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Abstract
Vascular diseases account for a significant proportion of preventable deaths, particularly in developed countries. Our under-
standing of diseases that alter the structure and function of blood vessels such as vascular calcification and vascular stiffness has
grown enormously such that we now appreciate them to be active processes that can be modified. Interest has also grown in
examining the links between other diseases of ageing such as the loss of bone (osteoporosis) and muscle (sarcopenia) with the
development and progression of vascular disease as these three disease states commonly co-occur in older age. Cardiovascular
disease (including calcification and arterial stiffness) is highly prevalent in older populations and it appears that its progression is
accelerated in patients with osteoporosis, fracture, sarcopenia and in those who are functionally impaired. Biological and clinical
evidence supports a view that vascular disease (calcification/stiffness) may be both a cause and consequence of diseases of ageing
including musculoskeletal decline. This review provides an overview of the development of vascular calcification and stiffness
and explores the molecular and physiological mechanisms linking osteoporosis and sarcopenia to vascular disease development.
This review also examines clinical evidence supporting the association of muscle and bone loss with vascular disease and
concludes by reviewing the interventional and therapeutic potential of bone-active minerals and hormones (calcium and vitamin
D) on cardiovascular disease biology, given that these represent potential interventions to target multiple body systems. Overall,
this review will aim to highlight the underappreciated burden of cardiovascular disease in individuals in the context of muscu-
loskeletal diseases.
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Part 1 Introduction: Osteoporosis, Sarcopenia
and Vascular Disease: Shared Risk Factors
and Clinical Associations

The loss of bone and muscle mass and the development
of cardiovascular disease appear to be the inevitable

consequences of ageing. Each of these body systems
declines through defined mechanisms; yet, we are in-
creasingly understanding the shared nature of diseases
that affect the skeleton, muscles and the vascular sys-
tem. It is uncertain if bone and muscle diseases (which
usually occur concomitantly) arise as a consequence of
prevalent but subclinical cardiovascular disease or that
cardiovascular disease contributes to, and potentially ac-
celerates, the development of musculoskeletal condi-
tions. In short, are musculoskeletal disorders and cardio-
vascular diseases biologically linked or are their mani-
festations in older age just the inevitable confluence of
age-related diseases? The following review is an explo-
ration of (1) bone disease and its links to cardiovascular
disease, (2) muscle disease and its links to cardiovascu-
lar disease and (3) potential treatment strategies that
target all systems.

* Alexander J. Rodriguez
alexander.rodriguez@monash.edu

1 Bone and Muscle Health Research Group, Department of Medicine,
Faculty of Medicine, Nursing and Health Sciences, Monash
University, Monash Medical Centre, 246 Clayton Road,
Clayton, VIC 3146, Australia

2 Melbourne Medical School (Western Campus), University of
Melbourne, St Albans, Australia

3 Australian Institute forMusculoskeletal Science, St Albans, Australia

Clinical Reviews in Bone and Mineral Metabolism (2019) 17:1–23
https://doi.org/10.1007/s12018-018-9251-2

http://crossmark.crossref.org/dialog/?doi=10.1007/s12018-018-9251-2&domain=pdf
http://orcid.org/0000-0002-2955-0642
mailto:alexander.rodriguez@monash.edu


Osteoporosis

Definition

Osteoporosis is a systemic skeletal disorder characterised by
the loss of bone mass and deteriorat ion in bone
microarchitecture. These structural and molecular changes in
bone biology combine to compromise bone strength leading
to skeletal fragility and increased susceptibility of fracture [1].
Recovery from a fracture is costly, takes many months and
indeed some never truly recover as they may lose indepen-
dence and the risk of mortality greatly increases following a
fracture [2]. Bone is a dynamic organ that is constantly remod-
elling in response to the stresses of living. During ageing,
gradual bone loss occurs from the relative increase of bone
resorbing osteoclast activity to new bone-forming osteoblast
activity. Due to the increased osteoclast activity relative to
osteoblast activity, there is a deficit in new bone formation
and this deficit compounds over time leading to skeletal fra-
gility [3]. Clinically, osteoporosis is diagnosed either from
sustaining a minimal trauma fracture (that is a fracture occur-
ring following a fall from a standing height or from a minimal
force applied such as bumping into a desk) or if the T score of
bone mineral density (BMD) test from scans of the hip and
lumbar spine by dual-energy x-ray absorptiometry (DXA) fall
below − 2.5 (Fig. 1). In the context of BMD testing, a T score
is a statistical measure of the relative distance of measured
BMD from the BMD of a young, healthy person. T scores
between − 2.5 and − 1.0 are considered to be osteopenic, that
is, evidence of bone loss but not severe enough to greatly
increase fracture risk but closer monitoring is warranted.
Scores above − 1.0 are considered Bnormal^ or Bideal^.

In Australia, recent data suggest that approximately 2% of
men and approximately 10% of women have osteoporosis
based on hip BMD [4]. Considering the lumbar spine as well
(hip or spine DXA-derived BMD), these numbers increased to
6% in women and 22% in men. Historical data has shown that
in Australia, the (age-adjusted) rate of hip fractures in women
is 25 per 10,000 person-years and 9 in men; similarly, the rate
of vertebral fractures is 19 per 10,000 person-years and 7 in
men [5]. Overall, this represents a substantial disease burden,
and indeed in Australia, it is estimated that hip fractures cost
an average of $23,000, and potentially over $33,000 in health
care expenditure [6]. These data are replicated globally, where

large-scale analyses have shown that there are approximately
3.5 million new fragility fractures every year in the European
Union costing €37 billion annually and there are similar trends
in the USA [7, 8].

Management

Management of osteoporosis usually begins with preventative
strategies such as addressing modifiable lifestyle elements
through promoting more physical activity and adequate in-
takes of calcium and vitamin D. Calcium and vitamin D have
been shown to have only modest benefits in terms of increas-
ing bone mass and reducing fracture rates [9]. They are none-
theless the standard, first-line recommendation for individuals
with concerns over their bone health largely due to their low
cost and proven safety, though calcium alone (either through
supplements or through dietary means) has raised concerns
about the potential for increased cardiovascular events [10,
11]. Pharmacological interventions to treat bone loss broadly
fall into two categories: anti-resorptives and anabolics. Anti-
resorptive medications seek to shift the bone resorption-
formation balance toward more formation by inhibiting ele-
ments of bone resorption. There are two main types of anti-
r e s o rp t i v e s : b i sphosphona t e s and deno sumab .
Bisphosphonates are a class of compounds so-named as the
basic structure of the chemical has two phosphate groups and
two substituents and combinations of which distinguishes the
bisphosphonate type [12]. Bisphosphonates produce their
anti-resorptive effects by binding, through the two phosphate
groups, with high affinity to bone matrix which is rich in
calcium. Bisphosphonates are structurally similar to pyro-
phosphate, the mineralised constituent of bone matrix.
Bisphosphonates are taken up by osteoclasts as part of the
resorption process and disrupt the enzyme farnesyl diphos-
phate synthase in the HMG-CoA reductase pathway (also
known as the mevalonate pathway) in the osteoclast causing
cell apoptosis from an inability to transcribe proteins neces-
sary for cell membrane formation [13]. Denosumab is a hu-
man antibody to the receptor activator of nuclear factor
kappa-β ligand (or RANKL). RANKL binds to receptor acti-
vator of nuclear factor kappa-β (RANK) on the surface pro-
genitor cells of osteoclasts (pre-osteoclasts) promoting their
differentiation into mature osteoclasts. Inhibition of the pro-
cess restricts osteoclast maturation and ultimately reduces

Osteoporosis Osteopenia Normal bone density

-4.0 -2.5 -2.0 -1.0 +3.0

T-score

Fig. 1 Classification of bone mineral density based on T score
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bone resorption [14]. Thus, denosumab mimics the action of
osteoprotegerin (OPG), a natural inhibitor of RANK-RANKL
interactions. The other category of osteoporosis medications is
anabolic therapies which seek to promote bone formation.
Teriparatide is a recombinant protein of human parathyroid
hormone (PTH) consisting of the first 34 amino acids of the
N-terminus (the active part of the compound). Teriparatide
works by transiently stimulating osteoblast activity by increas-
ing serum calcium concentration [15, 16]. Chronically elevat-
ed calcium levels (typically seen in cases of hyperparathyroid-
ism) result in reduced BMD; thus, teriparatide is administered
intermittently to stimulate the inhibition of osteoblast apopto-
sis. Strontium ranelate is another anabolic agent and is unique
in that it has the dual-action of also inhibiting bone resorption
[17]. Strontium ranelate’s mechanism of action is to stimulate
calcium sensing receptors leading to the maturation of pre-
osteoblasts to osteoblasts capable of bone formation. It also
stimulates osteoblasts to secrete OPG which inhibits osteo-
clast maturation as outlined above.

Risk Factors for Osteoporosis and Relationship
with Cardiovascular Disease and Mortality

The risk factors for osteoporosis include a family history of
fracture, advanced age, history of falls, smoking, inadequate
calcium and vitamin D intake, low amounts of physical activ-
ity and alcohol consumption [18]. These risk factors and their
contribution to fracture risk have been incorporated into risk
assessment tools such as FRAX® and the Garvan Fracture
Risk Calculator [19, 20]. Interestingly, obesity (commonly
co-exiting with these risk factors) is not a classic risk factor
for osteoporosis and indeed seems Bprotective^ against low
bone density. The traditional explanation for this is that as
bone is a dynamic organ, its cells are responsive to loading
and other stresses from the environment [21]. In the context of
obesity, the increased weight of the individual will create in-
creased loading on the bones which over time translates into a
higher bone density. Bone density is not the only feature of
bone strength. Indeed, the bone microarchitecture of obese
individuals is compromised and this has been demonstrated
clinically and pre-clinically [22, 23]. Importantly, the majority
of fractures in the population actually occur in overweight or
obese individuals [24]. Obesity increases the risk of falls, mo-
bility limitation and functional impairment, which may con-
tribute to the risk for loss of bone density and increased frac-
tures. Often, this is attributable to the phenomenon whereby as
we age, muscle tissue is steadily lost and fat tends to accumu-
late (within and between the muscle fibres known as inter-
intramuscular adipose tissue) such that relatively, the propor-
tion of fat to muscle in the limbs increases with age [25].
Therefore, the remaining muscle mass may be insufficient to
move the obese individual’s frame. Previous literature has
demonstrated that in community-dwelling older adults,

increasing visceral fat percentage and total body fat percent-
age was negatively correlated with muscle density (a proxy
measure of inter-intramuscular adipose tissue) [26]. That is to
say, the more adipose tissue in the body, the more appears in
the muscle (lower muscle density is indicative of higher
amounts of fat accumulation). Additionally, in another sample
of community-dwelling older adults, calf-muscle density pos-
itively correlated with cortical volumetric BMD in the proxi-
mal tibia (an area rich in cortical bone) in men and was pos-
itively associated with cortical volumetric BMD and cortical
area in the proximal tibia in obese women after multivariable
adjustment [27]. That is to say, with increasing muscle density
(hence less fat infiltration), there is greater amounts of cortical
bone mass. It is therefore important to also consider obesity as
a risk factor for poor bone health. If obesity is incorporated
into the milieu of factors predisposing to osteoporosis and
fracture, this consequently means that the majority of risk
factors predisposing to cardiovascular, and in particular vas-
cular diseases, are also risk factors for osteoporosis (Fig. 2). It
is unsurprising then that much epidemiological evidence sup-
ports a shared bone-vascular disease axis. Numerous observa-
tional studies have shown that low bone density can predict
cardiovascular disease and events [28, 29]. Equally, the risk of
falls and fractures is increased in individuals with high blood
pressure and elevated central stiffness [30]. Given this seem-
ingly bi-directional relationship, it is difficult to determine
what is the cause and what is the effect. Taking a life-course
approach to understanding the development of osteoporosis
and vascular disease would point to auxiliary factors that in-
fluence both bone heath and vascular health potentially earlier
in life that may help explain their co-existence in older age.
During ageing, and particularly in the growth phase of life,
muscle mass and function are a crucial determinant of bone
mass and strength and are also associated with a more
favourable cardiovascular health profile [31]. Thus, under-
standing the relationship between the musculature and the
vasculature may help unlock critical new pathways to further
our knowledge of the bone-vascular axis (Table 1).

Sarcopenia

Definition

Sarcopenia describes the progressive loss of muscle mass and
function leading to eventual frailty and increased risk of falls
and fracture [40]. Previously, it was thought that the onset of
physical frailty was an inevitable consequence of ageing. As
life expectancy increases, particularly in developed countries,
increasing attention has been paid to increasing the quality of
life in older age as we are now living a substantial portion of
our lives in this age group. One of the areas to address this
need is in maintaining good physical function in older age.
Foundational to this strategy is to preserve muscle mass and
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quality during ageing, where like bone, the intention is to
capitalise on the growth phase of life to achieve the highest
peak muscle mass achievable. As such, our understanding of
the impact of age-related decline in muscle mass and quality
has greatly increased. There are currently a number of
Bconsensus^ definitions for sarcopenia, but despite this het-
erogeneity, sarcopenia is recognised as a robust predictor of
falls and mobility limitation [41]. The European Working
Group on Sarcopenia in Old People (EWGSOP) has gained
preference in the field and using this definition, prevalence of
sarcopenia in older adults has ranged from 5 to 22%, where
age and ethnicity significantly impact on disease prevalence
[42, 43]. Recently, sarcopenia was given an ICD-10 code
(M62.84) which many believe will facilitate recognition by
caregivers and the uptake of intervention strategies. The de-
velopment of sarcopenia is complex, but it is understood to
involve a range of factors including sedentary lifestyle and
micronutrient deficiencies such as vitamin D, amino acids

and also macronutrients such as proteins which are required
to maintain muscle tone and growth [44]. At the molecular
level, the gradual loss in the regenerative capacity of muscle
tissue is one of the better described pathways of muscle loss.
Increased oxidative stress and chronic inflammation contrib-
ute to the differentiation of regenerative satellite cells into
non-contractile, non-functional adipose tissue [45]. Recent
data has suggested that this intra-/intermuscular adipose tissue
has utility in predicting non-skeletal outcomes such as cardio-
vascular disease and is independently associated with inflam-
mation [46, 47].

Management

Muscle, like bone, is a dynamic organ and responds to use and
disuse. As such, the most effective strategy to limit the loss of
muscle mass and strength is through exercise training.
Exercise has proven effective across all ages throughout the

Fig. 2 Shared and unique risk
factors of osteoporosis and
vascular disease

Table 1 Clinical evidence
supporting bi-directional
relationship between bone loss
and vascular disease

Direction of
relationship

Summary of findings Reference

Bone→ vascular Low bone density cross-sectionally associated with higher blood pressure [32]

Low bone density predicted development of echogenic carotid plaques [33]

Diagnosis of osteoporosis/low BMD predicts vascular events [34, 28]

Vascular events were more common in those identified with a history of
fracture

[29]

Vascular→ bone Diagnosis of atrial fibrillation increases risk of hip fracture [35]

High blood pressure leads to greater bone loss [36]

Fractures more likely in those with high blood pressure [30, 37]

Vascular calcification predicts bone loss and fracture risk [38]

Carotid plaques predicted non-vertebral fractures [39]

4 Clinic Rev Bone Miner Metab (2019) 17:1–23



life-course including in the very old and frail. Whilst bone
responds most favourably to loading or impact type activities,
most forms of physical activity (aerobic, resistance or weight
training, incidental activities) appear to have positive effects
on the musculature [48]. In older adults, walking is predomi-
nant as the most common source of physical activity. It has
been observed that individuals reporting the highest amounts
of physical activity also have greater amounts of lean mass
andmuscular strength [49]. Consequently, interventional stud-
ies involving aerobic, resistance and multimodal (combination
of different forms exercise into the one regime) have proven
benefits in improving muscle mass and function, even in the
very old at high fracture risk [50, 51].

Nutrient consumption is also an important contributor to
muscle mass and strength. Whilst total caloric consumption
does not necessarily decline with advanced age, it is the com-
position of that consumption that contributes to muscle loss
[52]. Importantly, protein represents an increasingly smaller
proportion of daily dietary intakes as one ages. Protein pro-
vides the necessary amino acids required for building new
muscle and it has been shown cross-sectionally that low pro-
tein consumption is associated with lower muscle mass in
older age [53, 54]. Additionally, calcium and vitamin D are
critical for muscle function. Calcium is required for neuro-
muscular transmission and vitamin D has a multitude of func-
tions including, primarily, supporting calcium uptake and also
has roles in muscle tone [55, 56]. Calcium and vitamin D
intake also appear to decline with advancing age further con-
tributing to musculoskeletal decline and indeed sarcopenia is
highly prevalent in individuals with low intakes of these
micronutrients [57]. Interventional studies have demonstrated
that protein supplementation may be able to support muscle
mass increases in the elderly and that calcium and/or vitamin
D supplementation may also have a positive effect on
sarcopenia [58, 59]. Indeed, combining these nutrients, for
example, protein supplementation combined with vitamin D
supplementation, has resulted in significant gains in skeletal
muscle mass, muscle strength and some markers of inflamma-
tion in sarcopenic older adults [60, 61]. There is also some
evidence to suggest that that combining nutrient supplemen-
tation with an exercise component can result in beneficial
effects on sarcopenia [62, 63].

Relationship Between Sarcopenia and Cardiovascular Disease
and Mortality

As muscle and bone share an intimate relationship, many of
the risk factors linking bone and vascular diseases are similar-
ly shared between sarcopenia and vascular disease [64].
Furthermore, similar to the relationship between osteoporosis
and cardiovascular disease, much epidemiological evidence
has demonstrated that sarcopenia and the components of
sarcopenia individually are associated with cardiovascular

disease and mortality. For example, in a cohort of 4252
community-dwelling older men, sarcopenia was associated
with increased risk of mortality [hazard ratio (HR): 1.41;
95% confidence interval (CI) = 1.22–1.63] and those who
were obese also had increased risk of mortality [1.21; 1.03–
1.42]. Interestingly, there appeared to be a synergistic effect of
the coincidence of sarcopenia and obesity onmortality with an
approximately 72% increased risk of all-cause mortality
[1.35–2.18] [65]. Other longitudinal studies have demonstrat-
ed that in older adults [n = 1512], the risk of cardiovascular
mortality was greatest in those with low skeletal muscle mass
[2.16: 1.51–3.08] [66]. These data indicate that muscle (as
well as bone explored above) has independent effects on the
development of cardiovascular diseases which would point to
sharedmechanisms (mechanisms common to bothmuscle and
bone health and disease may be important for cardiovascular
disease). Furthermore, nominal strategies that address osteo-
porosis and sarcopenia such as improving bone and muscle
mass through exercise and micronutrient supplementation al-
so have well-established profound effects on the cardiovascu-
lar system. This then leads one to speculate that we may be
observing related processes: that there exists pathobiological
links between the development of cardiovascular diseases,
osteoporosis and sarcopenia. By understanding the common-
alities between the skeletal, muscular and vascular systems,
we may be able to identify common pathways which lead to
diseases in all three systems and thus be able to develop a
strategy to target these pathways and thus all three systems.
In designing these strategies, it is important also to look at the
nature of cardiovascular disease in older age as, generally, a
large proportion of these cardiovascular disease effects the
function and structure of blood vessels, are usually the result
of chronic lifetime exposure to risk factors that compound to
eventually manifest in older age.

Part 2: Diseases of Blood Vessels

What Is Vessel Disease?

Definition

The vasculature is a complex network of conduit vessels. The
structure (including size, shape and cellular architecture) of
each vessel ultimately governs its purpose and function.
Thus, diseases that affect the structure and function of blood
vessels are inherently detrimental to human health. Indeed,
vessel disease is the third largest cause of non-coronary car-
diovascular deaths in Australia totalling 4085 of the 17,426 (~
23%) of non-coronary deaths in Australia in 2018 [67, 68].
Vascular disease can be broadly defined as diseases that alter
the micro- and macro-anatomical composition of the vessel
affecting its usual function and performance. Principally, the
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ageing aorta suffers two main fates: the vessel can become
calcified and stiffen over time or the vessel walls can become
weakened, expand (aneurysm) and eventually rupture. Indeed,
the aorta is one of the first sites in which these structural and
functional changes occur. Understanding of the fundamental
biology and anatomy of the aorta is important if one is to
understand the potential links of vascular disease to musculo-
skeletal diseases in ageing.

Anatomy and Biology of the Aorta

The aorta serves two important cardio-physiological
functions: one as a major conduit for blood flow and
another as a buffer against large transient increases in
pressure created during systole, also known as the
Windkessel effect. The Windkessel function of the aorta
ensures smoothing of arterial pressure throughout the
cardiac cycle. The aorta itself is muscular, has a normal
diameter of around 30 mm and has its own blood supply.
The structure of the aortic wall comprises three distinct
layers (Fig. 3) [69]. The innermost layer (tunica intima)
is a single-cell thick lining of endothelial cells that are
highly responsive to stimuli including circulating factors
and also the sheer stresses from blood flow. The middle
layer (tunica media) is the thickest layer of the aortic

wall. The predominant cell type in this layer is the vas-
cular smooth muscle cells (VSMC). These are a highly
specialised cell type that are capable of contraction as
necessary during systole and have the ability to trans-
differentiate into a proliferative and osteochondrogenic
phenotype [70–72]. Interlaced between the VSMC are
fibres of elastin and collagen. Elastin lamellae are con-
centrically arranged and are visible under light micro-
scope, offering the aorta elastic abilities, stretching and
relaxing according to tension and compression stresses
throughout the cardiac cycle. Collagen fibres are ar-
ranged transversely along the length of the aorta provid-
ing structural integrity to the vessel and experience high
tensional stress during diastole to promote blood flow.
The outermost layer (tunica adventitia or externa) is
mainly composed of collagen supported by some elastin
fibres. Its main function is to anchor the vessel to sur-
rounding structures. Importantly, the elastin-collagen ra-
tio changes along the length of the aorta [73]. There is a
higher elastin content in more proximal regions of the
aorta and the content of collagen progressively increases
in the more distal and descending regions of the aorta.
This is significant because given the differences in elastic
potential across the aorta, some regions are more suscep-
tible to vascular damage than others [74].

Fig. 3 Layered structure of an
artery
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Fate of the Ageing Aorta: Vascular Calcification
and Stiffness

Of the fates of the ageing aorta, calcification is more a com-
mon disease than aneurysm; it is prevalent in up to 60% of
healthy older individuals whereas the prevalence of aortic an-
eurysm is approximately 5% of older adults [75, 76]. Vascular
calcification is a macro-anatomical disease of blood vessels
that has a long history in humans. In the Tyrolean Ice Mummy
discovered in northern Italy, an autopsy of the remains detect-
ed substantial calcium deposits in the abdominal aorta [77].
The remains are thought to be close to 5300 years old.
Vascular calcification is considered to be a multifaceted dis-
ease, but in general is defined by the layer in which the calci-
fication appears. Intimal calcification, occurring in the intimal
layer of the aortic wall, is associated with atherosclerosis
which is characterised by lipid-laden plaques that have be-
come deposited in the aortic wall and surrounded by a highly
inflammatory environment including leukocytes and other im-
mune cells; predominantly macrophages [78]. This type of
calcification represents the prototypical lesion to which the
majority of historical investigation of calcified arteries has
been dedicated. The calcification is phenotypically eccentric
and occludes the lumen. Medial calcification, sometimes also
referred to as Mönckeberg’s syndrome or medial calcific scle-
rosis, occurs in the medial layer of the aorta and this type of
calcification is driven largely by VSMC deposition of mineral
in the wall [79]. The calcification present is usually concentric
and associated with inflammation in the adventitia. Site is
significant when it comes to vascular calcification.
Calcification of large, central arteries and smaller, peripheral
arteries is associated with different disease states, but general-
ly, calcification in larger vessels is indicative of calcification in
smaller vessels [80]. Calcification in the abdominal aorta is
one of the first sites in which calcification develops and thus
may act as a sentinel site for more generalised vascular disease
[81]. As such, a majority of the discussion in this review will
be dedicated to the understanding of abdominal aortic calcifi-
cation (AAC).

The abdominal aorta is unique in its biology. As alluded
above, the higher collagen to elastin content in this region of
the vessel renders it susceptible to vascular injury. Localised
disruption in the aortic wall from collagen and/or elastin deg-
radation which is mediated by resident matrix metalloprotein-
ases 2 and 9 can weaken the vessel wall and promote dilata-
tion and aneurysm development [82]. Degradation of aortic
wall products promotes macrophage (and other leukocytes)
homing at this site to clear potentially immune-reactive parti-
cles [83]. Ineffective clearance of these products (apoptotic
bodies) appears to be a preferential site for nucleation of
calcium-phosphate crystals by pro-inflammatory macro-
phages. More generalised damage such as the cross-linking
of collagen fibres which seems to occur with chronic

hyperglycemia or as part of a chronic immune process can
stiffen the aorta (arteriosclerosis) compromising the aorta’s
Windkessel function. Bioengineering studies have demon-
strated that increased collagen content and the presence and
composition of fibrotic/atherosclerotic lesions alter (increases)
the strain modulus of blood vessels [84]. It naturally follows
that calcification in and on the aortic wall would result in a
loss of compliance (stiffening), resulting in increased pressure
retention throughout the vasculature manifesting as elevated
systemic blood pressure (hypertension). Ultimately, this may
raise blood pressure and contribute to ventricular hypertrophy
which has profound implications for cardiac risk [85, 86].
Therefore, calcification in the aorta may be seen as a cause
of adverse haemodynamics resulting in elevated cardiovascu-
lar risk.

Stiffening may also precede calcification. Stiffness may
directly impact on blood flow characteristics and affect target
organs and tissues which, over time, result in the deposition
and accumulation of ectopic minerals to fortify damaged ves-
sels leading to calcification [87]. This theory would suggest
that aortic calcification may in fact be a consequence of ad-
verse haemodynamics. Increases in systemic blood pressure
may expose endothel ia l cel ls , which are highly
mechanosensitive, to excess or abnormal wall sheer stresses
leading to their dysfunction (characterised by increased cell
surface expression of integrins and other chemotactic
markers) [88, 89]. Sustained excess sheer stresses on the en-
dothelium may result in vascular injury which is the key trig-
ger for promoting an immune-inflammatory response. Part of
this response is to repair and remodel the aortic wall which
may involve degradation of the elastin and collagen fibres
exposing previously intracellular/intramural substances to
the circulating immune system. The result of this is further
inflammation and cellular infiltration and ultimately plaque
formation. Macrophages are a key cellular infiltrate and as
aforementioned, ineffective clearance of apoptotic bodies
can trigger calcium-phosphate crystal formation. Generally,
calcification of plaques is viewed as an attempt by the body
to protect or stabilise the plaque and ‘hide’ potentially immu-
noreactive substances under a robust layer of fibrotic/calcific
cap [90]. Given this pathobiological background, there ap-
pears a number of commonalities as well as differences be-
tween these two related vascular features, calcification and
stiffness, and these are summarised below (Table 2).

Imaging and Quantifying Calcification and Arterial
Stiffness

Investigation of aortic disease is part of routine clinical prac-
tice for those at high vascular risk. Imaging of the aorta can be
achieved through a number of modalities including magnetic
resonance imaging (MRI), quantitative computed tomography
(qCT), lateral spine radiography and lateral spine
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densitometry. Functional assessment of the aorta can be
achieved by functional MRI (fMRI), fludeoxyglucose F18
(18F-FDG) positron emission tomography (PET) or more
commonly, Doppler ultrasound. Doppler ultrasound imaging
is inexpensive and can be utilised in a variety of vascular
regions including the abdominal aorta, it has the advantage
of being able to view vessel with and without evidence of
plaque. Recently however, densitometry is gaining popularity
as the imaging modality of choice due to the low radiation
exposure and rapid image acquisition and the opportunity to
screening for cardiovascular disease at the time of bone den-
sity and vertebral fracture assessment [91]. Next-generation
densitometric devices have a lateral enable function which
allows image acquisition with a patient lying in a supine

position facilitating image acquisition in older individuals
and individuals who may have difficulty in laying in a foetal
position. Once detected, a semi-quantitative scoring system is
used to quantify the extent of calcification. The most com-
monly used scoring system is the AAC24 where scores can
range from 0 to 24 [92]. This system involves examining the
extent of calcific deposits on the anterior and posterior aspects
of the aortic wall in the L1–L4 vertebrae (Fig. 4). In this
technique, for each vertebral segment, calcified deposits are
scored 0 for no evidence of calcification; 1—if one-third or
less of the wall is calcified, 2—between one-third and two-
thirds of the walls are calcified and 3—more than two-thirds
of the walls are calcified. The scores for the anterior and pos-
terior walls are summed meaning each vertebral segment

Table 2 Commonalities and differences between vascular calcification and stiffness

Domain Associated factor Vascular feature

Calcification Stiffness

Clinical risk factors and features Age + +

Male − +

Smoking + +

Diabetes + ++

Hypertension + ?

BMI ? ++

CKD ++ +

Osteoporosis + ?

Sarcopenia ? ?

Inflammatory diseases ? +

Responsive to intervention Anti-hypertensive Likely yes Yes

Anti-inflammatory Unknown Unknown

Physical activity Unknown, likely yes Yes

Bone active
medications

Inconclusive evidence Unknown

Calcium Likely no Unknown

Vitamin D Unknown Inconsistent evidence

Pathobiological features Vascular tissue affected Intimal and medial layers Intimal (uncertain)

Major cell type
involvement

VSMC, macrophages, myofibroblasts
(uncertain), cOP

Endothelial cells, cOP, VSMC

Circulating and tissue factors Increased BMP-2, matrix Gla protein, oxLDL AGEs, Elastin degradation products,
MMP-2/-9

Decreased Wnt inhibitors, feutin-A NOx, vitamin D secretion by
endothelial cells

Bone mineral metabolism
(concentration)

Calcium (tissue) Elevated Unknown

Calcium (circulating) Unknown Unknown

Vitamin D Lowered Lowered

Phosphate Elevated Elevated (uncertain)

PTH Elevated Elevated (uncertain)

Oestrogen/Estradiol Lowered Lowered (uncertain)

B+^ increases risk; B−^ decreases risk, VSMC vascular smooth muscle cell, cOP circulating osteoprogenitor cells, BMP-1 bone morphogenic protein-2,
matrix Gla matrix gamma-carboxyglutamic domain, oxLDL oxidised low-density lipoprotein, Wnt wingless/integrated, AGEs advanced glycation
endproducts, MMP matrix metalloproteinase, NOx nitric oxide, PTH parathyroid hormone, BMI body mass index, CKD chronic kidney disease
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contributes a maximum of score of six to the final score [92].
The final aortic calcification score (ACS) is a composite of all
four vertebral segments ranging from a minimum B0^ to a
maximum of B24^. Scores are non-normally distributed, and
thus, ACS is considered a non-continuous outcome. It is im-
portant to consider the severity of calcification. Based on the
ACS, severity of calcification is defined according to three
groupings: Bno calcification^ (ACS = 0), Bmoderate
calcification^ (ACS between 1 and 5) and Bsevere
calcification^ (ACS ≥ 6).

Vascular calcification adversely affects the elastic proper-
ties of blood vessels and though the stiffening of vessels can-
not be seen, it can be quantified. There are a number of pa-
rameters which serve as useful estimates of vessel stiffness.
Pulse pressure (PP) is the difference between the systolic
(pressure at ventricular contraction) and the diastolic (pressure
between contractions) blood pressure. A narrow PP usually
reflects central vascular stiffness most likely related to calcifi-
cation of the aorta. This can be measured from a standard

office blood pressure monitor (sphygmomanometer). Pulse
wave velocity (PWV) is the composite of the forward pressure
wave created by ventricular contraction and a reflected wave
from a distal site (Fig. 5) [93]. The gold standardmeasurement
of arterial stiffness is the carotid–femoral PWV determined by
tonometry or by intra-aorta catheter. This is estimated using
the foot-to-foot velocity method whereby transcutaneously,
the right common carotid artery and the right femoral artery
and the time delay (or transit time, Dt) are measured (in sec-
onds, s) between the feet of the two waveforms. A variety of
different waveforms can be used including Doppler, pressure
and distension. The distance (L) covered by the waves be-
tween these two sites is measured (in metres, m), and PWV
is then calculated as 1/4 L/Dt with the unit m/s. The less
compliant the arteries, the faster the reflected wave returns
augmenting systolic pressure interpreted as an increased
PWV. The extent of this augmentation in systolic pressure is
called the augmentation index (AI). These measures of arterial
stiffness can also be quantified using oscillometric devices

Fig. 4 AAC24 scoring system

Fig. 5 Arterial stiffness: example
wave forms explaining derivation
of PWV (left) and AI (right)—
adapted fromLaurent et al. (2006)
[95]
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which have shown strong agreement with classic techniques
[94].

Cardiovascular Risk Related to Vascular Calcification
and Stiffness

Vascular calcification and stiffness are well-established
markers of cardiovascular disease and can both independently
predict future cardiovascular events andmortality [93, 96, 97].
Whilst this finding has been demonstrated in multiple popu-
lations, our understanding of how these vascular features im-
pose an increased risk is not precisely understood. It is gener-
ally accepted that calcification and stiffness place an extra
burden on the heart as it must work harder to overcome pe-
ripheral resistance. Overtime, remodelling of the heart to cope
with chronic over-burden increases the risk of adverse cardiac
events. Several studies exist which support this understanding
(Table 3). A study in older men with high cardiac risk but
preserved ejection fraction, calcification in both the thoracic
and abdominal aorta was associated with a number of echo-
cardiographic parameters and the total aortic calcification was
positively associated higher left ventricular mass [85]. This
finding supports the view that calcification in the large vessels,
particularly more central vessels, create extra peripheral resis-
tance for which the heart has to work against in order to main-
tain adequate supply and tissue perfusion. Though, other stud-
ies investigating calcification in coronary arteries have not
shown this suggesting that calcification may have a site-
specific effect on left ventricular mass [98]. This may be ex-
plained by the aorta receiving a large volume of blood and
pressure direct from the heart during each cardiac cycle and as
such stiffness in the aorta would have a more pronounced

effect on overall cardiac work. It would be informative to
understand if other conditions of ageing associated with in-
creased cardiovascular risk and mortality (particularly those
that appear to co-exist with vascular calcification and stiff-
ness) if they share similar associations with cardiac remodel-
ling and altered function or performance.

Part 3: Associations of Osteoporosis
with Vascular Calcification and Stiffness

Mechanisms

Bone loss is a feature of ageing and commonly co-exists with
vascular calcification in elderly populations [99].
Epidemiological evidence has pointed towards a potential
shared development [100]. Recently, much evidence has come
to light that the factors known to influence bone mass have
direct roles in the development of calcification.

Wingless-related integration site (Wnt)/beta (β)-catenin
signalling is a central pathway of bone formation. Wnt and
β-catenin are functionally connected elements of a signalling
cascade that is necessary for the commencement of osteoblast
differentiation and proper bone formation through regulating
gene expression, most notably the RunX2 gene [101, 102].
Conditional knockdown of these elements or upregulation in
factors known to suppress these signalling elements can result
in ectopic bone formation or mineralisation of tissue and this
has been demonstrated in vitro and in vivo [103–106]. As
such, there is biological and clinical interest into how Wnt/
β-catenin signalling elements including its regulators and sup-
pressors may contribute to the development of vascular

Table 3 Clinical evidence to support that vascular calcification is associated with adverse cardiac function and anatomy

Study [year] Population n Age (range or
mean ± SD)

Calcification Cardiac outcome Finding

Diederichsen
2013

Healthy older adults who
asymptomatic for
hypertension

1825 50–60 CAC ECG Having CAC > 0 did not
increase odds of LVH or
strain pattern

Gaibazzi 2014 Symptomatic angina 1117 64 ± 10 CAC Stress
echocardiogram

CAC higher in those with
ischemia during stress echo;
OR 2.15 (1.48, 3.13)

Guney 2014 Chronic HD 72 44 ± 12 CAC, carotid
plaque

Echocardiogram,
ECG

QT dispersion and QTd time
correlated with carotid
plaque score and CAC

Cho 2015 High CV risk older men with
preserved ejection fraction

164 73 ± 5 TAC, AAC Echocardiogram AAC and TAC correlated with
various echocardiographic
parameters; ACS associated
LV mass

Cho 2017 Aortic valve replacement 47 64 ± 11 CAC, TAC, AAC Echocardiogram TAC associated with LV mass
pre- and post-operative

Neilson 2015 Uncontrolled hypertension 147 54 ± 10 CAC Echocardiogram No association between CAC
and LVH
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calcification given the bone-like appearance and features of
vascular calcification.

The differentiation of vascular smooth muscle cells
(VSMCs) into bone-like cells capable of laying down bone
matrix is a key mechanism of vascular calcification. VSMCs
are the cellular components of the normal blood vessel wall.
These cells provide structural integrity and can also regulate
the diameter of the vessels by contracting and relaxing dynam-
ically in response to vasoactive stimuli. VSMC are unique in
that given the appropriate signals they can undergo trans-
differentiation into a cell that displays surface markers such
as RANK and release factors normally attributable to bone
cells such as RANKL, osteocalcin and alkaline phosphatase
[71, 107, 108]. Wnt/β-catenin signalling is important in the
process of VSMC trans-differentiation. Wnt/β-catenin signal-
ling can promote osteogenesis by directly stimulating Runx2
gene expression and this process is seen in VSMCs of the
arterial wall [109]. It has been demonstrated in a rodent model
of vascular calcification that Runx2 expression is induced and
β-catenin is activated by a high-phosphate environment [110].
Furthermore, a specific Wnt signalling molecule, Wnt3a, up-
regulated osteocalcin expression in VSMCs and promoted
calcium deposition in the VSMCs. In cultured cells of the
aortic tunica media of these rats, β-catenin was activated
and Runx2 mRNA levels correlated with the abundance of
β-catenin in the aortic walls. Whilst activation of β-catenin
by Wnt induced Runx2 expression, inhibition of Wnt/β-
catenin by natural inhibitors of Wnt signalling such as
Dickkopf-1 (DKK-1) and sclerostin can attenuate Runx2 in-
duction and thus limit the progression to calcification. Taken
together, these observations demonstrate that Runx2 (from
VSMC) may mediate the action of Wnt/β-catenin signalling
in promoting vascular calcification (Fig. 6). Given the impor-
tance of these factors to bone development and skeletal main-
tenance over the life course, the relevance of bone loss to the
development of vascular calcification is of clinical interest.
Currently however, there are no clinical data evaluating direct-
ly the effect of modulating the Wnt signalling pathway in the
context of vascular calcification. Trials examining the anti-
sclerostin antibody, romosozumab, have demonstrated effica-
cy in terms of fracture risk reduction and BMD improvements
[111, 112]. The trial inmen revealed an increase in adjudicated
cardiovascular events [n = 8/163 (4.9%) in romosozumab
treated versus n = 2/81 (2.5%) in placebo-treated men]. This
difference appeared to be driven by a significant difference in
the number of cardiac ischaemic events in the romosozumab-
treated men [n = 3/163 (1.8%) versus n = 0/81 (0%)] and giv-
en the nature of ischaemic events, likely atherosclerotic in
origin, we can draw inferences about potentially pro-
atherosclerotic effects on sclerostin inhibition. Despite lum-
bar radiography being conducted on trial participants, no
data are yet available on the effect of romosozumab on
aortic calcification [111].

Epidemiological Insights into the Bone-Vascular Axis

These observations have been supported in human studies. In
a cross-sectional analysis of elderly women who took part in a
randomised controlled trial of calcium supplementation for
fracture reduction, circulating levels of the Wnt antagonist
DKK-1 were evaluated [113]. The study cohort was stratified
into quartiles of circulating DKK-1 concentration and the pro-
portion of women with severe AAC on lateral spine radio-
graphs was lowest in the highest quartile of DKK-1, indicating
an inverse relationship. Additionally, compared to the highest
quartile of DKK-1, the lowest and the second lowest quartiles
had approximately two-fold increased likelihood of having
any AAC and near two-fold increased likelihood of severe
AAC. These associations were independent of important car-
diovascular risk factors including previous hospitalisation for
vascular disease, renal function and anti-hypertension medi-
cation use. In another study of post-menopausal women,
DKK-1 was inversely associated with AAC on a 24-point
scoring scale, and women with a score of one or less (indicat-
ing low or no AAC) had significantly less circulating DKK-1.
Additionally, women with high pulse wave velocity (a mea-
sure of arterial stiffness) had higher levels of sclerostin [114].
Sclerostin is encoded by the SOST gene and is produced by
osteocytes. Sclerostin has profound anti-anabolic effects on
bone formation through inhibition of elements of the Wnt
signalling pathway including low-density lipoprotein
receptor-related proteins-4, -5 and -6. In a murine model of
aortic aneurysm and atherosclerosis, transgenic mice for the
SOST gene were protected from plaque development and the
aortae showed differential expression of proteins known to be
involved in the degradation of blood vessel matrix [115].
These observations demonstrate that established modulators
of Wnt signalling may protect against the progression of cal-
cification possibly by inhibiting the upregulation of β-catenin
activity. This clinical and pre-clinical evidence supports a role
for regulators of bone mineral metabolism in the development
and progression of vascular calcification and stiffness.

DKK-1 and sclerostin are vitamin D-regulated genes, and
supplementation appears to modify their serum levels.
Therefore, vitamin D may be a clinical link between bone
metabolism and vascular calcification and stiffness (Fig. 6).
A small sample of young individuals (average age 32 years)
with vitamin D deficiency (25-hydroxyvitamin D concentra-
tion < 20 ng/mL) received three once-monthly intramuscular
injections of 300,000 IU of vitamin D. It was observed that
there was a statistically significant difference between pre-
treatment and post-treatment values in 25(OH)D levels, para-
thyroid hormone (PTH) and sclerostin levels demonstrating
their responsiveness to vitamin D [116]. In a similar study of
older individuals (mean age 61 years), a single intramuscular
dose of 300,000 IU of vitamin D increased serum levels of
DKK-1 and sclerostin and the changes in sclerostin were
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maintained after 3 months. Further in regression analysis, only
the change in serum vitamin D was found to be a significant
predictor of serum DDK-1 levels at 3 months [117].This
would suggest that that vitamin D deficiency may be impli-
cated in adversely affecting the Wnt/β-catenin signalling
pathways which consequently provides the conditions for
VSMC differentiation and calcification. However, it has yet
to be conclusively demonstrated that vitamin D supplementa-
tion can modify the potential vascular effects of Wnt/β-
catenin signalling pathways including, ultimately, vascular
calcification. Given the chronic nature of vascular calcifica-
tion, it may be unfeasible to test the effect of vitamin D sup-
plementation in a randomised setting. Thus, much literature
has been devoted to understanding the effects of vitamin D
supplementation on surrogate markers of calcification includ-
ing endothelial function and arterial stiffness. Several
randomised trials have examined the effects of vitamin D sup-
plementation on markers of arterial stiffness across multiple
populations including type 2 diabetes [118], hypertension
[119] and chronic kidney disease [120] coincidently all these
co-morbidities are populations in which aortic calcification is
highly prevalent (Table 2). These clinical data have provided
inconsistent evidence, and thus, the utility, from a clinical and
public health perspective, of vitamin D supplementation in
improving vascular disease is unknown. Synthesis of this ev-
idence would be of enormous benefit in terms of determining
what factor contributed to null/negative findings such as dos-
ing strength and length of supplementation as well as identi-
fying the particular patient groups which may likely benefit

most from a specific supplementation regimen. Given the ma-
jority of these studies did not enrol individuals with known
vitamin D deficiency/insufficiency, future trials specifically
recruiting these individuals are needed. VitaminD supplemen-
tation in non-vitamin D-deficient populations has proved fu-
tile whereas supplementation in deficient populations has led
to improved outcomes [121].

The relationships between DDK-1, sclerostin and vitamin
D with calcification provide mechanistic insight supporting
observations linking low bone mineral density (BMD) and
fractures with adverse cardiovascular disease outcomes. In a
study of 3676 healthy older women, it was demonstrated that
yearly BMD loss at the femoral neck was greatest in those in
the highest quartile of systolic blood pressure (SBP) [36] and
in another study of 3151 healthy older men and women, hy-
pertension was more prevalent in those who had a history of
hip fracture (31.3%) compared to those who had not previous-
ly fractured (22.5%). In multivariable regression, previous
wrist fractures were associated with increased likelihood of
hypertension (odds ratio (OR) = 1.48; 95% confidence inter-
val [CI] = 1.10, 1.99) though hip fractures were marginally
non-significant (1.19; 0.98, 1.45) [29]. These data support
our understanding of a shared relationship between bone and
vascular disease; however, the direction of the relationship (if
bone loss precedes vascular disease or vascular disease pro-
motes bone loss) is not understood. Indeed, there appears to be
bi-directional relationships between osteoporosis, fracture and
cardiovascular disease (Table 1). In a large study of all 31,936
twins born in Sweden between 1914 and 1994, it was shown

Fig. 6 Role of vitamin D, DKK-1 and VSMC in arterial calcification and
remodelling. Low vitamin D is common in the elderly and more
pronounced with increasing adiposity. Wnt signalling inhibitors are
vitamin D-regulated elements, and thus without natural inhibitors, Wnt
is allowed to signal. Intracellularly, VSMC increased the expression of
the gene RunX2 which elicits a multitude of effects including increasing

calcium efflux from the cell, increasing expression of RANK and
increasing the secretion of osteocalcin. The sum total of this process is
that the VSMC undergoes trans-differentiation into a bone-like cell
capable of laying down bone matrix promoting arterial remodelling and
eventual calcification of the vessel
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that cardiovascular disease increases the risk of fractures. In
multivariable models, the hazard ratio (HR) for hip fracture
after a diagnosis of heart failure was 4.40 (3.43,5.63); after a
stroke, 5.09 (4.18,6.20); after a diagnosis of peripheral athero-
sclerosis, 3.20 (2.28,4.50); and after an ischemic heart disease
event, 2.32 (1.91,2.84) [30]. This finding was replicated in
men, where in a large cohort study of 113,600 individuals
including 60,637 men, atrial fibrillation was associated with
a near doubled risk of incident fractures [35]. Given the ortho-
dox understanding that loss of bone mass occurs concomitant-
ly with the development and progression of aortic calcification
and considering the potential impact of aortic calcification on
cardiac function leading to cardiovascular events, it then fol-
lows that low bone mass would be associated with poor car-
diac function. This has yet to be shown clinically and would
enhance our understanding of why cardiovascular diseases are
highly prevalent in individuals with low bone mass and in
those who have fractured.

If We Stop Bone Loss, Can We Reduce Vascular
Disease?

Although negative media attention about the risks of osteopo-
rosis treatment, prescriptions for bisphosphonates in Australia
remain high [122]. A meta-analysis of 61 trials examining the
effects of bisphosphonates on any cardiovascular outcome
identified two studies (totalling n = 152 patients) that included
a measure of vascular calcification. Bisphosphonates were
found to produce a significant reduction in vascular calcifica-
tion (mean difference between treated and control = −
11.52 units [95% CI: − 16.51, − 6.52; p < 0.01; heterogeneity
between studies: I2 = 13%]) [123]. Despite low statistical het-
erogeneity, the studies themselves were quite distinct; the larg-
er of the two trials was conducted in 108 Japanese patients
with hypercholesterolemia randomised into three treatment
groups: atorvastatin (a cholesterol-lowering agent) combined
with etidronate (a type of bisphosphonate) or either alone
[124]. It was found that atorvastatin plus etidronate combina-
tion therapy for 12 months significantly reduced both thoracic
and abdominal aortic plaques, whereas atorvastatin monother-
apy reduced only thoracic aortic plaques and etidronate mono-
therapy reduced only abdominal aortic plaques. The preferen-
tial regression of plaques by etidronate in the abdominal aorta
may be explained by the fact that thoracic plaque is more
commonly associated with fatty streaks, whereas abdominal
plaques are commonly more calcified. Indeed, in this study,
calcified abdominal plaques were more prevalent than calci-
fied thoracic plaques [28.7% vs. 13.9%, respectively]. The
other trial involving bisphosphonates was conducted in a co-
hort of 50 individuals with chronic kidney disease stages 3–4
[125]. It was shown that after 18 months of treatment with
alendronate (a type of bisphosphonate), there was no differ-
ence in the frequency of progression of vascular calcification

between treated and placebo groups (change in Hounsfield
units: − 24.2 [95% CI: − 77.0, 28.6; p = 0.4]). Given that these
studies are relatively small and restricted to patient popula-
tions, further research is required to determine effects of
bisphosphonates on cardiovascular health.

There is one study that has examined the effect of
denosumab on aortic calcification in a randomised controlled
trial design. This trial was a secondary evaluation of the larger
BFracture Reduction Evaluation of Denosumab in
Osteoporosis Every 6 Months (FREEDOM)^ study [126].
Over 7000 women aged 60–90 received denosumab or place-
bo every 6 months for 36 months. A subset of women with a
mean age of 74 years at baseline [placebo: n = 501 and
denosumab: n = 544] had lateral spine imaging evaluated for
AAC. It was demonstrated that after 3 years of follow-up, the
frequency of progression of AAC did not differ between
denosumab [22% with AAC progression] or placebo [22%]
groups [p = 0.98] [127]. This finding was consistent even
when the analysis was restricted to those who had severe
AAC at baseline (i.e. those most likely to provide evidence
for AAC progression). In this restricted analysis, 15% showed
progression in denosumab groups versus 19% in placebo-
treated group. Outside of randomised studies, there also exists
a case report of a 57-year-old Japanese women with multiple
myeloma and chronic kidney disease [stage not reported] who
was treated for 10 months with denosumab [128]. She devel-
oped rapidly progressive vascular and soft tissue calcification
to which her physicians attributed to the large doses of vitamin
D and calcium she was treated with to correct severe
hypocalcaemia secondary to denosumab treatment. These re-
ports, taken together, would thus cast doubt on the increasing-
ly accepted bone-vascular axis. It appears that strategies with
known effects on bone do not appear to influence vascular
calcification biology. Thus, other strategies which have
known effects on bone and vascular health need to be
identified.

Part 4: Associations of Sarcopenia
with Vascular Calcification and Stiffness

Mechanisms Potentially Linking Sarcopenia
to Vascular Calcification and Stiffness

Many factors are thought to contribute to age-related declines
in muscle mass and quality. Cellular and molecular triggers of
muscle loss include myocyte apoptosis, alterations in muscle
protein turnover, suboptimal utilisation of dietary amino acids
for protein synthesis and impaired satellite cell function and
regeneration [40]. These triggers are responsible for oxidative
stress, mitochondrial dysfunction, inflammation, hormonal
changes, fibre disorganisation and neuromuscular imbalances
which can lead to the preferential loss of fast motor units.
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Disuse and generally low levels of physical activity (which are
common in the elderly) are key contributors to these adverse
changes in muscle biology [129]. Significantly, inflammation
and increased oxidative stress can promote the differentiation
of regenerative satellite cells into non-contractile non-func-
tional adipose tissue [so called intra-/inter-muscular adipose
tissue (IMAT)] [25]. A higher amount of IMAT therefore in-
creases the load burden of remaining muscle and is indepen-
dently associated with poor physical performance in older
adults [45]. Also, obesity has been associated with inflamma-
tion, muscle triglyceride content and serum IL-17 levels as
well as the development of early atherosclerosis which pro-
vides evidence for shared mechanisms between vascular cal-
cification and muscle loss [130]. Interestingly, fat infiltration
into skeletal muscle (one of the features of IMAT) also in-
creases the risk of cardiovascular mortality, suggestive of an
interplay between the musculature and vasculature [46]
(Table 4). However, this study did not provide data on the type
of cardiovascular mortality, and therefore, no comment can be
made as to the potential association and involvement of IMAT
(which may be indicative of a more generalised disease in
skeletal muscle) and atherosclerotic vascular disease.

Epidemiological Insights into the Muscle-Vascular
Axis

Epidemiological evidence suggests that low muscle mass
and low muscle quality (poor strength and/or function)
increase the risk of cardiovascular mortality [65, 66, 138,

139]. Despite this, there exists few clinical studies on a
potential muscle-vascular disease relationship (Table 4).
The first account of an association between muscle (lean)
mass and vascular calcification was reported in a modest
cohort [n = 168] of middle-aged to elderly men [131].
Body composition was determined by dual-energy x-ray
absorptiometry [DXA] and aortic calcification was detect-
ed on lateral spine radiographs. It was shown that aortic
calcification was negatively correlated with total body lean
mass and there was an even more robust correlation with
peripheral lean mass considering the peripheral limbs (oth-
erwise described as appendicular lean mass, ALM). In
multivariable regression analysis accounting for age, prev-
alent cardiovascular disease and serum total cholesterol,
there was an inverse association between peripheral lean
mass and aortic calcification severity (β = − 0.153, p =
0.049). This observation was subsequently supported by
a large cross-sectional study of healthy adult men and
women (mean age approximately 40 years) [136]. In this
cohort, individuals in the lowest quintile of skeletal muscle
mass had the greatest prevalence of coronary artery calci-
fication (CAC) and greatest CAC score. On multivariable
regression analysis, every standard deviation decrease in
skeletal muscle mass was associated with an approximately
46% increased likelihood of having greater coronary calci-
um. This association was consistent in individuals with
either high (score > 100) or low (score ≤ 100) coronary cal-
cium score suggestive that muscle loss may be associated
with both the early development and ongoing progression

Table 4 Clinical evidence supporting an association between muscle mass and vascular calcification and calcified atherosclerosis

Study [year] Setting [n] Age
range

Muscle measurement AAC measurement Finding

Alexandersen
2006 [131]

Denmark, Healthy
older men, 168

44–86 Whole body DXA Lateral spine radiographs,
abdominal aorta

Peripheral (appendicular) lean mass
negatively associated with aortic
calcification severity

Szulc 2012 [132] France, Healthy
older men, 1071

20–87 Myostatin Lateral spine DXA,
abdominal aorta

Highest quartile of myostatin associated
with lowest odds of AAC;
association more robust in men > 60

Jensky 2014
[133]

USA, Healthy older
adults, 1020

45–84 Abdominal muscle on CT Abdominal CT (coronary
artery and aorta)

Null association between abdominal
muscle mass and CAC, TAC and
AAC

Idoate 2015 [134] Spain,
Institutionalised
adults, 42

> 80 Abdominal muscle on CT Abdominal CT (coronary
artery)

CAC score did not differ between
robust and frail individuals

Wassel 2015
[135]

USA,
Postmenopausal
women, 439

> 55 Abdominal muscle on CT Abdominal CT (coronary
artery and aorta)

Greater percentage change in CAC in
those with lower abdominal muscle
mass

Ko 2016 [136] Korea, Healthy
adults, 31,108

> 18 Whole body bioelectrical
impedance

Abdominal CT (coronary
artery)

Odds of higher CAC increased with
decreasing skeletal muscle index

Idoate 2017 [137] Spain,
Institutionalised
adults, 42

> 80 Abdominal muscle on CT Abdominal CT (coronary
artery)

Extra-coronary calcium scores higher in
frail individuals
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of disease. The amount of muscle mass is strongly deter-
mined by myostatin, a protein of the transforming growth
factor-β superfamily [140]. Myostatin has also been impli-
cated, pre-clinically, in glucose homeostasis and
atherosclerotic/calcific plaque development by promoting
mesenchymal stem cells to undergo osteogenic differenti-
ation [141, 142]. Complementing the observation that low
muscle mass is associated with more vascular calcification;
in a large sample of middle-aged men, higher circulating
levels of myostatin were associated with lower odds of
having AAC, detected via lateral spine assessments on
DXA, after adjustment for multiple risk factors [132].
This finding was consistent in a sub-group analysis of
men aged over 60 and indeed AAC prevalence was lowest
in the highest quartile of serum myostatin relative to the
lower three tertiles combined. Interestingly, AAC preva-
lence was lowest in individuals in the lowest quartile of
C-reactive protein (CRP) which is a biomarker of systemic
inflammation. This possibly suggests that both increases in
inflammation and a lack of muscle synthesis promoters
play a role in aortic calcification. Overall, this study pro-
vided a potential biological explanation for a muscle-
vascular disease association, though it is uncertain whether
these factors causatively effect vascular calcification or
that these complimentary observations are age-driven as-
sociations. Other epidemiological studies in cohorts of men
and women have demonstrated null associations between
abdominal muscle mass and calcification in various vascu-
lar beds including the ascending and descending aorta and
coronary arteries [133].Therefore, there could be some
age-specific effects not noted in earlier studies or, given
the younger age of the cohort in question (approximately
64 years), any association between muscle mass and vas-
cular calcification may be less pronounced. This hypothe-
s i s i s suppo r t ed by two s tud i e s conduc t ed in
institutionalised nonagenarians [134, 137]. Low muscle
mass and fatty infiltration into muscle were characteristic
features of the frail individuals in the cohort. Compared to
robust (high functioning) individuals, frail individuals (low
functioning) had greater CAC scores but this association
did not reach statistical significance [134]. However, extra-
coronary calcification was significantly higher in frail in-
dividuals suggesting that the association between muscle
and vascular disease is more pronounced in older age
[137]. Other evidence also points to factors relating to
muscle function and quality (supporting the frail/robust
findings) having an association with vessel disease
(Table 5). No study has directly examined associations of
measures of physical function with aortic calcification.
There appears to be more consistent associations with vas-
cular measurements in women than in men. In a multieth-
nic study of post-menopausal women, abdominal muscle at
baseline was associated with longitudinal changes in CAC

and this association differed by ethnicity [135]. Despite
these observations, no study exists which directly mea-
sures muscle mass or muscle quality (strength or function)
at a clinically relevant site such as peripheral limbs (impor-
tant to physical function and independence) in both men
and women and determines the association with AAC.

Role of Exercise in Modulating Muscle-Vascular Axis

Compared to the relative lack of efficacy of osteoporosis med-
ications on vascular disease measures, strategies that address
poor muscle mass and function have appeared to exert more
favourable effects on vascular calcification and stiffness.
There is extensive literature examining the role of exercise
on sarcopenia and its components [150]. The consistent mes-
sage is that power-training (or resistance or loading-type ex-
ercise) is the best strategy to combat sarcopenia as this type of
intervention is sufficient to induce myogenesis in the elderly
[151]. Equally, there is extensive literature examining the ben-
efits of exercises on vascular function as measured through
estimating arterial stiffness [152, 153]. Exercise is thought to
deliver these vascular adaptions by augmenting NO-
dependent vasodilation, which affects arterial function [154].
To date, no study has directly examined the effect of an exer-
cise intervention, in older people on the progression or sever-
ity of AAC. This is despite studies determining direct links
between muscle mass and aortic calcification [131].

Observational studies have supported interventional trials
in that vascular health is better in individuals (including older
adults) who engage in higher amounts of physical exertion
(structured activities or incidental activities of daily living)
[155]. Furthermore, observational studies have illustrated that
important determinants of poor muscle mass and physical
function also are independent risk factors for increased arterial
stiffness (Table 5). For example, obesity has independently
been associated with increased arterial stiffness and with
sarcopenia in older adults [156]. Accordingly, a meta-
analysis of weight loss trials has demonstrated that weight
reduction can result in significant improvement in a number
of arterial parameters [157]. The difficulty with weight loss is
that although it may have profound benefits on the vascular
system, it may lead to unfavourable musculoskeletal out-
comes as is seen in patients who have had weight loss surgery
[158]. Therefore, a more generalised strategy that targets all
systems concurrently would be the ideal strategy to ensure
vascular risk reduction whilst maintaining high musculoskel-
etal functioning. This strategy would thus target the shared
risk factors of these conditions (Fig. 2). Currently, no trials
exist examining the impact of lifestyle interventions which
have benefits on multiple risk factors, including exercise
programmes on advanced atherosclerotic vascular disease.
Studies have, however, explored micronutrients such as
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calcium and vitamin D (critical in both the musculoskeletal
and vascular systems) in their relation to vascular risk.

Part 5: Calcium-Vitamin D Links to Vascular
Calcification and Stiffness

Vitamin D and calcium appear to have numerous roles in
musculoskeletal ageing and vascular disease. As outlined
above, vitamin D responsive genes are critical to osteogenesis
and have a role in vascular calcification. Calcium salts (calci-
um phosphate, calcium carbonate) are the main mineral con-
stituent of bone and appear in ectopic calcification as well.
Mineral perturbations, such as those seen in chronic kidney
disease and modelled in vitro in the setting of high circulating
phosphate, are associated with increased mineralisation of
vascular tissue. This has resulted in two major themes of clin-
ical interest that have predominated the literature without
resolution:

(i) If vitamin D responsive elements are responsible for cal-
cification in non-skeletal sites and low vitamin D (either
deficiency or insufficiency) is highly prevalent in individ-
uals with calcification, does supplementation of vitamin
D result in a decrease in markers of calcification and
vascular disease more generally?

(ii) If calcium is the predominant component of calcifica-
tion, do excessively high intakes of calcium (through
dietary or supplemental sources) result in excess calcifi-
cation and vascular disease more generally?

Vitamin D

VitaminD is a pleiotropic steroid hormonewhose primary action
is to facilitate calcium uptake in the small intestine, fortifying the
collagenous fibres. Vitamin D also has a number of non-skeletal
effects that may favourably influence the cardiovascular system
such as down-regulation of the renin-angiotensin system, en-
hancing insulin sensitivity and modulating inflammation [56].
The receptor for vitamin D exists on skeletal muscle myocytes
and promotes protein synthesis and trophism by negatively reg-
ulating myostatin [159]. The vascular endothelium is also re-
sponsive to vitamin D. Endothelial cells express the vitamin D
receptor and disruption in vitaminD signalling in the presence of
calcium increases thrombogenesis, enhances VSMC prolifera-
tion and inflammation; and in cardiac myocytes, deletion of vi-
tamin D may promote calcium absorption suggestive of a role in
ectopic calcification [160, 161]. Importantly, vitaminD has a role
in regulating the Wnt/β-catenin signalling pathway. Whilst these
pre-clinical data support a role for vitamin D in the pathogenesis
of vascular disease, the evidence for a clinical role for vitamin D
supplementation in the treatment of vascular diseases is less clear.Ta
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Hypovitaminosis D (defined as serum calcifediol/25-
hydroxyvitamin D (25OHD) concentration below 50 nmol/L
[= 20 ng/mL] as according to The Endocrine Society guidelines)
has been the subject of intense investigation. Most prospective
studies have reported moderate to strong inverse associations
between vitamin D concentrations and cardiovascular diseases,
serum lipid concentrations, inflammation, glucose metabolism
disorders, weight gain, infectious diseases, multiple sclerosis,
mood disorders, declining cognitive function, impaired physical
functioning and all-cause mortality [121].

A large body of observational evidence supports a view that
there is an inverse relationship between circulating vitaminD and
cardiovascular disease and this has been reviewed elsewhere
[162]. What has been less established is the therapeutic potential
of vitamin D supplementation directly on vascular markers (e.g.
calcification), but also indirectly on the underlying mechanisms
(e.g. inflammation). This is despite the general inverse relation-
ship between vitamin D and cardiovascular disease is consistent-
ly evident in specific disease states such as heart failure [163] and
specific disease manifestations such as increased arterial stiffness
[164]. Interventional studies have provided mixed results regard-
ing supplemental effects on disease markers and underlying
mechanisms. For example, in a randomised study of over 300
older adults, 12 months of oral 4000 international units (IU)/day
of vitamin D3 did not produce any beneficial effects on blood
pressure, heart rate or arterial stiffness (estimated by the augmen-
tation index, stiffness index and reflection index—all markers of
the arterial pressurewaveform) [165]. Though, through a second-
ary analysis of another randomised controlled trial of vitamin D
(monthly 100,000 IU) on cardiovascular outcomes including the
arterial stiffness measures augmentation index (between group
difference in change from baseline: − 5.7% [95%CI: − 10.8, −
0.6] and pulse wave velocity [− 0.3 m/s; − 0–0.6, − 0.1], it ap-
pears that the beneficial effects of vitamin D are limited to those
who have underlying vitamin D deficiency [166]. This is consis-
tent with pre-clinical evidence for the role of vitamin D in regu-
lating genes involved in pathogenic pathways of vascular dis-
ease. Furthermore, vitamin D3 supplementation of daily 4000 IU
for 12 months in older patients with clinical heart failure (an
ejection fraction of less than 45%) improved cardiac function
(overall approximate 6% improvement in ejection fraction
[95%CI = 3.20–8.95]) and reversed left ventricular remodelling
[167]. It was hypothesised that reductions in inflammation,
which is a leading driver of cardiac remodelling and reduced
cardiac function, was responsible for these improvements.
Vitamin D has immunomodulatory effects, but it has yet to be
conclusively demonstrated that vitamin D can improve the in-
flammatory status in individuals with known cardiovascular dis-
ease. Furthermore, given the potential beneficial effect of vitamin
D on heart function, no trial to date has examined if vitamin D
supplementation can affect the development and/or progression
of vascular calcification, something which may precede clinical
heart disease such as heart failure or elevated blood pressure.

Calcium

There is great biological and clinical debate surrounding the po-
tential adverse cardiovascular effects of calcium including the
role of circulating calcium and calcium intake from dietary and
supplemental sources. Several systematic reviews have previous-
ly been dedicated to the topic [168, 169]. At the molecular level,
calcium is required for the production of action potentials at the
neuromuscular junction for muscle contraction and is an impor-
tant intracellular signalling molecule and intercellular second
messenger for downstreamgene transcription. This is particularly
relevant regarding the trans-differentiation of VSMC. Given the
standard public health message for healthy ageing (which in-
cludes musculoskeletal and cardiovascular health) encourages
adequate calcium intake from dietary sources, the following will
be dedicated to understanding the effect of dietary calcium in
vascular disease [170].

A recent meta-analysis proposed that increasing calcium in-
take through dietary sources is safe and tolerable [168]. Causing
much controversary was the publication of a report from a large
population study conducted in Sweden in postmenopausal wom-
en which concluded that those who consumed more than
1400 mg/day of calcium from dietary sources were at an in-
creased risk of all-cause, cardiovascular and myocardial infarc-
tion mortality, but not stroke, sparking much commentary [171].
This finding went against conventional wisdom that higher cal-
cium intake from dietary sources is reflective of a health-
conscious lifestyle and favourable health outcomes [170]. More
recent studies from other countries including Australia have re-
ported contrasting findings to that of the highly publicised
Swedish report indicating that there might be ethnic/regional
specific effects of dietary calcium on cardiovascular and other
mortality outcomes [172]. Furthermore, given postmenopausal
accelerated bone loss, the main focus of bone preservation has
focused on women and thus most studies (including the Swedish
report) have enrolled only women. Therefore, more studies di-
rectly examining potential sex-specific effects of dietary calcium
intake are needed.

It is assumed that underlying vessel diseases account for a
large proportion of the cardiovascular deaths in these epide-
miological studies. There is scant literature regarding the as-
sociation of dietary calcium onmarkers of vascular disease. In
the Multiethnic Study of Atherosclerosis, higher estimated
dietary calcium intake was associated with a decreased risk
for developing CAC [relative risk (RR) = 0.73(0.57–0.93)]
though other studies have suggested there is no association
[173, 174]. However, total calcium intake including from sup-
plemental sources appeared to increase the risk for incident
CAC [RR = 1.22(1.07–1.39)] [174]. This would suggest that
there may be some adverse effect of calcium at the extremes of
plausible intake levels, but this has yet to be shown regarding
cardiovascular mortality or vascular disease markers including
aortic calcification.
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Part 6: Conclusion and Proposed Disease
Model

This review explored three fundamental features of ageing:
muscle loss, bone loss and vascular disease. There are several
biologically and clinically plausible connections linking mus-
culoskeletal decline and vascular disease and numerous key
research questions are offered throughout this review
highlighting areas for further development in our understand-
ing of how these ageing aspects are potentially connected.
These research questions can be answered in both interven-
tional and observational settings. Summarising the available
evidence, a conceptual disease model is proposed (Fig. 7).

In this model, central to the manifestations of ageing
[poor physical function, adverse skeletal outcomes includ-
ing fractures and overt cardiovascular disease including
heart failure and cardiac events] is the bi-directional na-
ture of the relationship between the musculoskeletal sys-
tem and the vasculature. Factors that influence the fate of
muscle mass and bone mass also appear to influence ves-
sel disease—suggestive of shared biology and fate. The
underlying disease state in the microenvironment has di-
rect effects on the musculoskeletal system and the vascu-
lature (the macrosystemic level) and high-quality
randomised trials targeting these elements as primary
end-points and linking them to hard outcomes are needed

to firmly understand disease progression by confirming
observational and pre-clinical evidence. Concerning the
bone-vascular axis, given the relative lack of efficacy of
bone-active medications on calcification there an oppor-
tunity for other interventions which target shared risk fac-
tors more generally. Calcification is a modifiable process,
and this improvement through strategies with known ef-
fects on bone and muscle (and the risk factors for low
bone and muscle) such as exercise (which is well
established to promote favourable musculoskeletal) may
also promote improvements in calcification. These inter-
ventions can be fortified by addressing underlying micro-
nutrient deficiencies which together may be at the heart of
unhealthy ageing.
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Fig. 7 Conceptual disease model. At the microsystemic level,
inflammation and the action of small minerals and other micronutrients
promote cellular stresses and damage which, if sustained, manifest at the
macrosystemic level as tissue loss (bone and muscle) and evidence
vascular damage (calcification). The development, progression and

acceleration of these disease states may eventually manifest clinically
(and indeed become obvious to the individual) evidenced by fractures,
poor physical function/functional decline and an inability to perform ac-
tivities of daily living as well as decreased cardiovascular health
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