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Little is known about early coincidental changes in bone and vascular properties, particularly in the context 
of skeletal anabolism (puberty) versus relative equilibrium (young adulthood). We aimed to determine if 
subclinical markers of vascular function were associated with bone mineral content (BMC) and to evaluate 
the contribution of systemic factors in healthy females ages 14-42 years. Endothelial function was assessed by 
flow mediated dilatation (FMD), arterial stiffness by pulse wave velocity (PWV) and augmentation index 
(AIx), blood pressure (BP) by sphygmomanometer, BMC by DXA, and systemic factors by fasting blood draw.  
General linear models controlled for age, race and height indicated a positive association between systolic BP 
(SBP) and BMC independent of systemic factors. When stratified by age using 19 years as a cut-point, there 
was an inverse relationship between AIx75 in adolescents with insulin (P<0.10) or inflammatory markers 
(P<0.10) in statistical models. Conversely, there was a positive relationship between BMC and both PWV and 
AIx75 in young adults (P<0.05). The link between bone and the vasculature may be life stage-dependent. In 
the context of a less dynamic microenvironment in young adult females, metabolic factors appear to moderate 
less of an effect of hemodynamic properties on the skeleton relative to adolescents. 
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Introduction 
 

Traditionally, cardiovascular disease (CVD) has been 
viewed either in the context of metabolic disease or as 
a distinct entity occurring solely as a consequence of 
aging. Numerous factors have been identified as contri- 
butors to CVD, yet vascular calcification is a key deter- 
minant in mortality risk (1). Vascular calcification has 
recently been associated with osteoporosis. Although 
undoubtedly progressive in nature, mere attribution of 
skeletal and vascular disease as age-related artifacts 
largely overlooks the mechanistic intersection whereby 
skeletal processes overlap those of the vasculature. Wo- 
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men with low bone density have been shown to be at 
significantly greater risk of vascular calcification than 
age-matched controls (2), and low bone density has 
been associated with CVD risk indicators (e.g., hyper- 
tension, stroke, atherosclerosis) (3-6). Accordingly, coinci- 
dental suboptimal bone mass and earlier onset vascular 
calcification represents an emerging concern. Indepen- 
dently, the manifestation of risk factors for future disease 
progression has been identified as early as adolescence.   
Identifying connections of vascular and bone pheno- 
type may lend valuable insight into disease progression. 

The skeleton and the vasculature are continuously re- 
modeled throughout life for maintenance of integrity and 
function, although actions differ across the life course. In 
terms of the skeleton, mineralization is favored over re- 
sorption to support bone mass accrual until peak height 
is reached, resulting in an approximately 40% increase in 
bone mass throughout adolescence. From the end of 
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the rapid growth stage through early adulthood, deposi- 
tion and resorption are relatively balanced and bone 
mass increases approximately 15% under normal condi- 
tions. At around 40-50 years of age, resorption outpaces 
deposition resulting in a progressive loss in both sexes.  
Calcification of vessels follows an opposing course, such 
that wall thickness is progressively increased and artery 
lumen patency is reduced.  

In general, the process of vascular calcification occurs 
in the tunica intima of atherosclerotic plaques, promo- 
ting plaque rupture as well as stiffening of the vessel (7). 
Speculatively, extracellular levels of calcium and the 
pro-inflammatory milieu act as potent accelerators of 
this pathological process (7-9), whereby calcium from 
the unstable bone matrix is liberated from hydroxy- 
apatite into circulation altering cellular signaling and res- 
ponse processes within the vasculature. For example, a 
number of investigations have demonstrated an in- 
creased osteogenic capacity of vascular smooth muscle 
cells (VSMC) with increased exposure to calcium, with 
subsequent decreased vascular elasticity, increased 
arterial stiffness and endothelial dysfunction (10-13). In 
turn, osteogenic VSMC-induced calcium deposition in 
the vessels has been associated with decreased values 
of bone density and greater incidence of coronary 
events (14). Accumulating evidence suggests that as 
bone mineral resorption accelerates, the process out- 
paces bone mineralization and the increased calcium in 
circulation may impact degree of deposition into the 
vasculature. 

The atherosclerotic process leading to vascular calcifi- 
cation begins in youth, with evidence of subclinical signs 
of vascular compromise appearing as early as adole- 
scence (12, 15-18). Elevated blood pressure and arterial 
stiffness are becoming increasingly common among 
adolescents. Impairments in skeletal integrity have also 
been evidenced in adolescence, with the time encom- 
passing peak bone mass accrual, the commonly impli- 
cated period impacting long-term bone health. The 
subclinical signs of impaired and/or surrogate measures 
of vascular calcification, as well as assessment of bone 
mass, can be conducted non-invasively. Despite similar 
and overlapping pathways, few investigations have 
been directed at the bone and vasculature intersection, 
and even fewer have taken into consideration life stage 
dependent differences. We aimed to identify whether 
intermediate endpoints of vascular calcification are asso- 
ciated with skeletal parameters during adolescence, a 
dynamic stage of vascular and skeletal remodeling, and 
young adulthood, a steady stage primarily involving 
maintenance processes. Age 19 years was used as the 
cut-point since the majority of BMC (~90%) is accrued by 

the end of adolescence. We hypothesized that in both 
adolescents and young adults bone mineral content 
(BMC) would be inversely associated with blood pre- 
ssure, arterial stiffness and endothelial dysfunction. 
 
Methods 
 
Participants 
A total of 87 females (59.3% AA), ages 18-42 years, from 
two observational cohort studies conducted between 
January 2010 and September 2011 at University of Ala- 
bama at Birmingham (UAB): the VIVID and DIVA studies 
(Clinical Trial Registration Numbers: NCT 01041547 & NCT 
01041365, respectively), were included. Exclusion criteria 
were self-reported history of diabetes, hypertension, or 
any other condition known to influence insulin sensitivity 
or vascular function, such as polycystic ovary syndrome; 
anti-hypertensive, glucose-controlling, or lipid-lowering 
medications; current smoking status; lactose intolerance; 
non-ambulatory; or measured BMI >95 percentile for age 
and sex according to the Centers for Disease Control 
and Prevention growth charts for adolescents (19) or 
>32 kg·m-2 for adults. Only adolescents who were menar- 
chal and in Tanner stage ≥4 for breast and pubic hair 
development were included in the ≤19 year -old group. 
We limited the age to 42 years as to correspond with the 
bone life stage per study objectives. Dietary supplemen- 
tal use was not reported by any participants. Each 
protocol was approved by the Institution Review Board 
for human participants at UAB. Written informed consent 
(parent consent and subject assent for those less than 19 
years of age) was obtained before entry to the study. 
 
Protocol 
Participants completed all analyses over the course of 
two visits, no more than one week apart. For the first visit, 
participants arrived at the CRU after a 12-hour fast for a 
blood draw, followed by body composition analyses in 
the Department of Nutrition Sciences. The second visit 
consisted of vascular function assessments, in which par- 
ticipants came to the Diabetes Research Training Cen- 
ter’s Human Physiology Core Cardiodynamic Laboratory 
having fasted for more than eight hours. 
 
Cardiovascular parameters 
Averaged, seated systolic (SBP) and diastolic (DBP) 
blood pressure were obtained in the UAB Center of 
Clinical and Translational Science’s Clinical Research 
Unit with three consecutive readings. 

Flow-mediated dilatation (FMD) was used as a para- 
meter of endothelial function, while peak wave velocity 
(PWV) and augmentation index adjusted to a heart rate 
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of 75 beats per min (AIx75), were used as indicators of 
arterial stiffness. Radial pulse wave analysis (PWA), 
carotid-femoral PWV and FMD testing were conducted 
by a single physician. FMD was measured by brachial 
ultrasound imaging with a 7.5 MHz linear-array probe 
(Philips HP Agilent Sonos 5500, Andover, MA) according 
to standard guidelines (20). Radial PWA for assessment 
of AIx75 and carotid-femoral PWV were performed using 
SphygmoCorapplanation tonometry system (AtCor Me- 
dical, Sydney, Australia) as previously described (21). 
However, PWV was only performed in adults ≥19 years as 
this assessment has only been validated in the adult 
population. 
 
Serum analysis 
Blood samples were obtained after a 12-hour fast, from 
which 25-hydroxy vitamin D (25OHD) and markers of 
inflammation [interleukin 6 (IL6), C-reactive protein (CRP), 
vascular endothelial growth factor (VEGF)] were mea- 
sured. The serum 25OHD assay was obtained commer- 
cially (Quest Diagnostics), using Liquid chromatography- 
tandem mass spectrometry. High-sensitivity enzyme- 
linked immunosorbent assays (ELISA) were used to deter- 
mine CRP (ALPCO Diagnostics, Windham, NH) and IL6 
concentrations (R&D Systems, Minneapolis, MN). Multi- 
array ELISA (Meso Scale Discovery, Maryland) was used 
to determine VEGF concentrations.  

A mixed meal tolerance test (MMTT) was performed 
using Carnation Instant Breakfast prepared with whole 
milk in a dosage of 1.5 kcal·kg-1 of lean body mass 
[1.75 gm·kg-1 lean body mass of carbohydrate], follow- 
ed by repeated blood draws at baseline and at 5, 10, 15, 
20, 25, 30, 45, 60, 90, 120, 150, and 180 minutes after the 
start of meal ingestion. Plasma samples were stored at 
-80 ℃ until assay. Glucose was assayed in 10 μL sera 
using a Sirrus analyzer (Stanbio, Boerne, TX). The mean 
intra- and inter-assay coefficients of variation (CV) for 
glucose analysis in the Core Laboratory are 1.28% and 
1.53%, respectively. Insulin was assayed by immunofluo- 
rescence on a TOSOH AIA-II analyzer (TOSOH Corp., 
South San Francisco, CA); intra-assay CV of 1.5% and 
inter-assay CV of 4.4%. For data analysis, postprandial 
insulin and glucose responses were determined as the 
area under the curve (AUC) with the use of the trape- 
zoidal method (22). 
 
Body composition and anthropometrics 
Body composition [fat mass, lean mass and bone mineral 
content (BMC)] was assessed using dual energy X-ray 
absorptiometry (DXA; iDXA, GE-Lunar Radiation Corp., 
Madison, WI) with participants lying in the supine position 
with their arms at their sides, and anthropometrics 

(height and weight) were obtained. 
 
Statistical analyses 
Descriptive statistics (mean±standard error) were deter- 
mined for the overall sample and stratified according to 
age group (adolescents≤19 years, and young adults 
19-42 years). General linear models (GLM) were used to 
assess the associations of BMC with cardiovascular para- 
meters, with cardiovascular parameters as the depen- 
dent variables in individual models. All models were 
controlled for potential confounders including age, race 
and height. Independent variables were selected based 
on univariate analysis and from variables known to be 
associated with BMC according to our previous studies. 
In subsequent models, the influence of 25OHD levels, 
insulin area under the curve (AUC) and inflammatory 
markers (CRP, IL6, VEGF) were investigated respectively. 
These relationships were also assessed according to age 
category. All tests were two-sided and assumed a 5% 
significance level using SAS software (version 9.3; SAS 
Institute, Cary, NC). Only participants with full data on all 
tested variables were included in the analyses. 
 
Results 
 
Table 1 presents the descriptive statistics of the overall 
sample and according to age category. Participants 
were 14-42 years (mean age 21.5±0.9 years) with an 
average BMI of 23.7±0.5 kg·m-2. Trunk fat, DBP, AIx75 and 
25OHD were greater in those over 19 years of age (P< 
0.05). Insulin AUC concentration was greater in those 
14-19 years (P<0.05). There were no age category differ- 
ences in inflammatory parameters. 

Evaluation of the relationship between bone and 
subclinical markers of vascular health in the total sample 
demonstrated a consistent positive association between 
BMC and SBP (P=0.01, Table 2). This relationship was 
independent of 25OHD, insulin AUC and markers of 
inflammation (data not shown). A relationship was not 
apparent between any measure of vascular health and 
BMC in the adolescent group, although there was a 
marginally significant inverse relationship between AIx75 
and BMC with inclusion of 25OHD (P=0.10), insulin AUC 
(P=0.07) and the inflammatory markers, CRP (P=0.08) 
and VEGF (P=0.10), respectively. In the adult group, the 
relationship between SBP and BMC retained a margin- 
ally significant positive relationship (P=0.10). There was a 
positive relationship between AIx75 and BMC (P<0.05), 
and there was a positive association between PWV and 
BMC in the adult category (P<0.05). These relationships 
were not influenced by inclusion of 25OHD, insulin AUC, 
or inflammatory markers (data not shown). 
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Discussion 
 
Processes contributing to vascular and skeletal mainten- 
ance substantially overlap and are highly operational 
early in the life course. However, linkage has been large- 
ly underappreciated outside of the aging population in 
which CVD and decline in bone integrity have become 
apparent. While overt disease among the population 
included in this analysis is rare, it has recently been de- 
monstrated that subclinical markers become apparent 
as early as puberty (12, 15-18). As such, this investigation 
aimed to identify a link between subclinical markers of 
vascular function and skeletal phenotype in adolescent 
and premenopausal females. The findings from this study 
provide some support for such a connection. We identi- 

fied a positive association between SBP and BMC. We 
also observed an age-specific association between 
arterial stiffness and BMC, such that higher arterial stiff- 
ness, as determined as AIx75, and the adult-specific mar- 
ker, PWV, was positively associated with BMC in adults; 
conversely, AIx75 was inversely associated with BMC in 
adolescents. However, endothelial function was not 
associated with BMC. While associations observed herein 
are modest, to our knowledge this study represents the 
first to investigate overlapping vascular and skeletal 
properties early in life in individuals free of overt disease. 

Elevated blood pressure is an early marker of CVD, 
having a well-established impact on vascular integrity. 
Infrastructural compromise is initiated via activation of 
the renin angiotensin system (RAS) by elevated SBP, re- 

 
Table 1 Descriptive characteristics of the overall sample and by age category 

Variable Overall (n=79) ≤19 (n=47) 20-42 (n=32) 
Age/years 21.5 ± 0.9 15.8 ± 0.2* 30.3 ± 1.0* 
Black/% 59.3 67.4 46.9 
Height/cm 165 ± 0.8 165.0 ± 1.0 165 ± 1.3 
Weight/kg 64.0 ± 1.4 62.7 ± 1.7 65.9 ± 2.5 
BMI /kg·m-2 23.9 ± 0.5 23.2 ± 0.5 24.2 ± 0.7 
BMC/kg    2.5 ± 0.04   2.5 ± 0.05 2.5 ± 0.07 
Average SBP/kPa 14.3 ± 0.17 14.3 ± 0.19 14.5 ± 0.35 
Average DBP/kPa 8.6 ± 0.12 8.3 ± 0.12* 9.1 ± 0.21* 
AIx75/%  8.5 ± 1.3  4.2 ± 1.8* 12.5 ± 1.7* 
PWV/m·s-1 n/a n/a 6.4 ± 0.1 
FMD/% 10.8 ± 0.5 11.1 ± 0.8 10.4 ± 0.4 
25OHD/ng·mL-1 21.0 ± 1.1 19.1 ± 1.3* 23.9 ± 1.8* 
Ins AUC /10 μU·mL-1  8.92 ± 0.53 10.6 ± 0.7* 6.3 ± 0.5* 
IL6/pg·mL-1  1.3 ± 0.3 1.0 ± 0.1 1.7 ± 0.7 
VEGF/pg·mL-1 419.0 ± 38.3 409.9 ± 55 432.6 ± 48.7 
CRP/mg·mL-1  1.3 ± 0.2 1.3 ± 0.3 1.2 ± 0.2 

*P<0.05; difference between age categories by t-test. BMI=body mass index; BMC=bone mineral content; SBP=systolic 
blood pressure; DBP=diastolic blood pressure; AIx=augmentation index; PWV=pulse wave velocity; FMD= 
flow-mediated dilatation; 25OHD=25-hydroxy vitamin D; Ins AUC=insulin area under the curve; IL6=interleukin 6; 
VEGF=vascular endothelial growth factor; CRP=C-reactive protein; n/a-PWV was not assessed in adolescents. 

 
Table 2 Independent associations between bone mineral content (BMC) and cardio- 
vascular parameters (dependent variables) in the overall sample and according to age 
category 

 Overall (n=79) Adolescents* (n=47) Adults+ (n=32)  
FMD 0.39 (0.827 7)  0.71 (0.811 5) -1.15 (0.461 0) 
PWV    1.13 (0.021 9) 
AIx75 2.37 (0.582 3) -1.19 (0.105 0)  1.23 (0.023 0) 
SBP 1.24 (0.010 7)  5.55 (0.296 3) 17.73 (0.108 1) 
DBP 4.10 (0.193 3)  1.18 (0.743 9)  7.79 (0.285 3) 

Estimate (x10-3) (P-value); all models controlled for age, race and height. FMD=flow-mediated dilatation; 
PWV=pulse wave velocity; AIx=augmentation index; SBP=systolic blood pressure; DBP=diastolic blood 
pressure. *(≤19 years); +(>19/≤42 years). 
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sulting in increases in cellular adhesion (increased endo- 
thelial ‘stickiness’) and macrophage infiltration of the 
vessel wall (23). In turn, the inflammatory cascade is 
activated, thereby degrading the endothelial matrix 
and activating differentiation of vascular smooth muscle 
cells (VSMC) toward the osteogenic lineage, promoting 
vascular calcification (24). Beyond the adverse effects 
of SBP on vascular integrity, speculatively through an 
inflammatory cascade, SBP has also been associated 
with increased bone resorption and elevated calcium in 
circulation (25). Though the mechanisms are not clearly 
established, two concomitant additive and bidirectional 
processes are likely involved: 1) vascular calcification 
may reduce blood perfusion, a critical determinant of 
adult skeletal formation rate; and 2) increased calcium 
release into circulation, consequential to age-related 
bone loss, may promote osteoblast-like differentiation 
and mineralization of VSMC. Further, it was reported that 
changes in the peripheral vascular matrix may be asso- 
ciated with cumulative exposure to the adverse effects 
of SBP (26). Accordingly, we expected to observe an 
inverse association between SBP and BMC. Rather, we 
observed a positive association in the total sample, 
which appeared to be driven by the young adult group, 
as opposed to those earlier on in development, thus 
having less exposure to detrimental consequences of 
elevated SBP. This study population included healthy, 
normotensive females, likely explaining the counterintui- 
tive reports in postmenopausal women and/or those 
with previously diagnosed hypertension (27-28). SBP 
within the normal range may not correspond with the 
same mechanistic pathways, including RAS activation 
as seen in clinically hypertensive individuals. Despite no 
association of SBP with BMC in the adolescent popula- 
tion, it is known that occurrence of SBP in adolescence 
induces long-term adverse influence on the athero- 
sclerotic process (15, 29). 

We also observed a positive association between 
arterial stiffness and BMC in the adult women. As in most 
regulated biological systems, catabolic and anabolic 
processes are coupled. As a conduit for delivery of 
nutrients, changes in the vessel matrix (and consequent 
release of growth factors, proteins and hormones) serv- 
ing the skeleton may initiate a compensatory cascade 
of events, which initially favor bone calcium deposition 
in young adults. This may be analogous to the mainten- 
ance of BMC in obesity and type 2 diabetes (despite 
increased skeletal fragility), two conditions in which 
long-term health effects include skeletal and vascular 
compromise. In that context, prolonged exposure to 
inflammation and perturbed bone-vascular interactions 
may have long-term deleterious skeletal effects (12, 23). 

Among adolescents, a marginal inverse association 
between AIx75 and BMC was observed. This may reflect 
the differences in the metabolic state of the adole- 
scents, in which lower 25OHD level and higher insulin 
level relative to the adults was noted (Table 1). Further, 
the inflammatory profile was similar to that of the young 
adults. While not independently associated, inclusion of 
these variables in statistical models strengthened the 
inverse association between BMC and AIx75. It is plau- 
sible that metabolic perturbances advance accumula- 
tion of cardiovascular- and bone-related risk factors, 
and may underlie increasing morbidity and mortality risk 
among youth (17). 

To our knowledge, no study has assessed these rela- 
tionships, particularly among a young population with 
comprehensive phenotyping of subclinical markers of 
vascular function presented herein. Due to availability 
and cost, studies which investigate intermediate end- 
points of vascular disease, such as endothelial dysfunc- 
tion, as determined by FMD, and arterial stiffness, as 
determined by PWV and AIx75, are few. The study, how- 
ever, is not without limitations. The small sample size com- 
bined with the methodological approach to phenotype 
bone may not have allowed for the detection of sig- 
nificant relationships explored. Evaluation of the strength- 
structure relationship requires consideration of both 
outer and inner surfaces, and an assessment of markers 
indicative of bone turnover. Although BMC gives a quan- 
titative aspect of bone, it does not capture structural 
properties. Speculatively, the link between subclinical 
markers of CVD and bone integrity would involve 
mineral resorption, an action which prominently occurs 
on the inner surface of bone at the endosteum. Further 
studies are required in order to characterize the life 
stage-dependency of bone-vessel interplay. 

Coexistence of impairments in bone and vascular 
integrity is largely attributed to vessel wall calcification, 
speculatively induced by skeletal calcium loss being 
deposited in the vessel wall. Although this study did not 
investigate the specific mechanisms, support for over- 
lapping subclinical signs of compromise emerged. These 
data add evidence for a life stage-dependent link 
between cardiovascular parameters and the skeleton. 
Vasculature function, early in life when skeletal integrity is 
susceptible to microenvironmental changes, could have 
profound effects later in life. Moreover, in the context of 
less dynamic bone remodeling as detected in healthy 
pre-menopausal adult females, metabolic factors (vita- 
min D status, insulin homeostasis and inflammatory pro- 
cesses) appear to moderate less of an effect of hemo- 
dynamic properties on the skeleton relative to adole- 
scents. 
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