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Abstract
Inflammatory bowel disease (IBD) is the result of a 
combination of environmental, genetic and immunologic 
factors that trigger an uncontrolled immune response 
within the intestine, which results in inflammation 
among genetically predisposed individuals. Several 

studies have reported that the prevalence of classic 
cardiovascular risk factors is lower among subjects with 
IBD than in the general population, including obesity, 
dyslipidaemia, diabetes and hypertension. Therefore, 
given the risk profile of IBD subjects, the expected 
cardiovascular morbidity and mortality should be 
lower in these patients than in the general population. 
However, this is not the case because the standardized 
mortality ratio is not reduced and the risk of coronary 
heart disease is increased in patients with IBD. It 
is reasonable to hypothesize that other factors not 
considered in the classical stratification of cardiovascular 
risk may be involved in these subjects. Therefore, 
IBD may be a useful model with which to evaluate 
the effects of chronic low-grade inflammation in the 
development of cardiovascular diseases. Arterial stiffness 
is both a marker of subclinical target organ damage and 
a cardiovascular risk factor. In diseases characterized by 
chronic systemic inflammation, there is evidence that 
the inflammation affects arterial properties and induces 
both endothelial dysfunction and arterial stiffening. It 
has been reported that decreasing inflammation via  
anti tumor necrosis factor alpha therapy decreases 
arterial stiffness and restores endothelial function in 
patients with chronic inflammatory disorders. Consistent 
with these results, several recent studies have been 
conducted to determine whether arterial properties 
are altered among patients with IBD. In this review, 
we discuss the evidence pertaining to arterial structure 
and function and present the available data regarding 
arterial stiffness and endothelial function in patients 
with IBD.
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Core tip: The prevalence of classic cardiovascular risk 
factors, including obesity, dyslipidaemia, diabetes 
and hypertension, is lower among patients with 
inflammatory bowel disease (IBD) than in the general 
population. However, the risk of coronary heart disease 
is increased in IBD patients. Chronic inflammation may 
explain the difference between expected and observed 
cardiovascular risk. Arterial stiffness, a marker of 
subclinical target organ damage and a cardiovascular 
risk factor, is increased in chronic inflammatory 
disorders. In this review, we discuss the evidence 
pertaining to arterial structure and function and present 
the available data regarding arterial stiffness and 
endothelial function in patients with IBD. 
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INTRODUCTION
The idea that “man is as old as his arteries” was 
postulated by William Osler more than a century 
ago[1]. This axiom, initially used only in the setting of 
atherosclerosis, has also been used in the setting of 
increased arterial stiffness. Many studies, including a 
recent meta-analysis, have reported that aortic stiffness 
predicts an individual’s risk of developing cardiovascular 
disease independently of the classic risk factors[2,3]. 
Moreover, arterial stiffness and endothelial function 
have been identified as markers of subclinical target 
organ damage[4]. As target organ damage predicts 
cardiovascular death independently of the classic 
cardiovascular risk factors, it has been suggested 
that identifying organ damage, particularly among 
individuals at moderate risk for cardiovascular disease 
(CVD), may be useful[4]. Among these patients, the 
presence of increased arterial stiffness is sufficient to 
reclassify their risk of CVD from moderate to high[4].

A relationship between arterial stiffness and several 
markers of inflammation has been described in healthy 
subjects and hypertensive individuals[5,6], as well as 
in patients with chronic inflammatory disorders[7-10], 
in whom arterial stiffening occurs independently of 
atherosclerosis and is related to disease duration[8]. 
Chronic inflammation has also been linked to endothelial 
dysfunction[7].

Inflammatory bowel disease (IBD) is a chronic 
inflammatory condition that results from a combination 
of environmental, genetic and immunologic factors 
that trigger an uncontrolled immune response within 
the intestine in genetically predisposed individuals[11]. 
The dysfunction of the intestinal immune system 
and cross-reactivity against host epithelial cells have 

both been implicated as the primary mechanisms by 
which said inflammation occurs[12]. Therefore, among 
patients with IBD, it is reasonable that the chronic 
low-grade inflammation and the acute inflammation 
that occur during relapses of the disease may affect 
arterial properties. Several groups have studied both 
endothelial function and arterial stiffness in subjects 
with IBD. In this review, we briefly describe the 
physiology of the arterial system and the available 
data regarding both arterial stiffness and endothelial 
function in the setting of IBD.

PHYSIOLOGY OF THE ARTERIAL 
SYSTEM
The human arterial system is designed to receive 
pulsatile blood from the left ventricle and distribute 
it as a steady flow through the peripheral capillaries. 
Two distinct functions of the arterial tree may be 
schematized as follows: the ability (1) to deliver blood 
from the left ventricle (LV) to the capillaries of organs 
and tissues (conduit function); and (2) to dampen the 
blood flow and pressure oscillations generated by the 
heart, ensuring peripheral organ perfusion at both a 
steady flow rate and pressure (cushioning function)[13]. 

The efficiency of the conduit function is a conse-
quence of both arterial diameter and the low resistance 
offered by large arteries to flow (in the supine position, 
mean blood pressure drops between the ascending 
aorta and the arteries in the forearm and leg by no 
more than 2-4 mmHg).

The thoracic aorta and its principal branches are 
rich in elastic fibres (elastic arteries). In the abdominal 
aorta and smaller arteries, the numbers of elastic fibres 
progressively decrease and are replaced by muscular 
fibres (muscular arteries). The presence of elastic 
fibres within the walls of the large arteries enables 
them to dampen blood pressure fluctuations, confining 
flow pulsations to the larger arteries, particularly the 
proximal aorta, and storing the stroke volume during 
systole. Under physiologic conditions, approximately 
half of the stroke volume is forwarded directly to the 
peripheral tissues, whereas the remaining 50% of the 
stroke volume is momentarily stored within the aorta 
and the large elastic arteries stretching the arterial 
walls (Figure 1). Approximately 10% of the energy 
produced by the heart is stored within the arterial wall 
by increasing the distension of the arteries. During 
diastole, the energy imbricated within the arterial wall 
is discharged, and the stored blood is forwarded to 
the peripheral tissues, ensuring continuous flow and 
contributing to the maintenance of sufficient diastolic 
blood pressure. 

With ageing, repetitive pulsations (approximately 
35 million/year) cause fatigue and fracture the 
elastin lamellae of the elastic arteries. Ageing is also 
associated with a number of molecular changes in the 
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load-bearing media of the elastic arteries, as follows: 
the orderly arrangement of elastic fibres and laminae is 
gradually lost over time, and thinning, splitting, fraying 
and fragmentation are observed. The degeneration 
of the elastic fibres is associated with an increase in 
collagenous material and these changes are often 
accompanied by calcium deposition and degenerated 
elastic fibres[14,15]. These processes result in both the 
stiffening and the dilatation of the large arteries and 
the early return of the reflected pressure waves to 
the heart. In the setting of increased arterial stiffness, 
the aorta and the elastic arteries cannot be stretched 
during systole. Consequently, the entire stroke volume 
flows through the arterial system and peripheral 
tissues only during systole, increasing systolic blood 
pressure and decreasing diastolic blood pressure.

ARTERIAL STIFFNESS AND REFLECTED 
WAVES
The integration of the conduit and cushioning functions 

results in pressure wave propagation and reflection 
(Figure 2). At each level of the arterial tree, the arterial 
pulse may be divided into two components, a forward 
or incident pressure wave, which originates at the 
level of the left ventricle, and a backward pressure 
wave, the sum of the reflected waves that originates 
primarily at the level of the high-resistance arterioles. 
The forward pressure wave generated within the 
aorta is propagated to arteries throughout the body. 
The progressive and physiological increase in arterial 
stiffness from the proximal aorta to the peripheral 
muscular arteries, together with the changes in 
aortic geometry, local arterial branching and luminal 
narrowing, produces an impedance mismatch and 
causes partial reflections of the forward pressure 
waves. The reflected pressure waves travel back to 
the central aorta and participate in changes in the 
amplitude of both the systolic blood pressure and the 
pulse pressure along the arterial tree. The stiffer the 
elastic and muscular arteries, the faster the forward 
and backward pulse waves within the arterial tree, 
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Figure 1  Role of arterial compliance in the damping of blood flow and the pressure oscillations generated by the heart. A: During systole, a portion of the 
stroke volume is forwarded directly to the peripheral tissues; approximately 50% of the stroke volume is momentarily stored within the aorta and stretches the arterial 
walls; B: During diastole, the energy imbricated within the arterial wall is discharged, and the stored blood is forwarded into the peripheral tissues, ensuring continuous 
flow and contributing to the maintenance of sufficient diastolic blood pressure.
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Figure 2  Arterial stiffness and reflection waves. A: Pulse wave in subjects with normal arterial stiffness; B: Pulse waves in subjects with increased arterial stiffness. 
DBP: Diastolic blood pressure; SBP: Systolic blood pressure.
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femoral PWV is considered both a marker of target 
organ damage and a cardiovascular risk factor[16]. PWV 
may also be measured at the level of the peripheral 
muscular arteries (i.e., the brachial artery, carotid-
radial PWV); however, the role of muscular artery 
stiffness in the prediction of cardiovascular risk remains 
a matter of debate.

PWV should not be confused with blood velocity, 
as the former is related to the transmission of energy 
through the arterial wall and varies between 4 and 12 
m/s with both age and pressure, whereas the latter 
is related to the displacement of mass through an 
incompressible blood column and varies in order of 
cm/s. 

ARTERIAL STIFFNESS AND 
CARDIOVASCULAR EVENTS, THE 
PATHOPHYSIOLOGICAL BASIS
In the setting of arterial stiffness, the early return of 
the reflected waves is primarily responsible for the 
rise in central systolic blood pressure, the drop in 
diastolic blood pressure and the associated increase 
in pulse pressure. The increased central systolic blood 
pressure is responsible for the augmented systolic 
work (left ventricular load), left ventricular oxygen 
requirements and the resultant risk of left ventricular 
hypertrophy[17]. The physiologic return of the reflected 
waves at the level of the proximal aorta during diastole 
is important in maintaining adequate perfusion in 
the myocardial microvasculature. Therefore, the 
decrease in central diastolic blood pressure caused 
by the increased arterial stiffness is responsible for 
the decreased coronary artery perfusion pressure 
observed during diastole, as well as the increased 
risk of myocardial infarction. Moreover, in the setting 
of left ventricular hypertrophy, the perfusion of the 
myocardial microvasculature is decreased because the 
hypertrophied heart contracts and relaxes more slowly, 
and the duration of systole is subsequently increased, 
whereas the duration of diastole is decreased. The 
elevated central pulse pressure that drives cerebral 
blood flow is responsible for the increased risk of 
stroke among patients with increased arterial stiffness.

ARTERIAL STIFFNESS AND 
INFLAMMATION
Several factors have been implicated in the pathophy-
siology of arterial stiffening. An emerging causal factor is 
the presence of systemic inflammation. This relationship 
has been described in various chronic inflammatory 
disease states, including systemic vasculitis[9], systemic 
lupus erythematosus[8], rheumatoid arthritis[8] and 
HIV[18]. Even acute, mild and transient inflammatory 
stimuli have been associated with the deterioration of 
the elastic properties of the large arteries[19]. It should 

and the earlier the return of the backward wave to 
the ascending aorta. Consequently, at the level of the 
proximal aorta, the backward wave interacts with the 
forward wave during diastole in subjects with elastic 
arteries (i.e., in youth) and during systole in subjects 
with increased arterial stiffness (i.e., either in the 
elderly or in the setting of pathological conditions). 
This causes both a greater peak in aortic pressure 
during systole and a larger decline during diastole.

HOW TO MEASURE ARTERIAL 
STIFFNESS IN CLINICAL PRACTICE
Several techniques and devices have been validated to 
measure arterial stiffness in clinical practice[2]. A direct 
reflection of arterial stiffness, pulse wave velocity 
(PWV) represents the gold standard for assessing 
regional arterial stiffness in daily practice[2]. PWV is 
the speed at which the pressure wave generated by 
cardiac ejection is propagated through the arterial 
tree. PWV is usually measured noninvasively from 
pressure waveforms obtained transcutaneously at 
the level of the right common carotid artery and the 
right femoral artery (carotid-femoral PWV), and the 
time delay (transit time) measured between the feet 
of the two waveforms, where the foot of the wave is 
defined at the end of diastole, when the steep rise of 
the wavefront begins. The distance covered by the 
waves is assimilated to the surface distance between 
the two recording sites[2]. PWV is classically calculated 
by dividing the distance travelled (in metres) by the 
time delay (in seconds) between the arrival of the 
pulse wave at the level of two different measuring 
sites (Figure 3). Carotid-femoral PWV is equivalent 
to the stiffness of the aorta. An increased carotid-

Figure 3  Reference technique utilized to measure carotid-femoral pulse 
wave velocity. PWV: Pulse wave velocity; L: The distance between the two 
measurement sites; Δt: The time lag between the pulse waves acquired at the 
proximal (carotid) and distal (femoral) sites.

PWV, m/s = L
Δt

Δt

L
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be noted that in chronic inflammatory disorders, arterial 
stiffening may occur independently of atherosclerosis 
and has been linked to the duration of the inflammatory 
disease in question[8].

ARTERIAL STRUCTURE AND FUNCTION 
IN THE SETTING OF IBD 
Only a limited number of studies have evaluated 
endothelial function in subjects with IBD. In a study 
published in 2007, microvascular dysfunction was 
linked to the loss of nitric oxide generation by the 
microvascular endothelium[20]. More recently, endothelial 
dysfunction was also reported in arterial districts far 
from the intestinal tract. In 2009 a study described 
low flow-mediated dilatation and shear stress reactive 
hyperaemia[21]. These results were confirmed by 
independent research groups that studied both adult 
patients[22] and paediatric patients[23]. The number 
of circulating endothelial precursor cells, markers of 
endothelial function, was significantly reduced in patients 
with Crohn’s disease (CD), as well as patients with 
ulcerative colitis (UC), compared with healthy controls, 
whereas the number of apoptotic endothelial precursor 
cells was higher in both patients with CD and patients 
with UC[22]. It was also observed that endothelial function 
improves following the administration of tumour necrosis 
factor-alpha (TNF-α) antagonists[24].

Only a limited number of studies have evaluated 
arterial stiffness in the setting of IBD (Table 1). 
The first study that measured the PWV in IBD was 
published by our group in 2012[25]. The stiffness of 
the elastic arteries (carotid-femoral PWV) and the 
muscular arteries (carotid-radial PWV) were both 
increased in subjects with IBD; no significant difference 
in PWV was noted between the patients with UC 
and those with CD. These results were subsequently 
duplicated by independent research groups[26-29]. A 
correlation between disease duration, a surrogate 
marker of the chronic inflammatory burden, and 
arterial stiffness was also reported by our group[25,29] 
and confirmed by an independent research group[27]. 

A relationship between arterial stiffness and several 
markers of inflammation (higher disease activity and 
more extensive involvement) was also reported[26]. 
Interestingly, in each of the studies that described 
increased arterial stiffness in the setting of IBD, only a 
few subjects (0%-19%) were treated with anti TNF-α 
therapy. By contrast, in two studies published by the 
same group[30,31], a higher percentage of patients, 
approximately 50%, were treated with anti TNF-α 
therapy; arterial stiffness was found to be only slightly 
increased in the setting of IBD. These findings were 
consistent with those of recent reports demonstrating 
that arterial stiffness[30] and endothelial function[24] both 
improved following the administration of anti TNF-α 
therapy among subjects with IBD, findings suggestive 
of a pivotal role for this cytokine in the pathogenesis of 
arterial dysfunction.

HOW DOES INFLAMMATION AFFECT 
ARTERIAL ELASTIC PROPERTIES?
Inflammation may stiffen the large arteries via several 
mechanisms (Figure 4). First, in diseases characterized 
by chronic inflammation, including IBD, endothelial 
dysfunction has been reported by multiple groups[7,20-23]. 
It has been suggested that endothelium-derived factors 
such as nitric oxide and endothelin-1 may influence the 
development of arterial stiffness[32,33]. The presence of 
endothelial dysfunction may result in functional arterial 
stiffening and the concomitant reduction of nitric oxide 
bioavailability and the increased activity of an opposing 
mediator, endothelin-1 (Figure 4A). This mechanism 
may also be responsible for the reversible increase in 
the stiffness observed among subjects suffering from 
acute inflammation.

Endothelial dysfunction may also be associated with 
both the hyperplasia of vascular smooth muscle cells 
and the increased synthesis of collagen[34], resulting in 
structural arterial stiffening (Figure 4B). Moreover, the 
increased levels of circulating inflammatory mediators 
(i.e., interleukin-1 and TNF-α) promote white blood 
cell infiltration into blood vessels and changes in 

Table 1  Studies that have measured carotid-femoral pulse wave velocity in subjects with inflammatory bowel disease

Ref. Anti TNF-α 
therapy (%)

Subjects, n Pulse wave velocity (m/s)

IBD Controls IBD Controls

CD UC CD UC

Zanoli et al[25] (2012) 13 16 16 32 6.5 ± 1.5 6.8 ± 1.3  6.0 ± 0.8a

Akdogan et al[26] (2013)   5   0 37 30 - 8.9 ± 3.0  7.2 ± 1.7c

Theocharidou et al[31] (2013) 44 43 23 44 6.8 ± 1.3 6.3 ± 1.1 6.1 ± 0.9
Zanoli et al[29] (2014) 19 34 40 80 8.0 ± 1.6 7.8 ± 1.7      7.0 ± 1.1b,c,d

Korkmaz et al[27] (2014)   2 18 84 74 6.4 ± 1.2 6.6 ± 1.2  5.9 ± 1.2a

Theocharidou et al[31] (2014) 46 29 15 44    7 ± 1.2   6.3 ± 1.2d  6.4 ± 0.9d

Aytaç et al[28] (2015)   0 25 30 25 9.6 ± 1.4 9.3 ± 1.3   7.6 ± 0.3e,f

Data are presented as percentages (%), counts or mean ± SD. aP < 0.05 vs the whole group of subjects with IBD; bP < 0.001 vs the whole group of subjects 
with IBD; cP < 0.05 vs subjects with ulcerative colitis; dP < 0.001 vs subjects with Crohn’s disease; eP < 0.05 vs subjects with ulcerative colitis; fP < 0.001 vs 
subjects with Crohn’s disease. CD: Crohn’s disease; UC: Ulcerative colitis; IBD: Inflammatory bowel disease.
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vascular smooth muscle phenotypes, which may 
release matrix metalloproteinases. The increased 
fragmentation of elastin molecules may be mediated 
by the activation of both matrix metalloproteinases 
and serine proteinases[35,36]. In addition to elastin 
degradation, matrix metalloproteinases also have 
collagenolytic activity, which results in the generation 
of uncoiled and stiffer collagen[35]. The increased matrix 
metalloproteinase activity may also be mediated by 
the presence of oxidative stress, which may activate 
latent matrix metalloproteinases and degrade tissue 
inhibitors of matrix metalloproteinases, as well as the 
increased activity of cell adhesion molecules[37,38]. In 
the setting of chronic inflammation, vascular smooth 
muscle cells also express osteoblast markers, take 
up phosphate and produce bioapatite, resulting in 
medial calcification and reduced vessel elasticity[39], 
and also produce C-reactive protein (CRP). CRP has 
an active role in promoting vascular inflammation and 
reducing endothelial function. Perivascular and vasa 
vasorum inflammation may result in vessel ischaemia, 
particularly in the setting of thrombo-occlusion, which 
may also promote both matrix remodelling and arterial 
stiffening.

INCREASED CARDIOVASCULAR RISK IN 
SUBJECTS WITH A LOW PREVALENCE 
OF CLASSIC CARDIOVASCULAR RISK 
FACTORS, THE IBD PARADOX
By definition, the higher the prevalence of classic 

cardiovascular risk factors, the higher the risk of 
cardiovascular events. However, upon the review of 
the literature, this axiom does not appear to apply to 
subjects with IBD. Several studies have reported that 
the prevalence of classic cardiovascular risk factors is 
lower among subjects with IBD than in the general 
population[40-43]. In particular, body mass index and 
lipid levels are lower in patients with IBD[40-43]. These 
patients also have lower rates of diabetes, obesity and 
hypertension[43]. Therefore, given the risk profile of IBD 
subjects, the expected cardiovascular morbidity and 
mortality would be expected be lower in these patients 
than in the general population. However, although 
the standardized mortality ratio was not reduced[44], 
the risk of coronary heart disease was reportedly 
increased in patients with IBD[43,45]. It is reasonable 
to hypothesize that other factors not considered in 
the classical stratification of cardiovascular risk may 
be involved in these subjects. Therefore, IBD may be 
a useful model with which to evaluate the effects of 
chronic low-grade inflammation in the development 
of cardiovascular diseases. In contrast to other 
clinical models of chronic inflammation in which the 
prevalence of classic cardiovascular risk factors is 
comparable with those of the general population, 
among subjects with IBD, the low cardiovascular 
risk associated with the low prevalence of classic 
cardiovascular risk factors may partially offset the 
cardiovascular burden associated with chronic 
inflammation[46]. An improved understanding of these 
concomitant but opposing effects, which are currently 
not considered in the cardiovascular risk stratification 
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of patients with IBD, may result in the development 
of specific programs of intervention aimed at reducing 
cardiovascular risk. As is the case with other diseases 
characterized by chronic inflammation[7], increased 
arterial stiffness may represent a link between chronic 
low-grade inflammation and increased cardiovascular 
risk among patients with IBD. Additional studies are 
necessary to determine whether reduced arterial 
stiffness and improved endothelial function (with anti 
TNF-α therapy) decreases the risk of cardiovascular 
events among subjects with IBD.

In conclusion, there is evidence indicating that in 
the setting of IBD, as with other chronic inflammatory 
disorders, endothelial function is reduced, and arterial 
stiffness is increased. Treatment with anti TNF-α 
therapy appears to be associated with improvements 
in both endothelial function and arterial stiffness. 
Additional studies are necessary to determine whether 
the improvements in arterial stiffness and endothelial 
function are associated with a decreased risk of 
cardiovascular events in subjects with IBD.
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