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Abstract: The clustering of cardio-metabolic risk factors, either when called metabolic 

syndrome (MetS) or not, substantially increases the risk of cardiovascular disease (CVD) 

and causes mortality. One of the possible mechanisms for this clustering's adverse effect is 

an increase in arterial stiffness (AS), and in high central aortic blood pressure (CABP), 

which are significant and independent CVD risk factors. Arterial hypertension was 

connected to AS long ago; however, other MetS components (obesity, dyslipidaemia, 

dysglycaemia) or MetS associated abnormalities not included in MetS diagnostic criteria 

(renal dysfunction, hyperuricaemia, hypercoaglutability, menopause, non alcoholic fatty 

liver disease, and obstructive sleep apnea) have been implicated too. We discuss the 

evidence connecting these cardio-metabolic risk factors, which negatively affect AS and 

finally increase CVD risk. Furthermore, we discuss the impact of possible lifestyle and 

pharmacological interventions on all these cardio-metabolic risk factors, in an effort to 

reduce CVD risk and identify features that should be taken into consideration when 

treating MetS patients with or without arterial hypertension. 
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Abbreviation List 

2-HPG = 2 h plasma glucose, following a 75 g oral glucose tolerance test; 

ACE-I = angiotensin enzyme inhibition; ARBs = angiotensin II receptor blockers; 

AS = arterial stiffness; ASCOT = Anglo-Scandinavian Cardiac Outcomes Trial;  

AT1R = angiotensin II type 1 receptor; BMI = body mass index;  

BP = blood pressure; CABP = central aortic blood pressure;  

CAFE = Central Artery Function Evaluation study; CKD = chronic kidney disease;  

GLP-1 agonist = glucagon-like peptide-1 agonist;  

CPAP = continuous positive airway pressure therapy; 

CVD = cardiovascular disease; DBP = diastolic blood pressure; 

e-GFR = estimated glomerular filtration rate; ESRD = end stage renal disease; 

FPG = fasting plasma glucose; HDL-C = high density lipoprotein cholesterol;   

HOMA = homeostatic model assessment; IFG = impaired fasting glycaemia  

IR = insulin resistance; LDL-C = low-density lipoprotein cholesterol;   

LV = left ventricle; MetS = metabolic syndrome; NAFLD = non-alcoholic fatty liver disease; 

NO = nitric oxide; OSA = obstructive sleep apnea; PCOS = polycystic ovary syndrome;  

PP = pulse pressure; PWV = pulse wave velocity; RAAS = renin-angiotensin-aldosterone system;  

SBP = systolic blood pressure; SUA = serum uric acid;  

T2DM = type 2 diabetes mellitus; WC = waist circumference  

1. Introduction 

Arterial compliance plays a key role in the function of the cardiovascular system, given the 

intermittent contraction of left ventricle (LV) and the endless need of organs and tissues for oxygen 

and nutrients [1]. The contraction of the LV increases the pressure in large vessels (i.e., the aorta), 

which, because of their elasticity, store a significant part of the blood ejected from LV contraction. 

After the closure of the aortic valve, the recoil of large vessels during LV diastole pushes the blood 

towards the periphery, keeping a steady flow to organs and tissues [1].  

Arterial stiffness (AS) and its hemodynamic consequences have been established as predictors of 

adverse cardiovascular disease (CVD) outcomes [1,2]. AS is closely related to systolic hypertension 

and has a causal effect on coronary artery disease, stroke, and heart failure, which are the leading 

causes of morbidity and mortality in western countries [2–4]. Although blood pressure (BP) is a major 

determinant of AS, the latter has an additional predicative potential over and above that of brachial BP, 

and may be affected by CVD risk factors other than arterial hypertension [5]. 
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2. Methodology 

The research question was: Are all disease conditions related to what is usually described as 

metabolic syndrome (MetS) considered to be components of the syndrome or are they just related with 

it in most cases, and have an adverse effect on AS despite the presence of arterial hypertension, which 

along with age are the key factors for stiff arteries?  

Many researchers use several definitions of MetS, they use several methods to measure AS, have 

different endpoints, and there are no studies at all that investigate the relation of all or even the 

majority of disease states not included in the MetS criteria with AS. As such, it was not possible to 

write a systemic review on this issue, and we chose to write a narrative review on the subject at hand. 

This was done because the issue of AS is an important independent CVD risk factor and the attending 

physician should deal with it if the higher possible reduction of CVD risk is the aim of any 

intervention in MetS.  

Narrative reviews are most useful for obtaining a broad perspective on a topic, including sections 

on the physiology and/or epidemiology of a topic. Authors search for pivotal papers known to the 

subject expert and respond with their results to review the hypothesis or question. Systemic review and 

meta-analysis and are not in direct antagonism with narrative reviews. Where systemic review meta-

analysis is applicable (many studies available that test the same hypothesis), it is generally the 

preferred method. However, in this case there are not enough studies with the same hypothesis or 

methods or endpoints.  

The literature search strategy was: Studies evaluating relationships of “MetS” or “arterial 

hypertension” or “glucose intolerance” or “menopause” or “chronic kidney disease” or 

“hyperuricaemia” or “hypercoagulability” or “non-alcoholic fatty liver disease” or “dyslipidaemia” or 

“small dense LDL particles” or “obstructive sleep apnea” or “treatment” with “stiffness,” or “arterial 

stiffness” or “arterial elasticity,” or “pulse wave velocity” or “prediction,” or “cardiovascular risk” or 

“death” or “mortality” or “outcome” or “events” "diabetes mellitus" were drawn from PubMed and 

Cochrane databases until May 2013. Data sources were also identified through manually searching the 

references of articles using PubMed. 

3. Treating AS in Patients with a Cluster of MetS Defining and Non Diagnostic Criteria of MetS 

The effective means to treat the cluster of all 12 cardio-metabolic risk factors analyzed below and 

their combinations, with or without the presence of arterial hypertension show promise for the control 

of AS, leading to CVD risk reduction. 

3.1. Pathophysiology of AS  

The elastic properties of arteries differ along the arterial tree, with more elastic proximal arteries 

and stiffer distal arteries [6]. AS is largely determined by the structure of the tunica media, which 

contains the elastic components of the aortic wall, such as elastin fibers and collagen [7]. Several 

factors influence arterial wall structure. Ageing is closely associated with AS through the 

fragmentation of elastin fibers, the decrease in elastin/collagen ratio, and the calcification of the tunica 

media [7]. This process is called arteriosclerosis and should be distinguished from atherosclerosis, 
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which is a disease of the intima. Arterial hypertension is a major determinant of arteriosclerosis and 

arterial stiffening, through changes in the tunica media that take place earlier than that induced by 

ageing; this is considered to be the “early vascular ageing”. However, AS contributes to the worsening 

of arterial hypertension within a vicious cycle [7]. AS is caused by other CVD risk factors besides 

arterial hypertension, such as smoking, diabetes mellitus, mainly type 2 (T2DM), 

hypercholesterolaemia, and chronic kidney disease (CKD) [5,8,9]. Arterial stiffening is also increased 

in patients with established atherosclerotic CVD [7]. AS is characterized by increased pulse wave 

velocity (PWV) and early return in the ascending aorta of reflected waves, during the systolic phase of 

the pressure waveform. Thus, systolic central aortic blood pressure (CABP), and consequently LV 

afterload, is increased. These induce LV hypertrophy (and stiffness) and predispose to LV systolic and 

diastolic dysfunction [7]. Furthermore, in patients with AS central CABP during the diastole is 

decreased, thus substantially reducing diastolic coronary artery perfusion. The combination of LV 

hypertrophy and reduced coronary perfusion leads to myocardial oxygen supply/demand mismatch, 

and further deteriorates LV systolic and diastolic function [10]. This combination of high systolic and 

low diastolic CABP leads to an increased value of pulse pressure (PP), which expresses AS and appears to 

be the most powerful measure to identify those hypertensive patients at greatest CVD risk [10]. 

Among the different non-invasive methods used to assess arterial stiffness is the carotid-femoral 

PWV has emerged as a gold standard due to its accuracy, reproducibility, relative easy measurement, 

and low costs. Furthermore, PWV has yielded prognostic value beyond and above traditional risk 

factors. PWV is assessed non-invasive using the Complior, SphygmoCor, Arteriograph or the Vicorder 

systems with respective software. Electrocardiogram-gated carotid and femoral waveforms were 

recorded using applanation tonometry. Carotid-femoral path length was measured as the difference 

between the surface distances joining the suprasternal notch, the umbilicus and the femoral pulse and 

the suprasternal notch and the carotid pulse [11]. Carotid-femoral transit time was estimated in 8–10 

sequential femoral and carotid waveforms as the average time difference between the onset of the 

femoral and carotid waveforms. The foot of the pulse wave was identified using the intersecting 

tangent method. PWV was calculated as the carotid-femoral path length divided by the carotid-femoral 

transit time. This is an established, non-invasive and reproducible method to determine arterial stiff-ness 

and no adjustments are required for transit time and path length. Most studies use data on PWV deriving 

from 16,867 subjects and patients from 13 different centers across eight European countries [11]. Of 

these, 11,092 individuals were free from overt CV disease, did not have diabetes and were untreated 

by either anti-hypertensive or lipid-lowering drugs and constituted the reference value population. 

Prior to data pooling, PWV values were converted to a common standard using established conversion 

formulae. Subjects were categorized by age and further subdivided according to BP categories. PWV 

increased with age and BP category; the increase with age being more pronounced for higher BP 

categories and the increase with BP being more important for older subjects. The distribution of PWV 

with age and BP category is described and reference values for PWV are established. Normal values 

are proposed based on the PWV values observed in the non-hypertensive subpopulation with no 

additional CVD risk factors. Normal median values according to age were 6.0 (range 5.2–7.0) m/s in 

<30 years old and 10.1 (7.6–13.8) m/s for subjects >75 years old. If participants had AH, median 

values ranged from 7.2 m/s to 13.5 m/s respectively [11]. Among an adult population that varies 

widely in age, brachial ankle (baPWV) is significantly and independently associated with aortic PWV 



Diseases 2013, 1                            

 

55

as well as leg PWV. Second, decreases in aortic PWV with exercise intervention are related to the 

corresponding changes in baPWV [12]. These results suggest that baPWV may provide qualitatively 

similar information to those derived from aortic PWV, a well-established index of central arterial 

stiffness. In male subjects, the upper limits of baPWV values were 1497/1425, 1518/1513, 1716/1726, 

1925/1971, and 2310/2115 cm/s, obtained using two different statistical methods for the age groups of 

30-39, 40-49, 50-59, 60-69, and 70 and older, respectively [12]. For females, the upper limits of 

baPWV values were 1427/1411, 1559/1499, 1733/1739, 1958/1974, and 2721/2577 cm/s for the age 

groups of 30-39, 40-49, 50-59, 60-69, and 70 and older, respectively [12]. 

3.2. Metabolic Syndrome (MetS)  

The MetS is a cluster of CVD and T2DM risk factors [11]. Patients with MetS are at higher risk for 

vascular events [12,13] and all-cause mortality [14], even in the absence of clinically evident CVD 

and/or T2DM [15,16].  

However, there are concerns suggesting that when confounding factors such as obesity are accounted 

for, diagnosis of the MetS has a negligible association with the risk of CVD [17]. This approach 

encouraged the American Diabetes Association and the European Association for the Study of Diabetes to 

issue a joint statement identifying concerns on the clinical utility of MetS as a syndrome [18]. 

At the end of the day, all parts recognise that the clustering of several CVD risk factors, regardless 

if they are considered as a syndrome or not, confer an increased CVD risk, even if that is the just the 

sum of the risks of MetS components. In 2006 the International Diabetes Federation [19] released a 

worldwide definition of MetS with the following criteria: central obesity [defined as waist 

circumference (WC) with ethnicity-specific values] plus any two of the following: raised triglycerides: 

>150 mg/dL, or specific treatment for this lipid abnormality, reduced high density lipoprotein 

cholesterol (HDL-C): <40 mg/dL in males, <50 mg/dL in females, or specific treatment for this lipid 

abnormality, raised BP: systolic BP>130 or diastolic BP>85 mm Hg, or treatment of previously 

diagnosed arterial hypertension, raised fasting plasma glucose (FPG):>100 mg/dL, or previously 

diagnosed T2DM [19].. In this consensus, obesity is characterized as the main clinical manifestation of 

MetS and insulin resistance (IR) as the central pathophysiological aberration. There are another 5 

MetS definitions. However it is not the aim of this review to investigate and compare the differences of 

various MetS definitions, because the review is not about MetS and AS, but goes beyond that 

analyzing in total the effect of 12 cardio-metabolic risk factors and their combinations.  

3.3. AS in MetS with Arterial Hypertension 

It has been proposed that IR induces AS, which in tern leads to increased CVD risk [20]. 

Prospective studies have shown that patients with the IR syndrome have a greater increase in AS than 

age-matched controls without the syndrome [21]. Depletion of nitric oxide (NO) or ineffectiveness of 

NO mediated vasodilatation associated with the progression of IR to T2DM may induce increased AS [22]. 

Also increased release of endothelin-1 leads to impaired structural properties of the vessel wall [22]. 

As a result, the renin-angiotensin-aldosterone system (RAAS) is activated in the diseased vascular 

beds, with up regulation of the angiotensin II type 1 receptor (AT1R). This results in arterial 

hypertension, which is a component of MetS, while the increased AT1R mediated activity in the 
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vasculature is central to the development of increased AS, which is further deteriorates IR within a 

vicious cycle [22]. Intervention that aims at AT1R blockade [such as angiotensin receptor inhibitors 

(ARBs)] may, therefore, be a valuable treatment for early IR, as antagonism of AT1 receptors is 

beneficial by itself and also allows angiotensin II to act unopposed on AT2R, activation of which is 

beneficial in treating arterial hypertension and preventing early AS [22]. Moreover, there is data 

suggesting that in hypertensive, non-diabetic, older adults, IR is associated with AS, independent of 

glucose tolerance status [23]. In addition, IR is associated with AS, independent of age, baseline 

systolic BP (SBP), gender and metabolic status [24]. All the above suggest that MetS through IR, its 

main pathophysiological aberration, induces AS, regardless of age, gender, arterial hypertension or 

glycaemic control.  

3.4. AS in MetS with Glucose Intolerance or T2DM 

Dysglycaemia is one of MetS components in all definitions. A meta regression analysis of data 

from 20 studies with 95,783 individuals followed for 12.4 years showed that there is a continuous 

positive relationship between FPG and 2 h plasma glucose, following a 75 g oral glucose tolerance test 

(2-HPG), with incident CVD events [25]. The 2-HPG is a better predictor of death from all causes and 

CVD than FPG [26]. There also data on an independent association between the impaired fasting 

glycaemia (IFG), impaired glucose tolerance (IGT), and T2DM with early AS as well as with total and 

CVD morbidity and mortality [27,28]. It seems that structural mechanisms connect hyperglycaemia 

with vascular complications even within prediabetes thresholds [27,28]. These relationships are 

reported as a cumulative effect of MetS on AS as an entity [29–31], while there are relative 

independent strengths of FPG and 2-HPG associations with AS [32,33]. Thus, it seems that there is a 

clear relationship of premature arterial stiffening with glucose metabolism disorders, within or outside 

the T2DM range [33], in MetS patients with or without arterial hypertension. 

3.5. AS in MetS and Menopause 

Postmenopausal women tend to have MetS because of hormonal and metabolic changes [34]. CVD 

incidence increases after menopause and this may be related, at least in part, to IR and AS [34]. From 

the 9,555 postmenopausal (women) participants of a study, 455 had MetS and normal glucose and BP 

levels [34]. In addition to a full biochemical screening, adiponectin and PWV (to assess AS) were 

evaluated. IR was estimated by the homeostatic model assessment (HOMA)-IR. The women were 

stratified into 3 groups according to their HOMA-IR values. There were significant differences in 

metabolic parameters between the 3 groups. The mean age, body mass index (BMI), WC, FPG, TG, 

SBP, diastolic BP (DBP), aortic PWV, and peripheral PWV were all increased according to the degree 

of IR [34]. Moreover, HDL-C and adiponectin levels were decreased according to the degree of IR. 

Age, BMI, FPG, TG, insulin, SBP, HOMA-IR, aortic PWV, and peripheral PWV were significantly 

higher in women with central obesity, while HDL-C and adiponectin were significantly lower in these 

women [34]. PWV (aortic and peripheral) were significantly correlated with age, WC, total 

cholesterol, SBP, DBP, insulin, and HOMA-IR. The results of multiple regression analysis indicated 

that SBP, DBP, and HOMA-IR were independently correlated with PWV and therefore to AS [34]. In 

the normoglycaemic and normotensive postmenopausal group IR was independently and significantly 
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associated with AS as demonstrated by increased aortic and peripheral PWV [34]. These associations 

between MetS and AS were also shown in premenopausal women with a cluster of cardio-metabolic 

risk factors [35]. 

3.6. AS in MetS and CKD 

People with the MetS have an increased risk, up to 5 times, of developing CKD in comparison with 

those without the syndrome [36,37], even in children [38]. A meta-analysis of eleven studies (n = 30,146) 

showed that MetS and its components are associated with the development of estimated glomerular 

filtration rate (e-GFR) < 60 mL/min per 1.73 m2 (CKD stage 3 or higher) and microalbuminuria or overt 

proteinuria [36]. Patients with CKD are at an increased risk not only for ESRD but also for CVD [38]. 

CKD is a CVD predictor and is practically considered as an ischaemic heart disease equivalent, similar 

to DM [39]. This is due to the independent harmful effect of CKD itself as well as to CKD related CVD 

risk factors, such as arterial hypertension and dyslipidaemia [40–44]. A major CKD risk factor is 

increased AS of large arteries, which is independent of other major confounders [39]. Furthermore, 

increased AS in central arteries may cause further reduction in GFR in subjects with CKD, within a 

vicious cycle [45]. This suggests that CKD may interact not only with small but also with large arteries, 

independently of age, BP level, and classical CVD risk factors [45,46]. On the other hand, arterial 

stiffening is an independent predictor of survival in ESRD in the general population [47]. Given that 

statins play a role in arterial “destiffening” [40–44,48,49], it has been shown that the dose and the 

compound play a major role in achieving improvement of GFR, while reducing AS and CVD risk [50].  

3.7. AS in MetS and Hyperuricaemia 

Elevated serum uric acid (SUA) levels are related to the presence of MetS, while its levels increase 

with the increasing number of MetS components (arterial hypertension, dyslipidaemia, DM and 

visceral obesity) [51], to the degree that many researchers suggest that SUA should be considered a 

MetS component in a future definition [52].  

SUA is also closely related to CKD and is an independent CVD risk factor of total and CVD 

morbidity and mortality, at least in high risk patients [51–53]. SUA seems to be significantly 

correlated with central systolic BP and AS in both genders [54]. Therefore, SUA may contribute to the 

pathogenesis of arterial hypertension, mainly through increased wave reflections and contribute thus to 

the increase of CVD risk [54]. This was confirmed by a study suggesting that in both genders, SUA 

levels are associated with AS, and this relationship is independent of other conventional risk factors for 

MetS and atherosclerotic CVD [55]. Similar were the results of a large study with postmenopausal 

women [56]. On the contrary, a study that included relatively young men and women suggested that 

SUA levels are associated with an increase in AS, which differs between men and women. Women 

might be more susceptible to vascular damage associated with high SUA levels [57]. Subjects with 

hyperuricaemia had significantly higher carotid-ankle PWV in both genders; however the carotid-femoral 

PWV was higher only in women [57]. Nevertheless, in a recent study it was reported that among 779 

subjects (393 men and 234 women), witch had normal SUA levels, those with high-normal SUA levels 

had an increased AS (higher brachial-ankle PWV), after adjusting for confounding factors [58]. Thus, 

SUA was identified as an AS risk factor even with high-normal levels, inside the normal range [58].
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3.8. AS in MetS and Hypercoagulability 

It has been shown that the MetS presents relations and inter-relations between metabolic aberrations 

(in glucose, salt, insulin, and lipid metabolism as well as coagulation factors) and haemodynamic 

abnormalities (due to RAAS stimulation, sympathetic overactivity, and decreased NO bioavailability), 

which are followed by anaemia, hypercoagulability, organ ischaemia, AS, arterial hypertension, as well as 

renal and LV dysfunction [59]. These might be considered to form the “circulatory syndrome” [59,60]. 

Within or outside this circulatory syndrome frame MetS is related to increased levels of clotting factors 

(tissue factor, factor VII and fibrinogen) as well as inhibition of the endogenous fibrinolysis (increased 

plasminogen activator inhibitor-1 and decreased tissue plasminogen activator activity) [60,61]. 

Fibrinogen levels correlate with lipid [62] and inflammatory parameters [60,62], suggesting an 

involvement of adipose tissue-generated inflammatory cytokines [60]. Elevated von Willebrand's 

factor and factor VIII levels combine with endothelial injury, whereas vitamin K-dependent 

coagulation correlate with triglyceride levels [60]. All the above seem to inter-relate with low grade 

inflammation and with AS [59,60].  

3.9. AS in MetS and Non-Alcoholic Fatty Liver Disease (NAFLD) 

NAFLD is currently the most common form of chronic liver disease. It affects 20%–35% of general 

population in western countries, while its prevalence increases up to 70%–90% in people with obesity, 

MetS or T2DM [63]. NAFLD is considered the hepatic manifestation of MetS; it is closely related to 

other clinical features of MetS, and thus to CVD risk [64]. Several data have documented that NAFLD 

associates with other CVD risk factors [64,65]. AS was independently associated with the risk for 

NAFLD, regardless of classical CVD risk factors [64,65]. Moreover, it was shown in a large study  

(n = 4,467) that not only the presence but also the degree of NAFLD are associated with AS in  

non-hypertensive, non-diabetic individuals with or without MetS [66]. 

3.10. AS in MetS and Dyslipidaemia 

Dyslipidaemia (low HDL-C and/or high triglycerides) is a MetS component. Patients with 

hypercholesterolaemia have a higher central pulse pressure and stiffer blood vessels than matched 

controls, despite similar peripheral BP [67,68]. Low-density lipoprotein cholesterol (LDL-C), not a 

MetS component, seems to be independently associated with AS, while HDL-C is independently 

(inversely) associated with AS [69]. Statin therapy leads to a reduction in AS, re-enforcing the concept 

that stiffness is indeed a modifiable CVD risk factor [67]. It has also been shown that PWV, and 

therefore AS, is increased in carriers of the lecithin cholesterol acetylo-transferase mutation related to 

low HDL-C [70]. The triglycerides/HDL ratio, a rough measure of the predominance of small-dense 

LDL particles over large-buoyant ones [71], is an independent determinant of AS in older adults, 

younger adults, even in adolescents, particularly in these with central obesity, regardless of the 

presence of arterial hypertension [72,73]. 
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3.11. AS in MetS and Obstructive Sleep Apnea (OSA)  

OSA is a highly prevalent condition. About 24% of men aged 30–60 years and 9% of adult women 

are estimated to have OSA; most of them have MetS [74]. The close association between OSA, 

overweight/obesity and CVD morbidity and mortality is a major health problem [75]. A plethora of 

studies have indicated a causal relationship between OSA and arterial hypertension, T2DM, and CVD, 

while the relative risk for all-cause mortality in patients with OSA is 1.5 in comparison to the 

individuals that do not have OSA [75]. One of the possible mechanisms for this adverse effect of OSA 

is increased AS [74,76]. Interventional studies showed a substantial improvement in symptoms 

associated with OSA (daytime sleepiness, snoring, morning headaches, and reduction in BP), in 

patients receiving continuous positive airway pressure therapy (CPAP) [74,75]. Moreover, the benefits 

of effective CPAP on reduction of CVD risk and fatal and nonfatal CVD events have been established 

in multiple large trials [77]. It has also been clearly shown that after CPAP treatment in patients with 

OSA there was a significant improvement of all indices of AS [74,78–80]. 

3.12. AS in MetS: Treatment Options 

After all the distressing data presented above, one question pops up: do we have at our disposal 

effective means to intervene and tackle the clinical consequences of MetS, and particularly those 

related to AS? There seem to be several effective tools, from lifestyle advice to pharmacological 

interventions in AS risk factors, which may substantially contribute to the amelioration of CVD risk, 

mainly the part related to AS.  

Aerobic exercise training is associated with lower AS, but little information is available on the 

required intensity or duration of physical activity. There are data suggesting that both moderate and 

vigorous physical activity have favorable effects on AS in postmenopausal women, even after 

adjustment for expected confounders [81]. In the Amsterdam Growth and Health Longitudinal Study it 

was shown that lifetime vigorous, but not light-to-moderate, habitual physical activity is favorably 

associated with increased arterial compliance, even after adjustments for sex-specific coefficients [82]. 

Moreover, adoption of Mediterranean diet beneficially affects AS, even after adjustments for potential 

confounders [83]. This effect of Mediterranean diet is probably related to its beneficial impact on CVD 

risk factors, such as BP, central obesity, and dyslipidaemia [83]. Also, in the Amsterdam Growth and 

Health Longitudinal Study, mentioned above, it was shown that lower intake of fiber throughout the 

course of young life (from adolescence to adulthood) is associated with AS in adulthood, after 

adjustment for sex, height, total energy intake, and other lifestyle variables [84]. 

Thus, intense physical activity and adoption of a healthy diet reach in fiber (preferably the 

Mediterranean diet) are powerful tools to prevent or treat MetS and AS, thus reducing CVD risk [85,86]. 

However, non-adherence to long term lifestyle changes is very usual and raises important issues for 

their effectiveness, particularly in cases that they have to be adopted for a life-time period, given that 

in all interventions the key determinant of success is the adherence level [87]. 

The majority of older individuals develop higher CABP mediated by increasing AS. An increased 

CABP may lead to target organ damage through a variety of mechanisms [88]. Data indicate that 

lowering brachial arterial BP does not necessarily correlate with equal lowering of CABP or AS. Pulse 
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pressure varies throughout the arterial tree, resulting in a gradient between central and peripheral 

pressure. CVD risk factors affect the pulse pressure ratio, and that central pressure cannot be reliably 

inferred from peripheral pressure. However, assessment of CAPB may improve the identification and 

management of patients with elevated CVD risk. However, assessment of CAPB may improve the 

identification and management of patients with elevated CVD risk. BP lowering drugs can have 

substantially different effects on central aortic pressures and hemodynamics despite a similar impact 

on brachial BP [89]. Moreover, CAPB may be a determinant of clinical outcomes, and differences in 

CAPB may be a potential mechanism to explain the different clinical outcomes between the two BP 

treatment arms in ASCOT [89]. Radial artery applanation tonometry and pulse wave analysis were 

used to derive CAPB and hemodynamic indexes on repeated visits [89]. The integral system software 

was used to calculate an averaged radial artery waveform and to derive a corresponding central aortic 

pressure waveform using a previously validated generalized transfer function. Aortic pressure 

waveforms were subjected to further analysis by the SphygmoCor software to identify the time to the 

peak/shoulder of the first and second pressure wave components during systole. The pressure at the 

peak/shoulder of the first component was identified as P1 height (outgoing pressure wave), and the 

pressure difference between this point and the maximal pressure during systole (ΔP or augmentation) 

was identified as the reflected pressure wave occurring during systole. Augmentation index (AIx), 

defined as the ratio of augmentation to central pulse pressure, is expressed as a percentage:  

Aix = (ΔP/PP) × 100 

where P is pressure and PP is pulse pressure. Pulse pressure amplification (PPA) was expressed as the 

ratio of CAPB to peripheral (brachial) pulse pressure (PPP): PPA = PPP/CPP [89].  

Increased AS, independent of brachial arterial BP, appears to be a novel and independent risk factor 

for CVD and total mortality [90] in healthy older adults and hypertensive patients [88,91]. These 

emphasize the need for ambulatory (non invasive) measurement of CABP and AS with equipment 

recording the 24-h brachial BP, heart rate, and PP too [92]. In a study with 211 patients with 

uncomplicated arterial hypertension, patients were treated for 1 year [92]. Ambulatory AS index, pulse 

pressure (PP), and aortic PWV were used to assess the effect of drugs on AS [92]. The results showed 

that administration of antihypertensive drugs with different hemodynamic profiles, ambulatory AS 

index and aortic PWV behaved similarly and AS was reduced to the same extent [92]. However, 

studies in animal models suggest that early brief angiotensin enzyme inhibition (ACE-I) decreased 

arterial pressure and isobaric wall stiffness in spontaneously hypertensive rats; this was associated with 

marked alteration of wall structure, while the effects persisted after cessation of early treatment [93]. A 

meta-analysis of short-term trials in humans showed that ACE-Is were more effective than calcium 

antagonists and placebo on improving AS [94]. In long-term trials, ACE-I, calcium antagonists,  

beta-blocker, and diuretic reduced significantly PWV compared to placebo [94]. A review of the 

effects of antihypertensive drugs suggests that RAAS blockers maintain compelling indications in 

particular CVD conditions, such as microalbuminuria, LV hypertrophy, and AS. The above provide 

further support to a drug-based antihypertensive strategy [94]. Moreover, the optimal safety profile of 

several antihypertensive drugs, in particular of ACE-Is, ARBs and renin inhibitors, allows their use in 

the very early stages of arterial hypertension, as suggested by recent clinical trials [95]. In a meta-

analysis with meta-regression of randomized controlled trials, it was demonstrated that ACE-Is reduce 
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AS and wave reflections in patients with different pathological conditions [96]. However, due to the 

lack of high quality and properly powered randomized controlled trials, it is not clear whether ACE-Is 

are superior to other antihypertensive agents in their effect on AS [96]. The ability of ACE-Is to reduce 

AS appears to be independent of their ability to reduce BP [96]. In regard to atenolol, its use as a first 

choice antihypertensive agent was limited by the results of the Central Artery Function Evaluation 

(CAFE) study [89]. CAFE was a substudy of the Anglo-Scandinavian Cardiac Outcomes Trial 

(ASCOT), which examined the impact of two different BP lowering-regimens (the 

amlodipine+/−perindopril-based vs. the atenolol+/−thiazide-based therapy) on CABP and 

hemodynamics [89]. CAFE showed that despite similar brachial SBP between treatment groups, there 

were substantial reductions in CABP with the amlodipine regimen [96]. Cox regression analysis 

showed that CABP and central PP was significantly associated with the composite outcome of total 

CVD events and development of renal impairment (CKD) in the CAFE study population [96]. These 

differences in CABP may be a potential mechanism to explain the different clinical outcomes between 

the 2 BP treatment arms in ASCOT [89]. A post hoc analysis of ASCOT showed that the combination 

of atorvastatin (10 mg/d) with the amlodipine+/−perindopril-based therapy produced a huge reduction 

in CVD events (by 52%) in comparison to placebo [97], while the combination of atorvastatin  

(10 mg/d) with the atenolol+/−thiazide-based therapy produced a much smaller reduction in CVD 

events (by only 15%) in comparison to placebo [97]. Given that atorvastatin did not significantly affect 

the CABP in this large cohort of the CAFE study [97], these results designated the beginning of the 

end of the use of atenolol as a first choice antihypertensive agent.  

Statins seem to reduce AS in patients with dyslipidaemia [48,49,68,69,98], with or without  

CVD [99,100], with menopause [101], CKD [102], in overweight and obese [103], with T2DM [104], 

with T1DM [105], in healthy men [106], in patients with rheumatoid arthritis [107], and in elderly 

patients with arterial hypertension [108]. This effect of statins on AS is probably not a drug class 

effect, as suggested by the fact that the compound and the dose play a significant role in the degree of 

AS reduction [99–108]. It seems that potent statins, such as atorvastatin and rosuvastatin are more 

effective in reducing AS, reducing thus excessive CVD risk [109]. 

Polycystic ovary syndrome (PCOS) is the most common endocrine disorder affecting between 6% 

and 8% of women in reproductive age [110]. It is associated not only with reproductive and cosmetic 

problems, but also with significantly increased risk of metabolic dysfunction including IR with consequent 

compensatory hyperinsulinaemia, dyslipidaemia, systemic inflammation, increased oxidative stress, and 

endothelial dysfunction [110]. In the long-term, women with PCOS may develop T2DM, hypertension 

and atherosclerosis; ultimately, they are more likely to suffer from CVD and cerebrovascular  

diseases [110]. In patients with IR due to PCOS metformin improved aortic PWV and brachial PWV, 

CABP, endothelium-dependent and endothelium-independent vascular responses [111,112]. Metformin 

also reduced weight, waist circumference, and triglycerides and increased adiponectin [111]. Thus it 

seems that even short-term metformin therapy improves AS and endothelial function in young women 

with PCOS [111,112]. In addition, metformin has a considerable beneficial effect on endothelial 

function and AS in patients with MetS [113]. Furthermore, it has been demonstrated that increase in 

adiponectin level after treatment with the combination of two insulin sensitizers (pioglitazone plus 

metformin) may improve AS in patients with T2DM [114,115]. On the contrary the addition of 

liraglutide, a glucagon-like peptide-1 agonist (GLP-1 agonist), in patients with T2DM on metformin 
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monotherapy, improved several CVD risk markers, beyond glycaemic control, but failed to improve 

AS [116]. Likewise, in a recent comparative study sitagliptin, but not glibenclamide, demonstrated a 

significant beneficial effect on BMI and triglycerides [117]. However, AS, BP, oxidative stress, and 

inflammatory status were not significantly changed by adding sitagliptin or glibenclamide to 

metformin-treated patients with T2DM [116]. From another ankle, metformin treatment was associated 

with significant decrease in AS after 1 year of treatment in patients with MetS and NAFLD, regardless 

of glycaemic control [118]. These beneficial effects suggest that metformin exhibit its vascular effects 

through glycaemic control-independent mechanisms [118]. In patients with T2DM three long-term 

different insulin regimens achieved overall good metabolic control with significant differences, 

however, in postprandial glucose increments [119]. The regimens achieving better vascular function 

(less AS) were those that induced a better postprandial glucose control [119]. Even after switching 

from premixed human insulin 30/70 containing rapid-acting insulin to biphasic insulin aspart 30/70 

preparation [119], the later improved AS more than the former [120]. This improvement of AS may be 

associated with improvement of postprandial glycaemia [120]. 

4. Limitations 

This review has the limitation of being narrative instead of systemic. However, conditions 

mentioned in introduction, mainly the lack of many original papers available that test the same 

hypothesis, did not allow us to write a systemic review and perform a meta-analysis.  

5. Conclusions 

AS and CABP are important independent CVD risk factors. A cluster of disease states related to 

MetS, they are either its components (arterial hypertension obesity, dyslipidaemia, dysglycaemia) or 

not (renal dysfunction, hyperuricaemia, hypercoaglutability, menopause, non alcoholic fatty liver 

disease, and obstructive sleep apnea) contribute, in an additive manner, to the increase of AS and thus 

to excessive CVD risk, often within a vicious cycle. Lifestyle measures, antihypertensive, 

hypolipidaemic, and hypoglycaemic drugs as well as CPAP in patients with OSA substantially 

contribute to the reduction of AS and finally to the decline in CVD risk. 

There is a great unmet need for well planed, prospective, randomized, controlled, and long term 

interventional trials to assess the clinical benefit of regimens that improve AS. The examination of 

multifactorial interventions that showed reductions in CVD risk [121,122] might be even more useful 

and should also be tested.  

AS and wave reflections have been widely investigated in old and/or hypertensive subjects for 

several reasons. In subjects >50 years of age, ventricular ejection fraction tends to be reduced, so that 

AS and amplitude and timing of wave reflections become the main determinants of increased systolic 

BP and PP. From the haemodynamic factors that influence PP, two have been shown to independently 

predict CVD risk: aortic stiffness, and early return of reflected waves to the heart, evaluated from pulse 

wave analysis. Finally, increased PP is a strong predictor of CVD risk in subjects with MetS, and/or all 

other cardio-metabolic risk factors analyzed above. It seems that in most cases of cardio-metabolic risk 

factors effective primary treatment of this factor reduces AS and PP. This is not always easy. Thus, 

symptomatic treatment of common determinants of AS, regardless of the initial cause, such as 
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dyslipidaemia, AH, diabetes, and smoking is the intervention of choice. Large long-term interventional 

studies are needed to investigate drug classes and particular drugs for their effect on AS and finally 

CVD and T2DM incidence in patients with a cluster of cardio-metabolic risk factors. Above all, we 

should abandon the dispute on the existence of MetS. The cluster of all these 12 cardio-metabolic risk 

factors analyzed above and their combinations indeed increases AS and CVD risk. This can not be 

disputed by anyone regardless of how we call it. A more rigorous review is needed to confirm the 

findings of this narrative review.  
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