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Pulse wave analysis and diabetes mellitus. 
A systematic review
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Cardiovascular (CV) disease is the primary cause of death in diabetic patients and one of the explanations may be in-
creased arterial stiffness. Arterial stiffness assessment using pulse wave analysis, is a predictive factor of CV events. The 
aim of this paper is to review the current knowledge of relations between diabetes mellitus and pulse wave analysis. 
A MEDLINE search was performed to retrieve both original and review articles addressing the relations and influences 
on arterial stiffness in diabetics. Pulse wave analysis is considered as a gold standard in CV risk evaluation for patients 
at risk, especially diabetics. Arterial stiffness assessment may be helpful for choosing more aggressive diagnostic and 
therapeutic strategies, particularly in younger patients to reduce the incidence of CV disease in these patients. 
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INTRODUCTION

Cardiovascular disease is the primary cause of death 
in patients with type 1 and type 2 diabetes1. A number 
of studies showed increase in arterial stiffness in patients 
with type 1 (ref.2) and type 2 diabetes3,4. Increased arterial 
stiffness may be one important pathway linking diabetes 
to the reported increase in cardiovascular risk for this 
disease5. 

The arterial system has two main functions: to ensure 
an adequate blood flow to tissues and organs, i.e. “con-
duit function”; and “cushioning or dampening function”. 
The efficiency of these functions depends on the stiff-
ness, the geometry of the aorta and central arteries, and 
rigidity of successive arterial segments. Both functions 
are connected, since the efficient organ blood flow dis-
tribution is dependent on energy storage during diastole 
as arteries distend, i.e. their elastic properties, which, in 
return, buffer pressure and flow6. Arteries are exposed to 
shearing forces and a variety of local atherogenic factors 
that result in alteration of vascular structure and func-
tion characterized by an increase in luminal diameter and 
aortic stiffness and impact of reflected waves from the 
periphery7. The physiological role of the arterial system 
was greatly expanded by recognition of the central role of 
endothelial function in a variety of physiologic processes 
and also with the development of multiple parameters 
to evaluate arterial stiffness8. Many studies have already 
described the importance of arterial stiffness evaluation 
in cardiovascular risk assessment.

ARTERIAL STIFFNESS

Arterial stiffness may be assessed by a variety of meth-
ods, and has been linked to increase risk for the devel-
opment of atherosclerosis, as well as being utilized as a 
prognostic marker beyond standard risk factor stratifica-
tion9. Arterial stiffness can be measured with non-inva-
sive, reproducible, and relatively inexpensive techniques 
(for example pulse wave analysis by sphygmomanometer 
– Fig. 1). This method can be used to identify an in-
creased cardiovascular risk, even before the first changes 
in the blood vessels detected by morphological imaging. 

Fig. 1. Pulse wave analysis.
P1 = peak 1 (pressure at peak systolic flow), P2 = peak 2 (re-
flected wave), SBP = systolic blood pressure, DBP = diastolic 
blood pressure, PP = pulse pressure, AP = augmentation pres-
sure.
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Several devices for pulse wave analysis are commercially 
available and extensively used worldwide. The technique 
involves use of an applanation tonometer to record radial 
pulse wave10, simultaneously the central blood pressure 
and pulse wave velocity. These methods use various indi-
ces to describe the arterial stiffness (Table 1). The most 
commonly used parameters are central (aortal) blood 
pressure, the augmentation index (AIx) and pulse wave 
velocity (PWV), which may be used for assessment of car-
diovascular (CV) risk in patients with diabetes mellitus.

Reflective wave phenomenon
Central blood pressure (pressure measured in elastic 

type arteries, e.g. aorta) is a better predictor of cardio-
vascular events than peripheral blood pressure (pressure 
measured in the muscular artery) (ref.10). Central arterial 
waveforms are influenced by the reflective wave phenom-
enon. The systolic waveform leaves the aortic root and 
travels to the periphery, where smaller arterioles act as a 
multiple reflection point. The resulting “reflective” wave 
is generated and returns to central arteries11,12, where it 
contributes to the characteristic aortic pressure wave mor-
phology, which can be further quantified8. The speed of an 
advancing wave is termed pulse wave velocity13. With age, 
a combination of increased reflective capacity at periph-
eral sites and faster PWV within stiffened vessels causes 
premature augmentation of the systolic waveform14. In 
stiff arteries the reflected pressure wave returns during 
early systole, forming an early systolic peak on waveform 

analysis5,15,16. This explains the differences between the 
brachial and aortic pressure waveforms, which may be 
as high as 20 mmHg (ref.14) (Fig. 2) . The central pres-
sure waveform is important to determine left ventricular 
workload, which is relatively independent of the brachial 
pressure. This difference diminishes with age, and most 
people over 65 years of age have similar central and pe-
ripheral blood pressures10. 

Arterial stiffness measurement limitation
Measurement of arterial stiffness is a very useful meth-

od for cardiovascular risk evaluation. However, markers 
of arterial stiffness are interrelated with a variety of he-
modynamic parameters, such as heart rate, systolic and 
diastolic blood pressure as well as pulse pressure. The 
interrelationship of these various parameters is difficult 
to separate on clinical grounds, which renders studies 
of the individual impact of various interventions on the 
clinical outcome rather difficult as various therapies have 
overlapping outcomes on modification of stiffness and 
hemodynamics8.

There are some caveats regarding assessment of ar-
terial stiffness given the heterogeneity of used methods 
across the studies measuring aortic PWV (ref.17). For ex-
ample, there is no universal consensus on which distance 
should be introduced in the PWV equation. Some stud-
ies adjust for heart rate determining both CV outcome 
and PWV, others adjust for body mass index and weight 
because these relate to both PWV and CV events. Aortic 

Table 1. Hemodynamic parameters related to arterial stiffness.

Hemodynamic 
parameters
(abbreviations/units)

Calculation details Definition Comments

Pulse pressure 
(PP, mmHg)

SBP – DBP The difference between systolic 
(SBP) and diastolic blood pressure 
(DBP).

Pulse pressure measured in brachial 
artery may be up to 20-50% greater 
than in aorta92.

Augmentation 
pressure
(AP, mmHg)

P2 – P1 The difference between second (P2) 
and first (P1) systolic peaks.

P1 corresponds to pressure at the 
peak systolic flow.
P2 corresponds to the peak of 
reflected wave.

Augmentation index 
(AIx, %) P2 – P1

PP
× 100

AIx is derived from the difference 
between second (P2) and first (P1) 
systolic peaks of arterial pulse wave 
expressed as a percentage of pulse 
pressure5.

A calculation measures the height 
of the reflected wave relative to the 
incident wave8.

AIx normalized for 
heart rate of 75 bpm
(AIx@75, %)

P2 – P1
PP

× 100/75
AIx normalized for heart rate of 75 
bpm.

Increase pulse rate lowers the Aix93.

Pulse wave velocity
(PWV, m/s)

L
∆t

Pressure wave velocity travelling 
along an arterial segment, deter-
mined by the length (L) of studied 
arterial segment divided by pres-
sure wave travel time from arterial 
location A to location B within the 
segment (∆t)5.

The gold standard for assessment 
arterial stiffness, because of its 
reproducibility and reliability25.
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diabetic state5. An increase in aortic stiffness, as measured 
by aortic PWV, is an independent predictor of mortality in 
diabetic patients21. Data from the 10 year follow-up study 
showed that brachial systolic pressure and aortic PWV 
was greater in people with diabetes and glucose intoler-
ance than in non-diabetics. In the presence of diabetes 
and glucose intolerance, the mortality risk doubled22. 
Furthermore, increased arterial stiffness, PWV and AIx 
have been reported in the offspring of newly diagnosed 
never treated type 2 diabetic and impaired glucose tolera-
tion parents, revealing early manifestations of preclinical 
vasculopathy and a potentially increased cardiovascular 
risk in the future23. Yet some clinical studies demonstrated 
that the presence of diabetes alters the augmentation in-
dex, and consequently it is not reliable to measure it in 
diabetic patients24. PWV is a gold standard for the assess-
ment of arterial stiffness because of its reproducibility 
and reliability, in addition to its association with cardio-
vascular risk in different populations25 (Fig. 3). The PWV 
threshold was determined as 10 m/s (ref.26,27). However, 
in the 2016 European guidelines on cardiovascular dis-
ease prevention in clinical practice the PWV threshold of 
12 m/s was used as a conservative estimate of aortic func-
tion significant alterations in middle-aged hypertensive 
patients28. Aortic PWV may be a more useful technique 
for measuring changes in arterial stiffness over a long 
period of time, whereas wave reflection techniques may 
be especially useful for measuring short-term changes sec-
ondary to therapeutic interventions26. 

Pathobiology of increased arterial stiffness in diabetes
The first age-related changes in the vessel wall can 

already be seen at around 20 years of age29. The degree of 
aortic stiffening is multifactorial and is mediated by a va-
riety of structural and functional alterations that progres-
sively occur over time. With age and the influence of other 
external or internal factors (hyperglycaemia, dyslipidemia, 
smoking and obesity), the arterial system loses compli-
ance and progressive stiffening occurs, altering arterial 
media, which is formed by vascular smooth muscle and a 
variable degree of elastic tissue. Physiologic vessel disten-

Fig. 2. Pulse wave analysis in radial artery (peripheral) and 
aorta (central). 
As aortic and arterial stiffness increase, transmission velocity 
of both forward and reflected waves increases, causing quicker 
arrival of the reflected wave to central aorta and augment sys-
tolic pressure. Therefore, augmentation of central aortic pres-
sure wave is a manifestation of early wave reflection and is the 
boost pressure forming the first systolic shoulder to the systolic 
pressure peak12.
a) Healthy compliant arteries – Comparison of systolic peripher-
al (left, radial artery 120/80 mmHg) and central pressure (right, 
aorta 104/82mmHg), difference observed in healthy individuals.
b) Stiffen arteries – Minimal difference between systolic pe-
ripheral (left, radial artery 165/85 mmHg) and central pressure 
(right, aorta 157/87mmHg).

PWV is currently the best documented and most widely 
used marker of arterial stiffness. Standardization of its 
measurement would also facilitate comparability and vali-
dation of other emerging stiffness indexes17.

ARTERIAL STIFFNESS AND DIABETES 
MELLITUS TYPE 2

A large body of evidence supports the concept of 
increased arterial stiffness in type 2 diabetes3,18. Central 
blood pressure is a significant predictor of cardiovascular 
events in the elderly, as well as in patients with a large 
variety of diseases, such as coronary artery disease, renal 
disease and diabetes19. 

Pulse wave velocity, pulse pressure and augmentation 
index are significantly increased in diabetic patients when 
adjusted for age, gender, and heart rate in mean aortic 
pressure4,8. This is an early phenomenon that occurs in 
the impaired glucose metabolism state (i.e. impaired fast-
ing glucose and/or impaired glucose tolerance) (ref.3). 
Increased arterial stiffness was observed in newly diag-
nosed, never treated diabetic patients without any car-
diovascular complications; aortic PWV was significantly 
higher in diabetic and impaired glucose tolerance patients 
when compared to euglycemic persons20. These findings 
support the so-called “common soil” or “ticking clock” 
hypothesis, which suggests that macrovascular disease 
associated with type 2 diabetes already begins in the pre-

Fig. 3. Pulse wave velocity – carotid-femoral.
PWV analysis utilizes system that calculates pulse wave propaga-
tion velocity between two sites, commonly the carotid and femo-
ral pulses96. To ensure of simultaneity pulse wave propagation 
an R wave on the electrocardiograph can be used to calculate 
the wave transit time.
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sibility is adversely affected by a progressive reduction of 
elastic tissue coupled with enhanced collagen deposition 
and vascular calcification8, therefore the arteries are less 
pliable and become wider and longer10. The most typi-
cal clinical consequence of arterial stiffening is a steep 
pressure volume relationship, e.g. increased systolic blood 
pressure (SBP) during ventricular ejection and decreased 
diastolic blood pressure (DBP) during diastolic runoff, 
resulting in high pulse pressure (PP) (ref.30). 

Etiology of an increased arterial stiffness in diabetes
Vascular wall elasticity is influenced by many external 

and internal factors (e.g. age, blood pressure, glycaemia, 
gender, pulse, smoking, exercising or height) that may 
confound the data. Reduction of elasticity leads to an 
increased cardiovascular risk. There are a number of po-
tential mechanisms by which diabetes might affect arterial 
stiffness, but the exact mechanism for increased arterial 
stiffness still remains to be explained15. 

Role of insulin resistance 
Insulin resistance usually precedes development of 

type 2 diabetes and is often accompanied by a cluster 
of other risk factors characteristic for the metabolic syn-
drome5. 

Insulin, at physiological concentrations, has acute 
vasodilatory effects that lead to increased arterial dis-
tensibility; however, these beneficial effects are blunted 
in insulin-resistant states31. In a large population-based 
study, insulin concentrations (a more indirect measure 
of insulin sensitivity) were associated with higher carotid 
artery stiffness, and this association was also stronger in 
women than in men32. Increased insulin stimulates the 
sympathetic nervous system, resulting in increased heart 
rate and blood pressure. In addition, insulin may cause 
hypertrophy of the vascular wall, resulting in an increase 
in the number and size of monocytes, increased colla-
gen, and proliferation of smooth muscle cells33. In dia-
betic patients, inverse associations were observed between 
clamp-measured insulin sensitivity and arterial stiffness in 
carotid and femoral arteries34. Insulin resistance contrib-

utes to increased arterial stiffness independently of blood 
pressure in type 2 diabetic patients but also in apparently 
healthy individuals10.

Advanced glycation end products 
One of the main mechanisms by which diabetes affects 

arterial stiffness is the formation of advanced glycation 
end products (AGEs) in the arterial wall, causing cross-
linking of collagen molecules, and potentially leading to 
the loss of collagen elasticity and a subsequent increase 
in arterial stiffness35. Indeed, AGEs were associated with 
a greater arterial wall stiffness in diabetic patients36, and 
cross-link breakers were demonstrated to decrease arte-
rial stiffness in humans37. Chronic hyperglycaemia and 
hyperinsulinemia also increase local activity of the renin–
angiotensin–aldosterone system and expression of the an-
giotensin type I receptor in vascular tissue, promoting the 
development of arterial wall hypertrophy and fibrosis38. 

Inflammatory process
Interrelated low-grade inflammation and endothelial 

dysfunction, may also explain, at least in part, the increase 
in arterial stiffness related to diabetes and metabolic syn-
drome39. Endothelial dysfunction may lead to functional 
stiffening of large arteries as reduced availability of nitric 
oxide and increased activity of vasoconstrictors such as 
endothelin-1, affect vascular smooth muscle cell tone40. 
Endothelial dysfunction may lead to smooth muscle cell 
proliferation and increased synthesis of structural proteins 
such as collagen. Low-grade inflammation impairs endo-
thelial function, which may therefore result in increased 
arterial stiffness41. 

C-reactive protein
One of the most commonly used inflammation mark-

ers is a high sensitivity C-reactive protein (hs-CRP), which 
is not only a marker of cardiovascular risk, but may itself 
function as a proatherogenic molecule42. In healthy indi-
viduals, after controlling for age and heart rate, both aor-
tic and brachial PWV were associated with an elevation of 
the hs-CRP, while AIx was contrarily not elevated43. Some 

Table 2. Influence of drugs or drugs groups on arterial stiffness.

Drug groups Drug class/drug Effect on arterial stiffness Ref.

Insulin Insulin +/– 8,31,78
Peroral antidiabetic drugs Metformin + 81,82,87

Sulfonylurea +/– 85,89,90
Glitazones +/– 80,83,84
DPP – 4 inhibitors +/– 86,87
GLP – 1 analogs – 88
SGLT 2 inhibitors + 89-91
Acrabose + 84

Antihypertensive drugs Angiotensin-converting-enzyme inhibitors (ACEIs) + 69,94,95
Angiotensin II receptor blockers (ARBs) +
Calcium channel blockers (CCBs) +
Diuretics –

+ the drug or drug group improves arterial stiffness, - the drug or drug group does not improve arterial stiffness, +/– conflicting effect (the drug 
or drug group is distributed between improving arterial stiffness or not. 
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studies identified hs-CRP as an independent predictor of 
cardiovascular events, hypertension, and diabetes44. One 
study showed that the association of hs-CRP to arterial 
stiffness parameters differs between men and women. 
Hs-CRP positively correlated with carotid IMT (carotid 
intima-media thickness), and peripheral AIx in men, and 
negatively correlated to central AIx in women. For each 
unit increase in hs-CRP, PWV would increase by 0.07 
m/s in men and by 0.08 m/s in women, while central AIx 
would decrease by 2.5 units in women45. These studies 
showed that an inflammatory process can affect arterial 
stiffness directly without influencing the wave reflection 
sites26. However, prospective data to test the mediating 
role of endothelial dysfunction and/or inflammation on 
the metabolic syndrome and diabetes-related arterial stiff-
ening are still lacking2. 

Oxidative stress
Oxidative stress plays an important role in the pro-

cess of atherogenesis, and may be another cause of higher 
cardiovascular disease occurrence in diabetic patients. 
Thereby, some studies assessed the effect of oxidative 
stress, and correlated it with inflammation, arterial 
stiffness and other cardiovascular risk factors. A study 
by Lessiani et al. showed that exercise training was sig-
nificantly associated with markers of lipid peroxidation; 
also PWV was significantly reduced after this exercise. 
They concluded that regular physical exercise may be a 
natural antioxidant strategy, lowering oxidant stress and 
thereby the degree of arterial stiffness46.

DIABETES MELLITUS COMPLICATIONS 

Diabetes has many complications associated with arte-
rial stiffness. There are many studies trying to evaluate the 
relations between increased arterial stiffness and type 2 
diabetes mellitus, particularly the relationships with mi-
crovascular or macrovascular complications.

Microvascular complications 
In type 2 diabetic patients, increased central arterial 

stiffness is associated with the presence of microvascular 
complications independently of other established deter-
minants of aortic stiffness. In the Rio de Janeiro Type 
2 Diabetes Cohort Study, retinopathy and nephropathy, 
aside from age, heart rate, 24 h pulse pressure, diabetes 
duration, dyslipidemia and the number of antihyperten-
sive drugs in use, were independently associated with aor-
tic PWV (ref.47). In a study by Theilade, the same results 
were found in patients with diabetes type 1. Arterial stiff-
ness increased with the presence and duration of type 1 
diabetes. Furthermore, PWV increased in all investigated 
diabetes complications (cardiovascular, renal, retinal, and 
autonomic disease) independently of other risk factors48.

Neuropathy 
Studies on type 2 diabetic patients showed that dia-

betic neuropathy is significantly associated with age, 
duration, glycated hemoglobin (HbA1c), systolic blood 

pressure, diastolic blood pressure, PP, hypertension, 
retinopathy, urinary albumin excretion rate, nephropa-
thy, PWV and IMT. PWV and PP were significantly as-
sociated with neuropathy independently of conventional 
cardiovascular risk factors. Multifactorial intervention 
to inhibit progression of the atherosclerotic process may 
slow progression of neuropathy49. The Rio de Janeiro Type 
2 Diabetes Cohort Study clinically assessed the presence 
of diabetic polyneuropathy at the baseline and after a 
median follow-up of 6.2 years. Increased aortic stiffness 
(carotid-femoral PWV > 10 m/s) at baseline predicted 
future development or progression of peripheral neuropa-
thy, independently of diabetic metabolic control, suggest-
ing a physiopathological link between macrovascular and 
microvascular abnormalities in type 2 diabetes47.

Cardiovascular autonomic neuropathy in patients 
with diabetes mellitus type 2 was evaluated in the study 
by Sergienko. The subclinical stage of cardiovascular au-
tonomic neuropathy was characterized by an increased 
pulse wave velocity in the aorta, and aortic and brachial 
augmentation indexes throughout the day and night. Daily 
PWV values and the ambulatory arterial stiffness index in 
patients with functional-organic cardiovascular autonomic 
neuropathy were significantly higher when compared to 
groups with subclinical and functional stages of cardio-
vascular autonomic neuropathy50.

Retinopathy
Association between arterial stiffness and diabetic 

retinopathy was evaluated in the Ogawa studies. PWV, 
duration of diabetes, systolic blood pressure and glycated 
hemoglobin level were all significantly higher in patients 
with diabetic retinopathy51. On the other hand, associa-
tion between AIx and diabetic retinopathy was not sta-
tistically significant. The clinical significance appears 
to be different between PWV and AIx in patients with 
diabetes52. PWV might be a marker of vascular injury 
caused by chronic hyperglycaemia, rather than a marker 
of retinopathy51.

Nephropathy and chronic kidney disease 
Aortic stiffness is increased in patients suffering from 

chronic kidney disease (CKD) at any stage and also in 
transplant recipients. Its impact on general and cardiovas-
cular risk prognosis is widely accepted. The glomerular 
microcirculation may be exposed to damaging pulsatile 
pressures in the presence of increased aortic stiffness, 
as reflected in elevated central PP. Consequences of in-
creased arterial stiffness and affected renal microcircula-
tion are albuminuria and progressive nephropathy53. 

Carotid-femoral PWV measurements improve the pre-
diction of CV risk in CKD patients beyond the traditional 
and renal CV risk factors. However, conflicting results 
were published about the relationship between aortic stiff-
ness and estimated glomerular filtration rate (eGFR) with-
in the CKD population54. A recent meta-analysis of the 
usefulness of central pressure measurements for predicting 
CV disease events concluded that the augmentation index 
provided independent CV diseases predictive utility when 
modelled together with traditional blood pressure17.
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Aortic PWV is significantly higher in patients with 
chronic kidney disease and a mild-to-moderate decreased 
glomerular filtration rate than in hypertensive and nor-
motensive patients without chronic kidney disease55. A 
systematic review and meta-analysis indicated that aortic 
PWV possess a better ability to predict adverse outcomes 
in subjects with higher baseline CV risk (patients with 
coronary artery disease, renal disease, hypertension, or 
diabetes) than in subjects with presumably lower risk 
(general population). 

Although there was no difference in risk prediction/
estimates in relation to age in hypertensive patients or in 
general population subjects, there was a better predictive 
ability of arterial stiffness for clinical events in younger 
end stage renal disease (ESRD) patients. The explanation 
for the latter may include a “selection” phenomenon, with 
ESRD patients reaching older age being less vulnerable 
to the harmful effects of arterial stiffening, but the pres-
ent data may underestimate the discriminative ability of 
stiffness in some populations, and clearly there is a need 
for further studies17. The impact of large artery stiffening 
and remodelling on CKD progression is also still a mat-
ter of research. Concomitant exposure to other CV risk 
factors, including diabetes, seems to play a major role in 
the association between aortic stiffness and eGFR (ref.54). 
Aortic PWV and AIx are independent predictors of car-
diovascular (and all-cause) mortality in ESRD patients on 
hemodialysis, independent of other known factors affect-
ing the outcome, and for each increase in AIx of 10%, the 
risk of cardiovascular and all-cause mortality is increased 
by around 50% (ref.56). 

Kidney transplantations improve patient CV progno-
sis, but its impact on arterial stiffness is still controversial. 
Donor age, living kidney donation and mean blood pres-
sure appear to be the main determinants of improvement 
in aortic stiffness after kidney transplantation54.

Macrovascular complications
Increased arterial stiffness is associated with the pres-

ence of CV risk factors and atherosclerotic disease57,58. 
Importantly, a number of studies examined the ability of 
arterial stiffness evaluation to predict the risk of fatal and 
nonfatal CV events (myocardial infarction, stroke, revas-
cularization, stroke, aortic syndromes) and total mortal-
ity. Arterial elastic properties are increasingly used for 
risk stratification purposes in several populations, and re-
cently, the European Society of Hypertension / European 
Society of Cardiology guidelines for the management of 
arterial hypertension suggested the measurement of aortic 
pulse wave velocity, a gold standard of aortic stiffness 
assessment, as a tool to examine subclinical organ dam-
age59. Assessment of arterial stiffness including central 
blood pressure measurement is a strong predictor of ma-
jor cardiovascular events, independent of traditional risk 
factors8. 

Meta-analysis of 17 longitudinal studies evaluating 
aortic PWV in 15,877 patients for a mean of 7.7 years 
showed that aortic stiffness expressed as aortic PWV 
was a strong predictor of future CV events and all-cause 
mortality. Some analysis indicated that aortic PWV has a 

better ability to predict adverse outcomes in subjects with 
higher baseline CV risk (patients with coronary artery 
disease, renal disease, hypertension, or diabetes) than in 
subjects with presumably lower CV risk (general popula-
tion) (ref.26,60).

DIABETES MELLITUS AND COMORBIDITIES

Patients with diabetes suffer from many comorbidities 
potentially influencing arterial stiffness, including obesity, 
hypertension, hypercholesterolemia, CKD or non-alcohol-
ic fatty liver disease (NAFDL). We have to consider these 
factors when assessing arterial stiffness.

Metabolic syndrome and obesity 
Many studies attempted to explain increased arterial 

stiffness in the metabolic syndrome. It is important to 
stress that this association is not only related to higher 
blood pressure; the central obesity and increased fasting 
glucose levels were also independent traits consistently as-
sociated with arterial stiffness, whereas dyslipidemia was 
less so. These are the traits that are most often observed in 
a combination that is associated with the greatest mortal-
ity risk61. Apart from the induction of insulin resistance62, 
an increased influx of free fatty acids was proposed as a 
possible link between central obesity and PWV (ref.63). 
Free fatty acids may contribute to vascular stiffness by 
increasing adrenergic reactivity, vascular tone, and blood 
pressure64. 

An increase in arterial stiffness was associated with 
obesity both in adults and children, independently of blood 
pressure, ethnicity and age65. Aortic PWV was associated 
with visceral adiposity, as measured by abdominal tomog-
raphy and waist circumference in healthy elderly persons 
by the Aging and Body Composition Study, and these find-
ing were independent of age, gender and blood pressure33. 
Some studies showed a positive correlation of waist cir-
cumference (WC) and waist/height ratio (WHtR) to PWV 
and carotid IMT (ref.66,67). In Arners’ study the visceral 
adipocyte volume, not number, was strongly and positively 
correlated with PWV, explaining 20% of the inter-individual 
variations in this parameter. Although a causal relationship 
was not established, the study showed that visceral fat cell 
volume may explain the well-known correlation between 
central fat mass, arterial stiffness and cardiovascular risk, 
at least in severely/morbidly obese subjects68.

Hypertension 
Arterial stiffness is an independent predictor of CV 

morbidity and mortality in patients with hypertension, 
as well as a potential therapeutic target69. A large number 
of studies reports the association between hypertension 
and arterial stiffness (SBP, PP, AIx and PWV) (ref.16,70–72). 
Profound analysis of these factors is beyond the scope of 
this article.

Hyperlipidemia
High cholesterol levels were reported to be associ-

ated with a high central pressure and increased aortic 
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stiffness73, despite similar brachial pressures. Levels of 
plasma triacylglycerides are also related to measures of 
arterial stiffness. In the study with 1,447 subjects after 
a median follow-up interval of 4.8 years, multiple linear 
regression analysis revealed that triacylglycerides were 
independently associated with carotid-femoral PWV and 
carotid-radial PWV (ref.74). 

Non-alcoholic fatty liver disease 
Increasing data suggess that non-alcoholic fatty liv-

er disease (NAFLD) may be linked to atherosclerotic 
vascular disease independently of other established car-
diovascular risk factors. It has been shown that increased 
aortic stiffness predicts cardiovascular morbidity and mor-
tality in several clinical settings, including diabetes type 
2, generally associated with advanced stages of NAFLD. 
Recently published studies reported a strong association 
between NAFLD and increased arterial stiffness, suggest-
ing a possible link in the pathogenesis of atherosclerosis 
and NAFLD. A 7-year longitudinal study showed that pa-
tients who presented with either an increase in aortic stiff-
ness or persistently high values had significantly higher 
mean liver stiffness than those who either had decreased 
aortic stiffness or persisted with normal carotid-femoral 
PWV values, after adjustments for anthropometric-demo-
graphic and clinical laboratory covariates75.

EFFECT OF THE THERAPY 
ON ARTERIAL STIFFNESS

Multiple pharmacologic agents have been proposed to 
modify arterial stiffness8. A large number of publications 
have reported improvements in arterial stiffness and cen-
tral blood pressure after pharmacological interventions 
(Table 2). These include medication used to treat hyper-
tension, high cholesterol, diabetes and also nonpharma-
cological interventions such as the cessation of cigarette 
smoking, dietary changes and physical exercise76,77.

Antihypertensive drugs
A review focused on the effect of antihypertensive 

drugs on arterial hemodynamic demonstrated that newer 
antihypertensive drugs (angiotensin-converting-enzyme in-
hibitors (ACEIs), angiotensin II receptor blockers (ARBs) 
and calcium channel blockers (CCBs)) efficiently reduce 
both arterial stiffness and central blood pressure. Their 
common features are likely arterial dilating capacity and 
the ability to reduce pressure wave reflections, such as 
expressed by the augmentation index69. These topics are 
extensively discussed in other reviews and exceed the fo-
cus of this article.

Insulin
Insulin therapy shows conflicting effects on arterial 

stiffness. Physiological concentrations of insulin lead to 
increased arterial distensibility, but with insulin resistance 
these positive effects are reduced31. Insulin treatment de-
creases arterial stiffness in a type 2 diabetic through im-
provement of postprandial hyperglycemia78. Nevertheless 

utilization of insulin therapy was demonstrated to be as-
sociated with more severe aortic stiffness8. 

Peroral antidiabetic drugs
There are not many prospective controlled studies 

focused on arterial stiffness and the effect of oral antidia-
betics. There are many confounding factors influencing 
arterial stiffness (e.g. blood pressure, age, dyslipidemia, 
smoking and medications) which may affect the data. 
Another limitation of studies is their interpretation due 
to using different techniques for assessment of arterial 
stiffness, as well as many parameters (e.g. AIx, central 
blood pressure and PWV) for describing arterial stiffness. 

The available studies with metformin, the first choice 
treatment for diabetes type 2, are especially conflicting. 
Metformin is often used as a drug comparator but the 
results are controversial. In a study by Stakos et al. the 
long term cardiovascular effects of oral antidiabetic agents 
in non-diabetic patients with insulin resistance was evalu-
ated. This study showed increase in PWV after treatment 
with metformin for 24 months, although fasting serum 
glucose, insulin, C peptide and blood pressure did not 
change79. In a study by Kiycy et al. patients with type 2 
diabetes did not show a significant decrease in vascular 
stiffness80. However, metformin treatment was associ-
ated with decrease in arterial stiffness in patients with 
NAFLD (ref.81) and polycystic ovary syndrome82. In a pla-
cebo, double-blind, crossover study on young women with 
polycystic ovary syndrome (without a history of known 
hypertension, hyperlipidemia, or diabetes) metformin 
improved AIx, aortic PWV, brachial and central blood 
pressure. Metformin also reduced weight, waist circumfer-
ence, and triglycerides but did not affect other metabolic 
measures82.

Glitazone treatment improves arterial stiffness in pa-
tients with type 2 diabetes. A study by Kiyicy et al. showed 
that rosiglitazone monotherapy has a favourable effect on 
arterial stiffness (small artery elasticity index) compared 
with metformin monotherapy independent of glycemic 
control. DBP and mean arterial pressure was decreased 
in rosiglitazone group when compared with baseline val-
ues although there was no difference when compared 
to the metformin group, however SBP did not change80. 
Long-term study has demonstrated that treatment with 
pioglitazone improved arterial stiffness index, compared 
to insulin, sulfonylurea and diet/exercise therapy. There 
was improvement of arterial stiffness despite the same 
glycemic control between the pioglitazone group and sul-
fonylurea group. In the pioglitazone group, compared to 
other groups, fewer patients used antihypertensive medica-
tions to achieve normal peripheral blood pressure. This 
finding could reflect independence of pioglitazone on 
antihypertensive therapies83.

Acarbose treatment reduces the risk of cardiovascular 
disease by altering the arterial stiffness in the postprandial 
hyperglycaemic status in patients with type 2 diabetes. In 
this study a significant reduction in cardio-ankle vascu-
lar index (a parameter of arterial stiffness) was shown, 
although the changes in blood pressure and heart rate 
were not significant84.
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Nagayama et al. showed glimepiride improves the car-
dio-ankle vascular index compared with glibenclamide in 
patients with type 2 diabetes85.

Dipeptidyl peptidase – 4 inhibitors (DDP-4) improve 
arterial stiffness, blood pressure, lipid profile and in-
flammation parameters in patients with type 2 diabe-
tes mellitus. Duvnjak et al. in an uncontrolled open-label, 
parallel-arm 12 week study demonstrated a significant 
reduction in total serum cholesterol, AIx@75, periferal 
and central systolic blood pressure with sitagliptin and 
vildagliptin treatment in patients with type 2 diabetes. 
The PWV also decreased but this did not reach statistical 
significance86. Yet in a Zografou et al. study, vildagliptin 
in combination with metformin had no effect on arterial 
stiffness (carotid-femoral PWV), blood pressure, body 
mass index, or lipid profile when compared with metfor-
min alone87.

In patients with type 2 diabetes, well controlled with 
metformin monotherapy, addition of liraglutide, a gluca-
gon like peptide – 1 analog, for 12 weeks, did not show 
improvement in arterial stiffness88.

Sodium glucose co-transport (SGLT-2) inhibitors 
significantly reduce systolic and diastolic blood pres-
sure in patients with type 2 diabetes mellitus compared 
with placebo or active controls (glimepiride, glipizide, 
sitagliptin). A post hoc analysis of data from five random-
ized controlled trials showed that empagliflozin signifi-
cantly reduced risk factors of arterial stiffness such as 
double product, mean arterial pressure, and pulse pres-
sure compared with placebo89,90. SGLT-2 inhibitors may 
improve endothelial function or the vascular architecture 
(collagen, elastin, advance glycation products) and other 
components of connective tissue that participate in the 
process of arterial stiffening91.

CONCLUSION

Arterial stiffness is increased in patients with diabe-
tes mellitus and could be one important pathway linking 
diabetes to increase in CV risk5. Regardless of its limi-
tations in arterial stiffness assessment, and interference 
with many parameters, pulse wave analysis is considered 
a gold standard in cardiovascular risk evaluation in high 
risk patients, especially diabetics. Despite the institution 
of novel therapeutic interventions, the high residual preva-
lence of cardiovascular events urges us to identify novel 
risk factors. More aggressive diagnostic and therapeutic 
strategies might be appropriate, particularly in younger 
patients with increased arterial stiffness8. Therefore, devel-
opment of new therapies for patients with diabetes allows 
us to individualize their treatment and choose the best 
strategy to decrease CV risk. Additionally, modification 
of arterial stiffness provides a potential therapeutic target 
to reduce cardiovascular events in diabetic patients. 

Search strategy and selection criteria
We searched Medline and Medscape for both origi-

nal and review articles published after 1991. Additional 
information was retrieved from references in relevant ar-

ticles. The search strategy consisted of both controlled 
vocabulary, such as the National Library of Medicine’s 
MeSH (Medical Subject Headings), and keywords. Search 
terms included arterial stiffness, diabetes mellitus, pulse 
wave analysis and pulse wave velocity. The search was 
performed during December 2015 and November 2016. 
Studies published in English and Czech on the associa-
tion between arterial stiffness and diabetes mellitus were 
reviewed. 
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