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Abstract 

The effects of elevated arterial stiffness on cardiovascular outcomes are widely studied, whereas the relation to non-cardiovascular outcomes 

relevant to older persons, such as the effect on bones and muscles, is less well established. Arterial stiffness, bone demineralization and muscle 

loss are all age-related processes with common risk factors, however, whether these are just parallel age-related alterations or whether these 

processes share common pathways is not yet understood. In this review, we outline previous literature using different assessments of arterial 

stiffness in various populations across the world in order to produce a comprehensive overview. While there are many studies showing an 

association between arterial stiffness and loss of bone and muscle, the majority are cross-sectional and there is limited longitudinal evidence to 

justify causal conclusions. We also give an in-depth review of hypotheses and possible mechanisms which may underlie these associations 

including hormone dysregulation, impaired glucose metabolism and inflammation. This narrative review highlights the associations between 

vessels, bones and muscles with aging, offering insights into possible shared pathways.   
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Introduction 

Aging brings a variety of molecular, physiological and organ-level changes. At the cellular level genomic instability, cell senescence and 

mitochondrial dysfunction are amongst its hallmarks,1 while alterations in hormone levels and increased levels of cytokines have led to the 

concept of aging as a low grade inflammatory state.2 Arterial stiffness is an age-related process which can be accelerated by several conditions 

such as hypertension, diabetes mellitus, the metabolic syndrome and chronic inflammation.3-8 Elevated arterial stiffness leads to changes of the 

blood pressure profile and an increased pulsatile pressure and flow load, which can affect target organs, such as the heart, brain and kidneys9-11 

and therefore, increases the risk of cardiovascular morbidity and mortality.12 Bones and muscles also deteriorate with age;13, 14 In the aging 

bone, the balance between bone resorption and bone formation has changed as result of an increase in bone-resorbing osteoclasts and pro-

osteoclastogenic interleukins, subsequently leading to loss of bone tissue and reduced mineral content with aging.15 The loss of skeletal muscle 

occurs universally with age and is characterized by decreased quantity and quality of muscle leading to functional impairment. Animal models 

have shown changes in protein synthesis and breakdown, mitochondrial dysfunction and elevated reactive oxidant species (ROS) with fatty and 

fibrotic changes.16 These age-related changes in the bones and muscles appear to share common risk factors with the process of vascular 

aging.17-20 We have shown in a cohort of older men that the combination of high lean mass and low fat mass was associated with the best 

arterial and bone profiles i.e. the lowest arterial stiffness and the highest bone mineral density (BMD).19 Hitherto, there is a paucity of studies 
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investigating whether arterial stiffness and both bone and muscle deterioration are just parallel age-related processes or whether these 

processes share common pathways and directly influence one another.  

 In this narrative review, we give an overview of the literature in order to clarify the possible relationship between arterial stiffness and age-

related non-cardiovascular outcomes, namely bone demineralization and muscle loss. We mainly focus on the clinical and epidemiological 

studies exploring the associations of arterial stiffness with manifestations of bone and muscle aging before concluding with a more in-depth 

overview of hypotheses underlying these associations including pre-clinical studies to describe potential mechanisms. 

Methodological approaches 

Arterial stiffness 

In most of the clinical studies, arterial stiffness has been assessed using pulse wave velocity (PWV) either the brachial-ankle PWV (baPWV), an 

indicator of global arterial stiffness, or the carotid-femoral PWV (cfPWV) which assesses stiffness of the central arteries.21 In some studies, 

arterial stiffness was assessed with other validated methods, such as central or peripheral pulse pressure (cPP or pPP) and cardio-ankle 

vascular index (CAVI).22 

Bone Mineral Density (BMD) 

BMD has been assessed with Dual-energy X-ray absorptiometry (DEXA) scans in most studies, the gold standard for BMD quantification.23 Some 
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studies have used computed tomography (CT) scans to assess BMD, whereas other studies have used the Achilles quantitative ultrasound 

system (QUS) which measures the speed of sound and the frequency-dependent broadband ultrasound attenuation (BUA). Levels of bone 

alkaline phosphatase (BAP), a sensitive and reliable indicator of bone metabolism,24 were also used to assess bone (de)mineralization.  

Muscle mass and function 

Muscle mass was assessed in most studies using CT/DEXA imaging or Bioimpedance Analysis (BIA). These modalities for determining muscle 

quantity are frequently combined with measures of function such as grip strength.25   

Results of the clinical and epidemiological studies 

  A. Arterial stiffness and BMD 

Table 1 gives an overview on studies included in this study investigating associations between arterial stiffness and BMD. The baPWV has been 

used as marker of arterial stiffness in predominately Asian populations for studying the relationship between arterial stiffness and BMD. In 

hypertensive men in China (mean age 67.7±9.6 years),26 baPWV was inversely correlated with femoral neck (FN) BMD in univariate and 

multivariate analyses, whereas no association was found in age-matched non-hypertensive men. The authors describe that this difference 

between groups may lie in excessive urinary calcium excretion in persons with hypertension which could decrease serum calcium, lead to 

secondary hyperparathyroidism and thus increase the calcium release from the bone into the blood. In Japanese women, lumbar spine (LS) 
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BMD and baPWV were negatively correlated, whereas a positive correlation was found between BAP levels and baPWV.27 Although 

correlations were the strongest in subjects with normal body mass index and blood pressure, no correlations were found in adjusted analysis. 

Within the framework of the JPOS-study, one of the few longitudinal studies, it was investigated whether BMD had a role in the development 

of increased baPWV in Japanese middle-aged and elderly women during 10-years of follow-up.28 Participants with increased arterial stiffness 

after 10 years showed lower BMD values at baseline than participants with a less pronounced increase in arterial stiffness. Low BMD at the 

level of the total hip (TH) remained different between groups after additional adjustments, suggesting an independent role of BMD in 

determining elevated arterial stiffness.  

cfPWV has been shown to be predictive for morbidity, progression of end-organ diseases and even mortality.29, 30 The possible association 

between cfPWV and BMD has also been previously investigated. Within the framework of the Baltimore longitudinal study of aging, a 

prospective study of normative aging in healthy volunteers,31 no correlation was found between BMD and cfPWV in men, whereas, in women, 

an inverse correlation was found between BMD and cfPWV. This sex-specific relationship suggests that mediators of this association are 

probably differentially regulated between men and women. Several studies have investigated the possible relationship between cfPWV and 

BMD in patients with CKD or on dialysis,32-34 populations that are known to have increased vascular calcification and arterial stiffness.35, 36 In 

patients with CKD, a negative correlation was found between vascular calcification and BMD scores in the femoral region, whereas no 

association was found between cfPWV and BMD.32 However, the small sample size might have affected the results. In a study of hemodialysis 



8 
 

patients, using quantitative CT scan (QCT) to assess BMD, participants with progressively lower BMD were more likely to have a PWV≥9 m/s, 

even after adjustments, which supports the concept of a close interaction of vascular and bone disease in dialysis patients.34 The authors 

suggest that mineral metabolism and alterations in bone remodeling might be factors influencing vascular properties in this specific patient 

group, however since this was a cross-sectional analysis, no conclusion can be drawn about causality.   

To the best of our knowledge, only one study investigated the effect of arterial stiffness on bone metabolism during follow-up;37 in a 

hyperhomocysteinemic population, arterial stiffness measured as cfPWV and cPP did not have an effect on changes in BMD within 2 years. The 

authors hypothesized that hyperhomocysteinemia, which is associated with both cardiovascular disease and osteoporosis, could be part of a 

common pathway in the association between arterial stiffness and bone demineralization, however, they were not able to confirm this 

hypothesis.  

In a large population-based cohort study in Canada, individuals between 40-70 years old were included in which it was observed that levels of 

cPP and pPP were inversely associated with BMD values.38 Associations remained significant in multivariate analysis, implying an independent 

association between these parameters which further suggests that arterial stiffness and low BMD are both part of an accelerated aging 

process.  
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Only one study explored the possible association between BMD and CAVI, a blood pressure-independent parameter of overall vascular 

stiffness;39 in middle-aged and older Chinese inpatients, FN BMD and TH BMD were negatively correlated with CAVI values. After adjusting for 

several confounders, this correlation was still present between TH BMD and CAVI values. The authors state that there might be an interaction 

between bone and vascular metabolic mechanisms, such as changes in hormone levels and an increase in proinflammatory cytokines with 

aging. 

There seems to be increasing evidence linking arterial stiffness to bone demineralization, however, results are controversial. Associations may 

be strongly dependent on the tools which were used to assess arterial stiffness and BMD and on the study population in which associations 

were studied. Most studies have limited sample size, which limits the possibility of adjustment for potential confounders and therefore of 

investigating a potential independent association. Also, only a few longitudinal studies were conducted to establish causality. Therefore, the 

question whether these processes share common pathways or whether the same risk factors contribute to these age-related alterations still 

remains.  

B. Arterial stiffness and muscle mass and function 

The baPWV has been the most commonly used tool in studies of muscle function and arterial stiffness, with large cross-sectional studies finding 

significant associations across predominately Asian populations.40-42 In table 2, an overview is presented on previous studies investigating 
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associations between arterial stiffness and muscle mass and function. The J-SHIPP study explored the relationship of arterial stiffness with 

sarcopenia, finding the strongest association with baPWV compared to central pulse pressure43 and suggesting that sarcopenic obesity poses 

the biggest risk44, although neither study presents a postulated mechanism. Similarly, using baPWV in community-dwelling Chinese older 

adults, Zhang found an association between arterial stiffness and sarcopenia according to the Asian Working Group on Sarcopenia definition, 

with an increase of 11% in the odds of being sarcopenic per 1 standard deviation increase in baPWV.45 In this study, the relationship was only 

significant in men after adjustment, but not in women, suggesting that testosterone may be an important factor in the underlying mechanism, 

as sex discrepancies have been a common theme in the investigation of sarcopenia.  

There have been relatively few studies using the gold standard tool for assessing arterial stiffness, cfPWV. The Health ABC study demonstrated 

an independent negative association of cfPWV with muscle parameters in men and white women based on CT and DEXA assessments.46 The 

authors proposed that reduction in blood flow to limbs due to stiff arteries led to muscle decline, suggesting an additional role for 

microvascular dysfunction. Meanwhile, a small study of 54 patients in Portugal found significant inverse correlations between aortic PWV with 

both quantity (total lean mass) and quality of muscle (handgrip strength and sit-to-stand test).47 However, the full results have yet to be 

published, and it is unclear if these correlations remain significant after adjustment for confounders such as age and blood pressure. A meta-

analysis of cross-sectional studies found a pooled negative correlation of muscle mass and PWV, although this included studies from varying 

geographical locations, age ranges (from mean age 23 in one study to 74 in another) and using different methods of assessing both muscle 
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mass and arterial stiffness (baPWV, cfPWV and carotid-ankle PWV).48 They offer a variety of possible mechanisms including oxidative stress and 

insulin dysregulation as common pathways in muscle loss and arterial stiffening. 

Our UK study in older adults found a much stronger association of sarcopenia with the CAVI compared to cfPWV, showing significant 

correlations for CAVI with all criteria for defining sarcopenia, which were stronger in women than in men, again suggesting a role for sex 

hormones in mediating these changes.49 Similar findings were seen in a smaller Japanese study, showing a negative correlation of CAVI with 

skeletal muscle index (SMI) in both men and women.50 A Korean study of middle aged men found that higher grade muscle mass deficit on BIA 

was associated with increased odds ratio (OR) for being in a high CAVI group.51 However, the OR became non-significant after full adjustment 

for confounders, and the binary assessment of CAVI as low or high coupled with low age range of the sample (40-64 years) limits its 

comparability. In a Japanese study, CAVI was found to be associated with hand-grip strength in non-hypertensive women, but not in 

hypertensive women or men.42 Finally, Xue found a significant association between CAVI and frailty as defined by Fried’s frailty index in 

geriatric inpatients on multivariate regression, stating that arterial stiffness contributes to frailty on multiple levels.52  

A study of post-menopausal women showed higher baPWV in women with reduced muscle indices compared to normal.53 This study also 

suggested an exaggerated BP response to post-exercise muscle ischaemia in the sarcopenic group with menopause triggering an enhanced 

level of metaboreflex activation. Ochi found a significant negative association between carotid intimal thickness and sarcopenia in men, and 
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showed baPWV as a modest predictor of sarcopenia in addition to age, height, low physical activity, free testosterone level, again suggesting 

sex differences which may result from different hormonal constitutions.54  

Thus, while the evidence linking sarcopenia with arterial stiffness is irrefutable, the best method for assessing this relationship is, as yet, 

unclear. Both baPWV and CAVI include muscular and elastic arteries, rather than solely central aortic stiffness, thus may be better tools to 

evaluate the universal loss of muscle tissue in sarcopenia and highlight its cardiovascular repercussions.  

Possible mechanisms 

A. Arterial stiffness and BMD 

There is no clear consensus on how the processes of arterial stiffness and bone demineralization interact, however there are several 

hypotheses that link both processes. Large population-based studies have found that arterial calcifications changes arterial structural and 

functional properties and that those with the greatest bone loss have the most severe progression of aortic calcification.55, 56 Non-collagenous 

proteins are important in the process of bone mineralization and have also been found in calcification of the arteries,57 suggesting that vascular 

mineralization and bone demineralization might have a common etiology. We outline the commonly described hypotheses in figure 1 and 

below, including inflammation, hormonal dysregulation and impaired glucose metabolism.  
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Inflammation 

The immunosenescence in aging results in remodeling of specific cell types and more importantly seems to induce a permanent state of 

chronic inflammation.58 Chronic inflammation and oxidative stress increase with age and might underlie both changes in blood vessel structure 

and bone mineralization.59 Levels of C-reactive protein and pro-inflammatory cytokines, such as interleukins and TNF-alpha are associated with 

elevated arterial stiffness,60, 61 possibly due to their role in endothelial dysfunction by inhibiting endothelium-dependent vasodilatation. The 

same cytokines have been shown to increase osteoclast activity and thus bone resportion.62 Inflammatory cytokines increase the level of 

RANKL, which activates osteoclasts, and cause bone resorption and calcium to transfer from bone to the vessels wall. 63 RANKL is usually 

undetectable in normal vasculature, whereas significant amounts of RANKL have been detected in atherosclerotic tissue inducing angiogenesis 

and stimulating osteogenic differentiation and calcification in vascular smooth muscle cells.  

Hormonal dysregulation 

Parathyroid hormone (PTH) has an important role in regulating calcium-phosphate metabolism by stimulating osteoclastogenesis through 

activation of the osteoblastic cell, resulting in resorption of the bone matrix and secondary increase of serum calcium.64 PTH has also been 

linked to vascular calcification, which might be a direct effect of PTH or a more indirect result of hyperphosphatemia or hypercalciemia.65 

Directly, PTH induces an acute vasodilatory response of the vasculature by binding on the PTH receptors on the vascular smooth muscle cells 

(VSMCs).66 Moreover, PTH is found to be a significant prosclerotic factor in these VSMCs, since it has a direct effect on production and 
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reorganization of collagen. More indirectly, hyperphosphatemia increases activity of sodium-dependent cotransporters, which upregulates 

genes involved in matrix mineralization.67 Both hyperphosphatemia and hypercalcemia can increase the release of matrix vesicles resulting in 

deposition of calcium phosphate mineral in the extracellular matrix, increasing vascular calcification and arterial stiffnening.68 Estrogen also has 

an important role in vascular health and bone metabolism. Estrogen has protective effects on the cardiovascular system by altering serum lipid 

concentrations;69 estrogen can lower phosphorus levels and reduce the production of inflammatory cytokines.70, 71 Moreover, estrogen 

receptors are found on both vascular endothelial and smooth muscle cells, osteoblasts and osteoclasts,72-74 which suggests a direct effect of 

estrogen on vascular structures and bone cells as well. Therefore, estrogen might be a mediator in the sex-specific association between arterial 

stiffness and bone demineralization.31  

Impaired glucose metabolism 

Changes in insulin regulation and glucose metabolism may be another underlying factor in both processes. Diabetes mellitus, impaired glucose 

regulation and metabolic syndrome are associated with elevated stiffness as result of accumulation of glycation end-products (AGEs) in the 

vessel wall.75 Insulin resistance is found to be associated with lower bone strength independent of body weight or other potential confounders, 

suggesting that hyperinsulinemia (and not hyperglycemia) negatively affects bone structure. 76 It has been suggested that osteoblasts are 

insulin target cells and that bone resorption is stimulated by insulin signaling in osteoblasts.77 Also, adipocytes and osteoblasts have a common 

progenitor and the differentiation is modulated by various shared pathways in which hormones and inflammatory mediators stimulate and 



15 
 

inhibit both type of cells.78 Therefore, impaired glucose metabolism including metabolic syndrome seems to concurrently influences both 

arterial stiffness and bone demineralization.  

Other hypotheses 

An optimal blood flow is essential in the formation of capillaries and angiogenic growth of the bone vasculature, in which Notch signaling in the 

endothelium of the bone plays a key role;79 Notch promotes blood vessel growth and couples angiogenesis and osteogenesis.80 Since a non-

optimal blood flow downregulates Notch signaling, this can result in defective angiogenesis and negatively affect bone homeostasis and repair. 

The renin-angiotensin-aldosterone system (RAAS), a critical regulator of blood volume and a determinant of arterial stiffness,81 might also play 

a role in bone homeostasis, where angiotensin II increases the osteoclastogenesis and inhibits osteoblastic activity resulting in a decrease in 

bone mineral density.82 There may also be a role for transcription factors involved in cell differentiation, such as peroxisome proliferator-

activated receptor gamma (PPAR- γ), which is a positive promotor of adipogenesis and a negative regulator of osteoblastogenesis. 83 It is shown 

that PPAR- γ agonists reduce inflammation, adhesion moleculs and arterial stiffness by improving insulin sensitivity,84 which makes it a relevant 

factor for future research. 

B. Arterial stiffness and muscle mass and function 
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In terms of the potential mechanism whereby sarcopenia and vascular stiffness interact, there is no clear consensus, with manifold theories 

and likely multiple highly interrelated factors. While some studies have suggested chronic ischaemia from stiff vessels as the cause of muscle 

breakdown, others have highlighted the impact of atrophic myocytes on the body’s oxidative state, resulting in chronic inflammation and 

augmenting vascular stiffening. The most commonly hypothesized mechanisms are outlined in figure 1 and below.  

Inflammation 

Chronic inflammation and oxidative stress are frequently postulated to underlie changes in muscle and blood vessels with age. Aging cells show 

mitochondrial dysfunction, for example changes in peroxisome proliferator-activated receptor-γ coactivator-1α pathways,85 leading to 

increased production of reactive oxidant species, further mitochondrial damage and reduced proliferative capacity, particularly in high oxygen 

consumption tissues such as skeletal muscle.86 Deficient autophagy in muscle stem cells can exacerbate inflammation and impaired antioxidant 

molecules such as Sestrin have been implicated in skeletal muscle decline with age in animal models.87-89 Increased CRP has been shown to 

predict loss of muscle,18 while imbalanced production of reactive oxygen species can impair muscle cell maintenance.90 Inflammatory 

mediators can act directly on muscle receptors to increase breakdown or indirectly by impairing production of anabolic proteins such as growth 

hormone. In arteries, an inflammatory state can reduce elastin and increase stiffness, and these changes result in further release of 

inflammatory mediators. Whether low level inflammation is the cause or effect of muscle breakdown and arterial stiffening is yet to be 

determined.  
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Hormonal dysregulation 

Testosterone has also been proposed as a link between cardiovascular risk and sarcopenia, with androgen-deprivation therapy resulting in 

increased fat and loss of muscle.91 Ochi found an association of free testosterone with both loss of muscle mass and increased arterial stiffness, 

suggesting this may underlie the association in men.54 However, this study used thigh muscle CT to define sarcopenia, showing a higher 

reduction in this parameter with age in men compared to women and thus possibly explaining the lack of association with arterial stiffness in 

women. Using whole body measures of muscle mass may be more useful in assessing the relationship in both sexes. Testosterone may increase 

the levels of type 1 and type 2 muscle fibers, possibly through increasing IGF-1 levels,92 and its effect on arterial stiffness may also relate to 

changes in the muscular wall, although other theories include a vasodilatory effect or increase in inflammatory mediators.93 Although there is 

some evidence to suggest testosterone therapy improves body composition,94, 95 concerns over cardiovascular and prostate disease mean it is 

not currently recommended.  

Impaired glucose metabolism 

Other studies have suggested that changes in insulin regulation as the common underlying factor in these processes. Indeed, the association of 

sarcopenia and coronary artery calcification was reduced by adjustment for insulin resistance.96 The exact mechanism for muscles is 

unidentified, as dysfunctional insulin signalling can cause muscle breakdown via resistance to insulin’s anabolic activation of MAPK pathways, 

while muscle loss and change in proportion of type 1 to type 2 muscle fibers can act to reduce insulin sensitivity, with both elements likely 
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exerting an amplifying effect.97 Insulin may induce its anabolic effect on skeletal muscle by increasing endothelial-derived nitric oxide to 

increase amino acid delivery via vasodilation. Aging may lead to impaired endothelial responsiveness to insulin (due to increased endothelin1, 

reduced nitric oxide and systemic inflammation),98 thereby mediating one element of insulin resistance on muscle. S6K1 has also been 

implicated as a possible causal pathway linking impaired skeletal muscle responses to insulin signalling,99 which may be involved in vascular 

stiffening in diabetes.100 A recent meta-analysis found increased prevalence of sarcopenia in diabetics with higher risk of developing diabetic 

complications, concluding there is likely a bi-directional interaction between muscle wasting and insulin dysregulation.101  

Other hypotheses 

A study comparing the impact of sarcopenia on vascular function in Indian and Japanese patients suggested that baPWV in the Indian cohort 

and CAVI in the Japanese cohort was found to be only associated with loss of muscle in non-hypertensive individuals, postulating that 

differential activity of CD34 cells and platelets induced by hypertension may enhance angiogenesis and enable the maintenance of grip-

strength despite underlying endothelial dysfunction.42 One small study of neural tracts using diffusion tensor tractography found a 

deterioration of associated neural tracts for motor function in sarcopenic women compared to non-sarcopenic, proposing elevated arterial 

stiffness as the underlying mechanism for microscopic changes in neural structures leading to subsequent muscle atrophy.102 The ability of ACE 

inhibitors to increase anabolism and reduce arterial stiffness has led some to consider the role of the renin-angiotensin-aldosterone system in 

the development of sarcopenia,103 with sarcopenic patients showing higher rates of urinary angiotensinogen excretion.104 Cardiovascular 
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medications have shown some benefits in reducing sarcopenia, including espindolol (thought to reduce catabolic and increase anabolic 

sympathetic signalling) and ACE inhibitors (thought to have an as yet unspecified direct effect on skeletal muscle as well as their effect on 

insulin sensitivity and inflammation).105 The RAS system may influence anabolic signalling cascades, thus offering a potential treatment option in 

the future to reduce both sarcopenia and cardiovascular risk. Sarcopenia also seems to be linked to atherosclerosis, with BIA-derived 

sarcopenia associated with an increased trend in coronary artery calcification scores.96  

It could be argued that genetic and lifestyle factors such as diet, exercise and smoking underlie increases in adipose tissue in the development 

of all these conditions, yet Campos found that lack of muscle rather than addition of fatty tissue, was the key driver in the atherosclerotic 

process in sarcopenic patients.106 

Conclusions 

A large number of clinical studies report associations between arterial stiffness and bone and muscle loss. We have used pre-clinical studies to 

explore the common potential mechanisms linking the aging process in arteries, bones and muscle. However, considerable research is needed 

to establish the mechanisms that connect arterial stiffness with muscle and bone deterioration during the aging process. Experimental, 

longitudinal, long-term, large-scale studies with sequential simultaneous measurements of artery, muscle and bone clinical phenotypes are 

presently missing. Chronic inflammation, hormonal changes and metabolic disorders could be common mechanisms for increasing the pace of 

arterial, bone and muscle aging. Dysregulation of blood flow and tissue hypoperfusion due to arterial stiffness could also be an accelerator of 



20 
 

bone demineralization, whereas no such data exists on the possible effect of arterial stiffness on muscle mass and function. Regular exercise 

increases muscle and bone mass, and decreases arterial stiffness. It is possible that these actions are mediated through direct mechanical 

effects on muscle and bones but also through an effect of physical exercise on chronic inflammation and insulin resistance. Biomarkers of aging 

and of chronic inflammation will hopefully elucidate the mechanisms by which these complex processes of arterial stiffness, bone deterioration 

and muscle loss interact. The answer to these questions could determine new preventive and therapeutic targets in order to slow down these 

age-related degenerative processes and their multiple complications in older adults. A future meta-analysis on this topic would be of interest to 

establish the evidence from previous studies and could also confirm our conclusions. 

 

Acknowledgments  

This work was conducted in the frame of the Federation Hospital-University on Cardiac and Arterial Aging (FHU-CARTAGE) and the Investments 

for Future program (grant agreement No. ANR-15-RHU-0004). 

 

Sources of funding 

- 

 



21 
 

Disclosures 

None 

 

  



22 
 

References 

1. Lopez-Otin C, Blasco MA, Partridge L, Serrano M, Kroemer G. The hallmarks of aging. Cell. 2013;153:1194-1217 

2. Sanada F, Taniyama Y, Muratsu J, Otsu R, Shimizu H, Rakugi H, Morishita R. Source of chronic inflammation in aging. Front Cardiovasc 

Med. 2018;5:12 

3. Mitchell GF, Parise H, Benjamin EJ, Larson MG, Keyes MJ, Vita JA, Vasan RS, Levy D. Changes in arterial stiffness and wave reflection with 

advancing age in healthy men and women: The framingham heart study. Hypertension. 2004;43:1239-1245 

4. Verwoert GC, Franco OH, Hoeks AP, Reneman RS, Hofman A, CM VD, Sijbrands EJ, Witteman JC, Mattace-Raso FU. Arterial stiffness and 

hypertension in a large population of untreated individuals: The rotterdam study. J Hypertens. 2014;32:1606-1612; discussion 1612 

5. Lehmann ED, Gosling RG, Sonksen PH. Arterial wall compliance in diabetes. Diabet Med. 1992;9:114-119 

6. Vlachopoulos C, Dima I, Aznaouridis K, Vasiliadou C, Ioakeimidis N, Aggeli C, Toutouza M, Stefanadis C. Acute systemic inflammation 

increases arterial stiffness and decreases wave reflections in healthy individuals. Circulation. 2005;112:2193-2200 

7. Benetos A, Adamopoulos C, Bureau JM, Temmar M, Labat C, Bean K, Thomas F, Pannier B, Asmar R, Zureik M, Safar M, Guize L. 

Determinants of accelerated progression of arterial stiffness in normotensive subjects and in treated hypertensive subjects over a 6-

year period. Circulation. 2002;105:1202-1207 



23 
 

8. Safar ME, Thomas F, Blacher J, Nzietchueng R, Bureau JM, Pannier B, Benetos A. Metabolic syndrome and age-related progression of 

aortic stiffness. J Am Coll Cardiol. 2006;47:72-75 

9. Mattace-Raso FU, van der Cammen TJ, Hofman A, van Popele NM, Bos ML, Schalekamp MA, Asmar R, Reneman RS, Hoeks AP, Breteler 

MM, Witteman JC. Arterial stiffness and risk of coronary heart disease and stroke: The rotterdam study. Circulation. 2006;113:657-663 

10. Poels MM, Zaccai K, Verwoert GC, Vernooij MW, Hofman A, van der Lugt A, Witteman JC, Breteler MM, Mattace-Raso FU, Ikram MA. 

Arterial stiffness and cerebral small vessel disease: The rotterdam scan study. Stroke. 2012;43:2637-2642 

11. Safar ME, London GM, Plante GE. Arterial stiffness and kidney function. Hypertension. 2004;43:163-168 

12. Laurent S, Boutouyrie P, Asmar R, Gautier I, Laloux B, Guize L, Ducimetiere P, Benetos A. Aortic stiffness is an independent predictor of 

all-cause and cardiovascular mortality in hypertensive patients. Hypertension. 2001;37:1236-1241 

13. Lauretani F, Bandinelli S, Griswold ME, Maggio M, Semba R, Guralnik JM, Ferrucci L. Longitudinal changes in bmd and bone geometry in 

a population-based study. J Bone Miner Res. 2008;23:400-408 

14. Evans WJ, Campbell WW. Sarcopenia and age-related changes in body composition and functional capacity. J Nutr. 1993;123:465-468 

15. Chung PL, Zhou S, Eslami B, Shen L, LeBoff MS, Glowacki J. Effect of age on regulation of human osteoclast differentiation. J Cell 

Biochem. 2014;115:1412-1419 

16. McCormick R, Vasilaki A. Age-related changes in skeletal muscle: Changes to life-style as a therapy. Biogerontology. 2018;19:519-536 



24 
 

17. Hjortnaes J, Butcher J, Figueiredo JL, Riccio M, Kohler RH, Kozloff KM, Weissleder R, Aikawa E. Arterial and aortic valve calcification 

inversely correlates with osteoporotic bone remodelling: A role for inflammation. Eur Heart J. 2010;31:1975-1984 

18. Bano G, Trevisan C, Carraro S, Solmi M, Luchini C, Stubbs B, Manzato E, Sergi G, Veronese N. Inflammation and sarcopenia: A systematic 

review and meta-analysis. Maturitas. 2017;96:10-15 

19. Benetos A, Zervoudaki A, Kearney-Schwartz A, Perret-Guillaume C, Pascal-Vigneron V, Lacolley P, Labat C, Weryha G. Effects of lean and 

fat mass on bone mineral density and arterial stiffness in elderly men. Osteoporos Int. 2009;20:1385-1391 

20. Ferrucci L, Baroni M, Ranchelli A, Lauretani F, Maggio M, Mecocci P, Ruggiero C. Interaction between bone and muscle in older persons 

with mobility limitations. Curr Pharm Des. 2014;20:3178-3197 

21. Van Bortel LM, Laurent S, Boutouyrie P, Chowienczyk P, Cruickshank JK, De Backer T, Filipovsky J, Huybrechts S, Mattace-Raso FU, 

Protogerou AD, Schillaci G, Segers P, Vermeersch S, Weber T, Artery S, European Society of Hypertension Working Group on Vascular S, 

Function, European Network for Noninvasive Investigation of Large A. Expert consensus document on the measurement of aortic 

stiffness in daily practice using carotid-femoral pulse wave velocity. J Hypertens. 2012;30:445-448 

22. Shirai K, Utino J, Otsuka K, Takata M. A novel blood pressure-independent arterial wall stiffness parameter; cardio-ankle vascular index 

(cavi). Journal of atherosclerosis and thrombosis. 2006;13:101-107 



25 
 

23. Kanis JA, Gluer CC. An update on the diagnosis and assessment of osteoporosis with densitometry. Committee of scientific advisors, 

international osteoporosis foundation. Osteoporos Int. 2000;11:192-202 

24. Ross PD, Knowlton W. Rapid bone loss is associated with increased levels of biochemical markers. J Bone Miner Res. 1998;13:297-302 

25. Cruz-Jentoft AJ, Baeyens JP, Bauer JM, Boirie Y, Cederholm T, Landi F, Martin FC, Michel JP, Rolland Y, Schneider SM, Topinkova E, 

Vandewoude M, Zamboni M, European Working Group on Sarcopenia in Older P. Sarcopenia: European consensus on definition and 

diagnosis: Report of the european working group on sarcopenia in older people. Age Ageing. 2010;39:412-423 

26. Li XS, He H, Zhao YL, Li Y, Liu ZP, Liu T, Zhang Y, Yu KJ, Wang RT. Bone mineral density is negatively associated with arterial stiffness in 

men with hypertension. J Clin Hypertens (Greenwich). 2016;18:1106-1111 

27. Mikumo M, Okano H, Yoshikata R, Ishitani K, Ohta H. Association between lumbar bone mineral density and vascular stiffness as 

assessed by pulse wave velocity in postmenopausal women. J Bone Miner Metab. 2009;27:89-94 

28. Jaalkhorol M, Fujita Y, Kouda K, Tamaki J, Komatsu M, DongMei N, Sato Y, Tachiki T, Yura A, Kajita E, Kagamimori S, Iki M. Low bone 

mineral density is associated with an elevated risk of developing increased arterial stiffness: A 10-year follow-up of japanese women 

from the japanese population-based osteoporosis (jpos) cohort study. Maturitas. 2019;119:39-45 

29. Humphrey JD, Harrison DG, Figueroa CA, Lacolley P, Laurent S. Central artery stiffness in hypertension and aging: A problem with cause 

and consequence. Circ Res. 2016;118:379-381 



26 
 

30. Mitchell GF. Effects of central arterial aging on the structure and function of the peripheral vasculature: Implications for end-organ 

damage. J Appl Physiol (1985). 2008;105:1652-1660 

31. Giallauria F, Ling SM, Schreiber C, Maggio M, Shetty V, Muller D, Vigorito C, Ferrucci L, Najjar SS. Arterial stiffness and bone 

demineralization: The baltimore longitudinal study of aging. Am J Hypertens. 2011;24:970-975 

32. Toussaint ND, Lau KK, Strauss BJ, Polkinghorne KR, Kerr PG. Associations between vascular calcification, arterial stiffness and bone 

mineral density in chronic kidney disease. Nephrol Dial Transplant. 2008;23:586-593 

33. Toussaint ND, Lau KK, Strauss BJ, Polkinghorne KR, Kerr PG. Relationship between vascular calcification, arterial stiffness and bone 

mineral density in a cross-sectional study of prevalent australian haemodialysis patients. Nephrology (Carlton). 2009;14:105-112 

34. Raggi P, Bellasi A, Ferramosca E, Block GA, Muntner P. Pulse wave velocity is inversely related to vertebral bone density in hemodialysis 

patients. Hypertension. 2007;49:1278-1284 

35. Ford ML, Tomlinson LA, Chapman TP, Rajkumar C, Holt SG. Aortic stiffness is independently associated with rate of renal function 

decline in chronic kidney disease stages 3 and 4. Hypertension. 2010;55:1110-1115 

36. Sedaghat S, Dawkins Arce FG, Verwoert GC, Hofman A, Ikram MA, Franco OH, Dehghan A, Witteman JC, Mattace-Raso F. Association of 

renal function with vascular stiffness in older adults: The rotterdam study. Age Ageing. 2014;43:827-833 



27 
 

37. van Dijk SC, de Jongh RT, Enneman AW, Ham AC, Swart KM, van Wijngaarden JP, van der Zwaluw NL, Brouwer-Brolsma EM, van Schoor 

NM, Dhonukshe-Rutten RA, Lips P, de Groot CP, Smulders YM, Blom HJ, Feskens EJ, Geleijnse JM, van den Meiracker AH, Mattace Raso 

FU, Uitterlinden AG, Zillikens MC, van der Velde N. Arterial stiffness is not associated with bone parameters in an elderly 

hyperhomocysteinemic population. J Bone Miner Metab. 2016;34:99-108 

38. El-Bikai R, Tahir MR, Tremblay J, Joffres M, Seda O, Sedova L, Awadalla P, Laberge C, Knoppers BM, Dumas P, Gaudet D, Ste-Marie LG, 

Hamet P. Association of age-dependent height and bone mineral density decline with increased arterial stiffness and rate of fractures in 

hypertensive individuals. J Hypertens. 2015;33:727-735; discussion 735 

39. Zhang M, Bai L, Kang J, Ge J, Peng W. Links between arterial stiffness and bone mineral density in middle-aged and elderly chinese 

individuals: A cross-sectional study. BMJ Open. 2019;9:e029946 

40. Kim TN, Park MS, Lim KI, Yang SJ, Yoo HJ, Kang HJ, Song W, Seo JA, Kim SG, Kim NH, Baik SH, Choi DS, Choi KM. Skeletal muscle mass to 

visceral fat area ratio is associated with metabolic syndrome and arterial stiffness: The korean sarcopenic obesity study (ksos). Diabetes 

Res Clin Pract. 2011;93:285-291 

41. Kohara K, Okada Y, Ochi M, Ohara M, Nagai T, Tabara Y, Igase M. Muscle mass decline, arterial stiffness, white matter hyperintensity, 

and cognitive impairment: Japan shimanami health promoting program study. J Cachexia Sarcopenia Muscle. 2017;8:557-566 



28 
 

42. Yamanashi H, Kulkarni B, Edwards T, Kinra S, Koyamatsu J, Nagayoshi M, Shimizu Y, Maeda T, Cox SE. Association between 

atherosclerosis and handgrip strength in non-hypertensive populations in india and japan. Geriatr Gerontol Int. 2018;18:1071-1078 

43. Kohara K, Ochi M, Tabara Y, Nagai T, Igase M, Miki T. Arterial stiffness in sarcopenic visceral obesity in the elderly: J-shipp study. Int J 

Cardiol. 2012;158:146-148 

44. Ohara M, Kohara K, Tabara Y, Ochi M, Nagai T, Igase M, Miki T. Sarcopenic obesity and arterial stiffness, pressure wave reflection and 

central pulse pressure: The j-shipp study. Int J Cardiol. 2014;174:214-217 

45. Zhang L, Guo Q, Feng BL, Wang CY, Han PP, Hu J, Sun XD, Zeng WF, Zheng ZX, Li HS, Zhou LB, Luo Q, Jiang LF, Ye HH. A cross-sectional 

study of the association between arterial stiffness and sarcopenia in chinese community-dwelling elderly using the asian working group 

for sarcopenia criteria. J Nutr Health Aging. 2019;23:195-201 

46. Abbatecola AM, Chiodini P, Gallo C, Lakatta E, Sutton-Tyrrell K, Tylavsky FA, Goodpaster B, de Rekeneire N, Schwartz AV, Paolisso G, 

Harris T, Health ABCs. Pulse wave velocity is associated with muscle mass decline: Health abc study. Age (Dordr). 2012;34:469-478 

47. Pereira T, Cipriano I, Costa T, Saraiva M, Martins A, Loureiro H. Body composition, frailty and arterial stiffness in the older adult. The 

aga@4life project. Journal of Hypertension. 2019;37:e236 

48. Rodriguez AJ, Karim MN, Srikanth V, Ebeling PR, Scott D. Lower muscle tissue is associated with higher pulse wave velocity: A systematic 

review and meta-analysis of observational study data. Clin Exp Pharmacol Physiol. 2017;44:980-992 



29 
 

49. Kirkham FA, Bunting E, Fantin F, Zamboni M, Rajkumar C. Independent association between cardio-ankle vascular index and sarcopenia 

in older u.K. Adults. J Am Geriatr Soc. 2019;67:317-322 

50. Sampaio RA, Sewo Sampaio PY, Yamada M, Yukutake T, Uchida MC, Tsuboyama T, Arai H. Arterial stiffness is associated with low 

skeletal muscle mass in japanese community-dwelling older adults. Geriatr Gerontol Int. 2014;14 Suppl 1:109-114 

51. Im IJ, Choi HJ, Jeong SM, Kim HJ, Son JS, Oh HJ. The association between muscle mass deficits and arterial stiffness in middle-aged men. 

Nutr Metab Cardiovasc Dis. 2017;27:1130-1135 

52. Xue Q, Qin MZ, Jia J, Liu JP, Wang Y. Association between frailty and the cardio-ankle vascular index. Clin Interv Aging. 2019;14:735-742 

53. Figueroa A, Alvarez-Alvarado S, Jaime SJ, Johnson SA, Campbell JC, Feresin RG, Elam ML, Navaei N, Pourafshar S, Arjmandi BH. Influence 

of low and normal appendicular lean mass on central blood pressure and wave reflection responses to muscle metaboreflex activation 

in postmenopausal women. Clin Exp Pharmacol Physiol. 2016;43:1243-1246 

54. Ochi M, Kohara K, Tabara Y, Kido T, Uetani E, Ochi N, Igase M, Miki T. Arterial stiffness is associated with low thigh muscle mass in 

middle-aged to elderly men. Atherosclerosis. 2010;212:327-332 

55. van Popele NM, Grobbee DE, Bots ML, Asmar R, Topouchian J, Reneman RS, Hoeks AP, van der Kuip DA, Hofman A, Witteman JC. 

Association between arterial stiffness and atherosclerosis: The rotterdam study. Stroke. 2001;32:454-460 



30 
 

56. Kiel DP, Kauppila LI, Cupples LA, Hannan MT, O'Donnell CJ, Wilson PW. Bone loss and the progression of abdominal aortic calcification 

over a 25 year period: The framingham heart study. Calcif Tissue Int. 2001;68:271-276 

57. Bucay N, Sarosi I, Dunstan CR, Morony S, Tarpley J, Capparelli C, Scully S, Tan HL, Xu W, Lacey DL, Boyle WJ, Simonet WS. 

Osteoprotegerin-deficient mice develop early onset osteoporosis and arterial calcification. Genes Dev. 1998;12:1260-1268 

58. Ventura MT, Casciaro M, Gangemi S, Buquicchio R. Immunosenescence in aging: Between immune cells depletion and cytokines up-

regulation. Clin Mol Allergy. 2017;15:21 

59. Franceschi C, Bonafe M, Valensin S, Olivieri F, De Luca M, Ottaviani E, De Benedictis G. Inflamm-aging. An evolutionary perspective on 

immunosenescence. Ann N Y Acad Sci. 2000;908:244-254 

60. Mattace-Raso FU, van der Cammen TJ, van der Meer IM, Schalekamp MA, Asmar R, Hofman A, Witteman JC. C-reactive protein and 

arterial stiffness in older adults: The rotterdam study. Atherosclerosis. 2004;176:111-116 

61. Mahmud A, Feely J. Arterial stiffness is related to systemic inflammation in essential hypertension. Hypertension. 2005;46:1118-1122 

62. Boyle WJ, Simonet WS, Lacey DL. Osteoclast differentiation and activation. Nature. 2003;423:337-342 

63. Kiechl S, Werner P, Knoflach M, Furtner M, Willeit J, Schett G. The osteoprotegerin/rank/rankl system: A bone key to vascular disease. 

Expert Rev Cardiovasc Ther. 2006;4:801-811 



31 
 

64. Carter PH, Schipani E. The roles of parathyroid hormone and calcitonin in bone remodeling: Prospects for novel therapeutics. Endocr 

Metab Immune Disord Drug Targets. 2006;6:59-76 

65. Neves KR, Graciolli FG, dos Reis LM, Graciolli RG, Neves CL, Magalhaes AO, Custodio MR, Batista DG, Jorgetti V, Moyses RM. Vascular 

calcification: Contribution of parathyroid hormone in renal failure. Kidney Int. 2007;71:1262-1270 

66. Perkovic V, Hewitson TD, Kelynack KJ, Martic M, Tait MG, Becker GJ. Parathyroid hormone has a prosclerotic effect on vascular smooth 

muscle cells. Kidney Blood Press Res. 2003;26:27-33 

67. Jono S, McKee MD, Murry CE, Shioi A, Nishizawa Y, Mori K, Morii H, Giachelli CM. Phosphate regulation of vascular smooth muscle cell 

calcification. Circ Res. 2000;87:E10-17 

68. Houben E, Neradova A, Schurgers LJ, Vervloet M. The influence of phosphate, calcium and magnesium on matrix gla-protein and 

vascular calcification: A systematic review. G Ital Nefrol. 2016;33 

69. Bush TL, Barrett-Connor E, Cowan LD, Criqui MH, Wallace RB, Suchindran CM, Tyroler HA, Rifkind BM. Cardiovascular mortality and 

noncontraceptive use of estrogen in women: Results from the lipid research clinics program follow-up study. Circulation. 1987;75:1102-

1109 

70. Faroqui S, Levi M, Soleimani M, Amlal H. Estrogen downregulates the proximal tubule type iia sodium phosphate cotransporter causing 

phosphate wasting and hypophosphatemia. Kidney Int. 2008;73:1141-1150 



32 
 

71. Weitzmann MN, Pacifici R. Estrogen deficiency and bone loss: An inflammatory tale. J Clin Invest. 2006;116:1186-1194 

72. Mendelsohn ME, Karas RH. The protective effects of estrogen on the cardiovascular system. New England journal of medicine. 

1999;340:1801-1811 

73. Eriksen EF, Colvard DS, Berg NJ, Graham ML, Mann KG, Spelsberg TC, Riggs BL. Evidence of estrogen receptors in normal human 

osteoblast-like cells. Science. 1988;241:84-86 

74. Oursler MJ, Pederson L, Fitzpatrick L, Riggs BL, Spelsberg T. Human giant cell tumors of the bone (osteoclastomas) are estrogen target 

cells. Proceedings of the National Academy of Sciences. 1994;91:5227-5231 

75. Webb DR, Khunti K, Silverman R, Gray LJ, Srinivasan B, Lacy PS, Williams B, Davies MJ. Impact of metabolic indices on central artery 

stiffness: Independent association of insulin resistance and glucose with aortic pulse wave velocity. Diabetologia. 2010;53:1190-1198 

76. Shanbhogue VV, Finkelstein JS, Bouxsein ML, Yu EW. Association between insulin resistance and bone structure in nondiabetic 

postmenopausal women. J Clin Endocrinol Metab. 2016;101:3114-3122 

77. Clemens TL, Karsenty G. The osteoblast: An insulin target cell controlling glucose homeostasis. J Bone Miner Res. 2011;26:677-680 

78. Wong SK, Chin KY, Suhaimi FH, Ahmad F, Ima-Nirwana S. The relationship between metabolic syndrome and osteoporosis: A review. 

Nutrients. 2016;8 



33 
 

79. Ramasamy SK, Kusumbe AP, Schiller M, Zeuschner D, Bixel MG, Milia C, Gamrekelashvili J, Limbourg A, Medvinsky A, Santoro MM, 

Limbourg FP, Adams RH. Blood flow controls bone vascular function and osteogenesis. Nat Commun. 2016;7:13601 

80. Ramasamy SK, Kusumbe AP, Wang L, Adams RH. Endothelial notch activity promotes angiogenesis and osteogenesis in bone. Nature. 

2014;507:376-380 

81. Mahmud A, Feely J. Review: Arterial stiffness and the renin-angiotensin-aldosterone system. Journal of the Renin-Angiotensin-

Aldosterone System. 2004;5:102-108 

82. Tamargo J, Caballero R, Delpón E. The renin–angiotensin system and bone. Clinical Reviews in Bone and Mineral Metabolism. 

2015;13:125-148 

83. Marie PJ, Kaabeche K. Ppar gamma activity and control of bone mass in skeletal unloading. PPAR Res. 2006;2006:64807 

84. Ryan KE, McCance DR, Powell L, McMahon R, Trimble ER. Fenofibrate and pioglitazone improve endothelial function and reduce arterial 

stiffness in obese glucose tolerant men. Atherosclerosis. 2007;194:e123-e130 

85. Ji LL, Kang C. Role of pgc-1α in sarcopenia: Etiology and potential intervention - a mini-review. Gerontology. 2015;61:139-148 

86. Fulle S, Protasi F, Di Tano G, Pietrangelo T, Beltramin A, Boncompagni S, Vecchiet L, Fanò G. The contribution of reactive oxygen species 

to sarcopenia and muscle ageing. Experimental Gerontology. 2004;39:17-24 



34 
 

87. Anwar M, Mallick SR, Paliwal D, Sekhar S, Panda SK, Dey S, Dey AB. Physical activity improves sarcopenia in a murine model by 

enhancing the proliferative potential of muscle stem cells, oxidative capacity of mitochondrial enzymes and expression of sestrins. 

bioRxiv. 2019:811638 

88. Buford TW, Anton SD, Judge AR, Marzetti E, Wohlgemuth SE, Carter CS, Leeuwenburgh C, Pahor M, Manini TM. Models of accelerated 

sarcopenia: Critical pieces for solving the puzzle of age-related muscle atrophy. Ageing research reviews. 2010;9:369-383 

89. Abrigo J, Rivera JC, Simon F, Cabrera D, Cabello-Verrugio C. Transforming growth factor type beta (tgf-β) requires reactive oxygen 

species to induce skeletal muscle atrophy. Cellular signalling. 2016;28:366-376 

90. Riuzzi F, Sorci G, Arcuri C, Giambanco I, Bellezza I, Minelli A, Donato R. Cellular and molecular mechanisms of sarcopenia: The s100b 

perspective. J Cachexia Sarcopenia Muscle. 2018;9:1255-1268 

91. Smith MR, Finkelstein JS, McGovern FJ, Zietman AL, Fallon MA, Schoenfeld DA, Kantoff PW. Changes in body composition during 

androgen deprivation therapy for prostate cancer. J Clin Endocrinol Metab. 2002;87:599-603 

92. Shin MJ, Jeon YK, Kim IJ. Testosterone and sarcopenia. World J Mens Health. 2018;36:192-198 

93. Vlachopoulos C, Ioakeimidis N, Miner M, Aggelis A, Pietri P, Terentes-Printzios D, Tsekoura D, Stefanadis C. Testosterone deficiency: A 

determinant of aortic stiffness in men. Atherosclerosis. 2014;233:278-283 



35 
 

94. Saad F, Rohrig G, von Haehling S, Traish A. Testosterone deficiency and testosterone treatment in older men. Gerontology. 2017;63:144-

156 

95. Snyder PJ, Bhasin S, Cunningham GR, Matsumoto AM, Stephens-Shields AJ, Cauley JA, Gill TM, Barrett-Connor E, Swerdloff RS, Wang C, 

Ensrud KE, Lewis CE, Farrar JT, Cella D, Rosen RC, Pahor M, Crandall JP, Molitch ME, Cifelli D, Dougar D, Fluharty L, Resnick SM, Storer 

TW, Anton S, Basaria S, Diem SJ, Hou X, Mohler ER, 3rd, Parsons JK, Wenger NK, Zeldow B, Landis JR, Ellenberg SS, Testosterone Trials I. 

Effects of testosterone treatment in older men. N Engl J Med. 2016;374:611-624 

96. Ko BJ, Chang Y, Jung HS, Yun KE, Kim CW, Park HS, Chung EC, Shin H, Ryu S. Relationship between low relative muscle mass and 

coronary artery calcification in healthy adults. Arterioscler Thromb Vasc Biol. 2016;36:1016-1021 

97. Cleasby ME, Jamieson PM, Atherton PJ. Insulin resistance and sarcopenia: Mechanistic links between common co-morbidities. J 

Endocrinol. 2016;229:R67-81 

98. Timmerman KL, Volpi E. Endothelial function and the regulation of muscle protein anabolism in older adults. Nutrition, Metabolism and 

Cardiovascular Diseases. 2013;23:S44-S50 

99. Guillet C, Prod’homme M, Balage M, Gachon P, Giraudet C, Morin L, Grizard J, Boirie Y. Impaired anabolic response of muscle protein 

synthesis is associated with s6k1 dysregulation in elderly humans. The FASEB Journal. 2004;18:1586-1587 



36 
 

100. Bender SB, McGraw AP, Jaffe IZ, Sowers JR. Mineralocorticoid receptor-mediated vascular insulin resistance: An early contributor to 

diabetes-related vascular disease? Diabetes. 2013;62:313-319 

101. Veronese N, Pizzol D, Demurtas J, Soysal P, Smith L, Sieber C, Strandberg T, Bourdel-Marchasson I, Sinclair A, Petrovic M. Association 

between sarcopenia and diabetes: A systematic review and meta-analysis of observational studies. European Geriatric Medicine. 

2019:1-12 

102. Kwak SY, Kwak SG, Yoon TS, Kong EJ, Chang MC. Deterioration of brain neural tracts in elderly women with sarcopenia. Am J Geriatr 

Psychiatry. 2019;27:774-782 

103. Carter CS, Onder G, Kritchevsky SB, Pahor M. Angiotensin-converting enzyme inhibition intervention in elderly persons: Effects on body 

composition and physical performance. J Gerontol A Biol Sci Med Sci. 2005;60:1437-1446 

104. Mogi M, Kohara K, Tabara Y, Tsukuda K, Igase M, Horiuchi M. Correlation between the 24-h urinary angiotensinogen or aldosterone 

level and muscle mass: Japan shimanami health promoting program study. Hypertens Res. 2018;41:326-333 

105. Ishida J, Saitoh M, Doehner W, von Haehling S, Anker M, Anker SD, Springer J. Animal models of cachexia and sarcopenia in chronic 

illness: Cardiac function, body composition changes and therapeutic results. International journal of cardiology. 2017;238:12-18 



37 
 

106. Campos AM, Moura FA, Santos SN, Freitas WM, Sposito AC, Brasilia Study on Healthy A, Brasilia Heart S. Sarcopenia, but not excess 

weight or increased caloric intake, is associated with coronary subclinical atherosclerosis in the very elderly. Atherosclerosis. 

2017;258:138-144 



38 
 

  



39 
 

Figure 1. Shared mechanisms underlying arterial stiffness, bone demineralization and muscle loss 

 

Abbreviations: AGEs, Advanced glycation end products; CRP, C-reactive protein; IGF1, insulin-like growth factor 1; MAPK, mitogen-activated 

protein kinase; PTH, parathyroid hormone; RAAS, renin-angiotensin-aldosterone system; RANKL, Receptor activator of nuclear factor kappa-Β 

ligand 
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Table 1. Literature investigating associations between arterial stiffness and bone mineral density (BMD) 

Main 
publications 
on this topic  

Design Population Country Size  Age, 
years 
(SD) 

Arterial 
stiffness 

BMD Associations in  
multivariate 
analyses 

Covariates  
(if applicable) 

Li XS  
201626 
 

Cross-
sectional 

Hypertensive 
men (HTN) 
and control 
(no-HTN) 

China 708  68.1 
(9.5) 

baPWV *DEXA: 
LS,FN   

HTN: 
baPWV-FN +++ 
  

Age, BMI, smoking, 
alcohol use, physical 
activity, SBP, DBP,  DM, 
glucose,  eGFR, 
cholesterol, triglycerides, 
antihypertensive 
medications, statins   

Mikumo M 
200927 

Cross-
sectional 

Postmenopa
usal women 

Japan 143 57.9 
(8.3) 

*baPWV DEXA: LS 
Blood: 
BAP 
levels  

No 
associations 
 

Age, height, SBP 

Jaalkhorol M 
201928 

Longitudinal  
(10 years) 

Population-
based  

Japan 446 62.6 
(7.9) 

*baPWV DEXA: 
LS, FN, 
TH  

TH – baPWV + 
 

baseline baPWV, Age, SBP 

Giallauria F 
201131 

Cross-
sectional 

Healthy 
adults 

USA 633  66.5 
(12.6) 

*cfPWV CT: cCSA  
 

Women:  
cCSA-cfPWV + 

Age, obesity,  alcohol use, 
physical activity, MAP, 
menopause status,  total 
estradiol, eGFR, calcium,  
antihypertensive 
medications, diuretics, 
HRT 

Toussaint 
ND 
200832 

Cross-
sectional 

Patients with 
CKD 

Australia 47 64.5  
(range 
26-80) 

cfPWV *DEXA: 
LS,FN  

No 
associations 
 

Not described 

Raggi P Cross- Hemodialysis USA 110 56.1 *cfPWV DEXA: LS  TS – cfPWV + Age, sex, race, BMI, 
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Abbreviations: BAP, bone alkaline phosphatase; baPWV, brachial-ankle pulse wave velocity; BMI, body mass index; BUA, broadband ultrasound 
attenuation; CAVI, cardio-ankle vascular index; cCSA, cross-sectional cortical bone area; cfPWV, carotic-femoral pulse wave velocity; cPP, 
central pulse pressure; CVD, cardiovascular diseases; DEXA, dual energy x-ray absorptiometry; DM, diabetes mellitus; eGFR, estimated 
glomerular filtration rate; FN, femoral neck; HDL, high density lipoprotein, HRT, hormone replacement therapy; LS, lumbar spine; MAP, mean 
arterial pressure, pPP, peripheral pulse pressure; SBP, systolic blood pressure; TH, total hip; TS, thoracic spine; QUS, quantative ultrasound 
Notes: * marks dependent variable, +++ = p values < 0.001, ++ = p value < 0.01, + = p-value < 0.05  

200834 sectional patients (14.5) CT: TS   smoking, DM, duration of 
dialysis 

van Dijk SC 
201637 

Cross-
sectional 
Longitudinal  
(2 years) 

Patients with 
hyper- 
homocystein
emia  

The 
Netherla
nds 

519  72.3 
(5.4) 
 

cfPWV, 
cPP 

*DEXA: 
LS, FN  
QUS: 
BUA 
calcaneu
s  

No 
associations 

Baseline BMD, Age, sex, 
BMI,  smoking, alcohol 
use, hypertension, DM, 
cholesterol, eGFR, study 
center, treatment 

El-Bikai R 
201538 

Cross-
sectional 

Population-
based 

Canada 20.00
7 

Range 
40-70  

cPP, pPP *QUS: 
BUA 
calcaneu
s 

cPP – BUA + 
pPP – BUA + 

Age, sex, BMI, anti-
osteoporotic and 
hypertensive medications 

Zhang M 
201939 

Cross-
sectional 

Geriatric 
inpatients 

China 580 64.9 
(11.4) 

*CAVI DEXA: 
LS,FN,TH 

TH – CAVI  ++ 
 

Age, sex, BMI, smoking, 
SBP, DM, CVD, HDL, uric 
acid, fibrinogen, eGFR 
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Table 2. Literature investigating associations between arterial stiffness and muscle loss  

Main 
publications 
on this topic 

Design Sample Country Size  Age, 
years 
(SD) 

Arterial  
Stiffness 

Muscle 
index 

Associations in  
multivariate 
analyses 

Covariates  
(if applicable) 

Kim TN  
201140 

Cross-
sectional 

Apparentl
y healthy 
adults  

Korea 510 53.6 
(15.6) 

*baPWV CT+DEXA: 
MFR 

MFR – baPWV 
+++ 
 

Age, sex, BMI, WC, smoking, 
alcohol use, physical activity, 
SBP, DBP, glucose, TG, HDL, 
cholesterol, ASM/height2  

Kohara K  
201741 

Cross-
sectional 

Healthy 
adults 

Japan 1518 67.9 
(6.8) 

baPWV *CT: thigh 
CSA 
BIA: SMM 

Analysis of 
variance:  
baPWV – CSA 
+++ 
baPWV – SMM 
+++  
No 
multivariate 
analysis 

- 

Yamanashi H 
2018 42 

Cross-
sectional 

Communit
y-dwelling 
adults 

India (I) 
Japan (J) 

I: 
1501 
J: 
3136  

I: 50.0 
(6.8) 
J: 70.0 
(9.7) 

I: baPWV  
J: CAVI  

*HGS Men: 
I: baPWV – 
HGS +  
Non-
hypertensive 
women:  
I:  baPWV – 
HGS + 
J: CAVI – HGS + 

I: Age, height, BMI, SBP, 
albumin, ischemic heart 
disease, smoking, daily 
energy intake, alcohol use, 
antihypertensive medication 
J: Age, height, BMI, DBP, 
cholesterol, HDL, eGFR, 
stroke, alcohol use, 
antihypertensive medication 

Kohara K  
201243 

Cross-
sectional 

Healthy 
adults 

Japan 1024 66.2 
(8.7) 

*baPWV 
 

CT: thigh 
CSA, VFA 

VFA – baPWV 
+++ 
Men: 

Age, height, weight, BP, 
cholesterol, HDL, TG, 
glucose, CRP, smoking, 
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CSA – baPWV 
+  

physical activity, 
antihypertensive 
medication, leptin 

Zhang L  
201945 

Cross-
sectional 

Communit
y-dwelling 
adults 

China 1002 72.3 
(5.2) 

baPWV *BIA: 
ASMI 

HGS 

baPWV – ASMI 
++ 
baPWV – HGS 
+ 

Age, sex, BMI, smoking, 
alcohol use, BP, HR, 
cholesterol/HDL, HbA1C, 
CIMT, hypertension, DM, 
stroke 

Abbatecola 
AM 201246 

Cross-
sectional 
Longitudina
l  
(6 years) 

Communit
y-based  

USA 2272 73.7 
(3) 

cfPWV *CT: thigh 
CSA 
DEXA: 
ALM to 
calculate 
sarcopenic 
index 

Men: 
cfPWV – 
sarcopenic 
index ++ 
White women: 
 cfPWV – 
sarcopenic 
index + 

Age, BMI, SBP, PAD, CHD, IL-
6, physical activity, fat mass,  
site, time, time², race, PWV-
race interaction 

Rodriguez AJ 
201748 

Meta-
analysis  

Various Various 8558 Mean 
age  
range
s:  
23 - 
73.6 

Various: 
cfPWV, 
baPWV 

Various:  
CT, DEXA, 
BIA 

Pooled results: 
PWV – muscle 
tissue +++ 
 

Various (meta-analysis) 

Kirkham FA 
201849 

Cross-
sectional 

Healthy 
adults and 
adults 
with 
cardiovasc
ular risk 
factors 

UK  366 70.8 
(7.9) 

CAVI, 
crPWV, 
cfPWV 

*BIA: SMI 
HGS 

Women: 
CAVI – SMI +++ 
 
 

Age, sex, DM, dyslipidemia, 
hypertension, ischemic heart 
disease, BP, smoking 

Sampaio RA Cross- Healthy Japan 175 > 65 CAVI *BIA: SMI CAVI – SMI + Age, sex, BMI, MNA, grip 
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201450 sectional adults  strength, walking speed 
Im IJ  
201751 

Cross-
sectional 

Communit
y dwelling 
men 

Korea 3356 48.9 
(6.1) 

*CAVI BIA: MMD MMD – CAVI + Age, BMI, MAP, HR, TG, GGT, 
leucocytes, HOMA-IR, 
alcohol use, smoking, 
regular exercise, medication 

Xue Q  
201952 

Cross-
sectional 

Geriatric 
inpatients  

China 171 78.5 
(9.2) 

CAVI *HGS and 
gait speed 
to 
determine 
frailty 

CAVI – Frailty 
+++ 

Age, BMI, ADL, ABI, Hb, 
Albumin, eGFR, CRP, LDL 

Figueroa A 
201653 

Cross-
sectional 

Post-
menopaus
al women 

USA 36 58 (4) *baPWV 
 

DEXA: 
ASMI 

T test: 
ASMI – baPWV 
++ 
No 
multivariate 
analysis 

- 

Ochi M  
201054 

Cross-
sectional 

Apparentl
y healthy 
adults  

Japan 496 Middl
e 
aged 

baPWV *CT: thigh 
CSA 

Men: 
baPWV – CSA 
++ 

Age, height, SBP, 
cholesterol, HDL, TG, 
glucose, insulin, CRP, 
testosterone, 
antihypertensive 
medication, smoking, 
physical activity, alcohol, 
CIMT 

 
Abbreviations: ABI, ankle brachial index; ADL, activities of daily living; ALM, appendicular lean mass; ASM(I), appendicular skeletal muscle mass 
(index); baPWV, brachial-ankle pulse wave velocity; BIA, bioelectrical impendence analysis; BMI, body mass index; BP, blood pressure, CAVI, 
cardio-ankle vascular index; cfPWV, carotid-femoral pulse wave velocity; CHD, cardiac heart disease; CIMT, carotid intima-media thickness, 
CRP, c-reactive protein; crPWV, carotid-radial pulse wave velocity; CSA, cross-sectional area; CT, computerized tomography; DEXA, dual energy 
x-ray absorptiometry; DBP, diastolic blood pressure; DM, diabetes mellitus; eGFR, estimated glomerular filtration rate; GGT, gamma-glutamyl 
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transferase; Hb(A1c), hemoglobin(A1c); HDL, high density lipoprotein; HGS, handgrip strength; HOMA-IR, homeostatic model assessment for 
insulin resistance; HR, heart rate; IL-6, interleukin-6; LDL, low density lipoprotein; MAP, mean arterial pressure; MFR, muscle-fat ratio; MMD, 
muscle mass deficit; MNA, mini-nutritional assessment; PAD, peripheral artery disease; SMI, skeletal mass index; SMM, skeletal muscle mass; 
SPB, systolic blood pressure; T2DM, type 2 diabetes mellitus; TG, triglycerides; VFA, visceral fat area; WC, waist circumference;  
Notes: *marks dependent variable, +++ = p values < 0.001, ++ = p value < 0.01, + = p-value < 0.05 
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