing to mineralization
(24), it is also possible that circulating cells expressing both stem cell and osteogenic
markers (i.e. CD34, alkaline phosphatase and osteocalcin), may have a role in the process of
arterial stiffening (23).

In our study, we evaluated several clinically available markers that are plausible mediators
of the age-independent and inverse relationship between arterial stiffness and bone
demineralization (Table 3), but none of them significantly altered the association between
PWV and cCSA. However, an important finding in our study is that the relationship between
arterial stiffness and bone demineralization is sex-specific, suggesting that mediators of this
association are probably differentially regulated between men and women. Inorganic
phosphorus, which was not assessed in our study, is a putative candidate mediator: Serum
phosphorus levels differ between men and women (25). Estradiol influences phosphorus
levels (26). In women, serum phosphorus levels are increased and urine phosphorus levels
are decreased after menopause (27). In community-living older men, higher serum estradiol
and testosterone levels are each independently associated with lower serum phosphate levels
(28). Importantly, phosphorus can induce vascular SMC to calcify in vitro (29), and
phosphorus levels are associated with arterial calcification (30) and vascular stiffness
(31,32) as well as cardiovascular disease and all-cause mortality (33, 34).

Interestingly, menopause and hormone replacement therapy were the only two variables
beyond age and cCSA that remained independently associated with PWV. Their relationship
with PWV was in opposite direction to each other. This suggests that the previously reported
sex differences in arterial stiffness (35) may be related to differential effects of sex
hormones on arterial structure and function (36).

Study limitations

Our results suggest that pathways differentially regulated by sex hormones, particularly
those involving mineral metabolism, may play a pivotal role in mediating the association
between arterial stiffness and bone mineral density. A major limitation of our study is that
we did not measure any sex hormone beyond total estradiol and total testosterone, nor did
we measure any marker of mineral metabolism beyond serum calcium (e.g. intact
parathyroid hormone, 25-hydroxy-vitamin D, inorganic phosphorus).

This study is based on previously collected data. A pre-hoc analysis was not performed in
order to ensure the absence of type Il error in the lack of significance regarding men. The
cross-sectional nature of this study does not allow us to ascertain whether arterial stiffness
precedes or follows bone demineralization. Since eGFR is not accurate at a true GFR level
>60, we cannot exclude residual confounding by subtle differences in kidney dysfunction.

Despite the aforementioned limitations, this study has several unique strengths. First, this
study measured carotid-femoral PWV, which is the gold standard for the non-invasive
assessment of arterial stiffness (2), and used a state of the art method to assess bone density.
Second, this study was performed in the context of a normative aging study that included
both sexes with careful assessment of several potential confounders of the arterial stiffness/
bone demineralization relationship. Finally, all analyses were performed separately by sex,
given important sex differences in age-associated bone demineralization (accelerated in
women) and arterial stiffening (accelerated in older women) (3).
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The present study provides evidence for an inverse association between arterial stiffness and
bone demineralization in women but not in men, independent of age and several
confounders. The sex-specific signaling and molecular pathways that putatively underlie the
cross-talk between central arteries and bone are not completely understood and warrant
further investigation.
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Figure 1.
Regression lines (best fit lines) depicting the relationship between carotid-femoral pulse
wave velocity and cortical middle tibial cross-sectional area (CCSA).
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Table 1

Descriptive and clinical characteristics of the study cohort

Men (n = 321)

Women (n = 312)

Demographics

Age (years)

BMI (kg/m?)

Caucasian (n, %)

Smoking (n, %)

Physical activity level (METs/week)
Hypertension (n, %)

Diabetes (n, %)

Post menopause status (n, %)
Age at menopause (years)
Cardiovascular parameters
SBP (mmHg)

DBP (mmHg)

MAP (mmHg)

HR (beats/min)

PWV (m/s)

Medications
Antihypertensive drugs (n, %)
Loop diuretics

Thiazide diuretics
Hypoglycemic agents (n, %)
Hormone replacement therapy (n, %)
Calcium supplements (n,%)
Vitamin D supplements (n,%)
Calcium and Vitamin D supplements (n,%)
Laboratory

Fasting glucose (mg/dl)
Creatinine (mg/dl)

Albumin (g/dl)

eGFR (ml/min/1.73m?2)

Ca; (mg/dl)

Total cholesterol (mg/dl)
LDL- cholesterol (mg/dl)
HDL- cholesterol (mg/dl)
Triglycerides (mg/dl)

Total Estradiol (ng/dl)

Total Testosterone (ng/ml)

Computed tomography scan

Cortical CSA (mm?)

68 + 12
27+4
204 (63)
146 (45)
107 + 74
171 (53)
33 (10)

128 +17
70+9
89+ 10
63+9

71+19

171 (53)
12 (4)
54 (16)
33 (10)
20 (6)
19 (6)
15 (5)
43 (13)

96 + 15
1.1+£02
41+0.3
74+ 15
9.2+0.3
182 +37
108 +32
54+ 14
100 + 62

22097

453 (211)

241+ 29

65+13
26+5
184 (53)
127 (41)
106 + 65
104 (33)
8(2)
241 (77)
49+6

123+20
64+9

83+11
66+9

65+1.8

104 (33)
4(1)
54 (17)
8(2)
80 (25)
40 (13)
22 (7)
76 (24)

90+13
09+0.2
41+03
74+17
9.2+04
199 +38
115+ 34
65+17
98 + 48

0.5(0.8) "

23.7(135) "

180 + 22
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*
median, interquartile range.

Abbreviations: BMI, body mass index; Cac, corrected calcium; CSA, cross-sectional area; DBP, diastolic blood pressure; eGFR, estimated

glomerular filtration rate; HDL, high-density lipoprotein; HR, heart rate; LDL, low-density lipoprotein; MAP, mean arterial pressure; PWV, pulse
wave velocity; SBP, systolic blood pressure.
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Bivariate correlates of PWV

Table 2

Pulse Wave Velocity

Men Women

r P-value r P-value
Age 0.38 <0.0001 0.36  <0.0001
Mean Arterial Pressure 0.10 0.06 0.25  <0.0001
Heart Rate -0.01 0.99 0.09 0.16
Smoking Status 0.03 0.55 -0.03 0.51
Menopausal Status 0.23  <0.0001
eGFR -0.11 0.03 -0.20 <0.001
Serum Calcium 0.03 0.54 0.01 0.57
Hormone Replacement Therapy  0.01 0.89 -0.08 0.14
Antihypertensives 0.11 0.043 0.24  <0.0001
Physical Activity Level -0.21 <0.001 -0.22 <0.0001
Total Estradiol -0.10 0.06 -0.26  <0.0001
Cortical CSA 0.07 0.21 -0.22 <0.0001

Abbreviations: CSA, cross-sectional area; eGFR, estimated glomerular filtration rate.
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