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Abstract 
Background: Aortic stiffness is a well-known cardio-vascular risk factor. For years, different meth-
ods have been studied in the assessment of aortic elastic properties and large arterial stiffness for risk 
stratification. Herein is an assessment of the role of intravascular ultrasound (IVUS) imaging for the 
evaluation of aortic elastic properties.
Methods: Intravascular ultrasound imaging of the aorta was performed in 12 patients with transtho-
racic echocardiography (TTE) and computed tomography (CT) evidence for enlargement of the ascend-
ing aorta — diameter ≥ 40.0 mm. Mechanical properties of the aorta were derived from the measured 
diameters and intra-aortic pressure. Paired samples T-test analyses were performed to determine dif-
ferences between measurements derived by TTE, CT and IVUS. 
Results: Mean values of the calculated elastic properties via IVUS of the ascending aorta were as fol-
lows: compliance 0.021 ± 0.02; strain 205 ± 4.3; aortic stiffness index 4.3 ± 0.75; elastic modulus  
0.31 ± 0.05. On paired T-test analysis maximum ascending aortic diameter measured by CT aortography 
and IVUS did not differ significantly (t = –0.19, p = 0.985), but a significant difference between IVUS 
measurements and TTE derived diameters was found (t = 13.118, p = 0.034). On average, IVUS di-
ameters were 2.3 mm larger than the results acquired by TTE (95% confidence interval: 14.21–17.13).
Conclusions: Intravascular ultrasound examination of the ascending aorta provided larger diameters 
than the ones collected by means of TTE. However, IVUS measurements did not differ significantly from 
diameters derived by CT aortography. (Cardiol J)
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Introduction

Large elastic arteries in the human body have 
the ability to stretch in response to the ventricular 
contractions [1]. They act as an elastic buffering 
chamber enabling a relatively continuous pe-
ripheral blood flow during the cardiac cycle [2]. 
With aging, there is a response to the cumulative 
exposure to hemodynamic loading; lifestyle and 
cardiovascular (CV) risk factors in large arteries 
and especially the aorta are prone to abnormal 
stiffening [3]. Aortic stiffening plays central role 

in the pathophysiology of arterial hypertension, 
left ventricular remodeling, heart failure. Further-
more, it may have a major impact on CV health as 
it has been proved as an independent predictor of 
mortality as well as predictor of ischemic heart 
disease and stroke in the general population [4, 5].  
For years, different methods have been studied 
in the assessment of aortic stress and large arte-
rial stiffness for risk stratification. The present 
study assesses the role of intravascular ultrasound 
(IVUS) imaging for the evaluation of aortic elastic 
properties.
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Methods

Patient selection
—— Subject ≥ 18 years old;
—— Evidence from transthoracic echocardiography 

(TTE) of enlargement of the ascending aorta 
diameter ≥ 40.0 mm;

—— Evidence from 64-slice multislice computed 
tomography (CT) angiography for enlargement 
of the ascending aorta — diameter ≥ 40.0 mm.

Procedures
All subjects involved signed informed consent 

forms approved by the documented institution. 
The 20 MHz, Visions PV probe (Volcano Philips 
Corp, USA) through an 8.5 F femoral sheath was 
utilized. By virtue of manual pullback of the probe, 
the vessel was visualized through its whole length 
from the aortic root to the aorto-iliac bifurcation. 
Measurements of maximal systolic and diastolic 
cross-sectional area and diameters of the vessel 
were obtained at every 1 mm. Simultaneous re-
cording of intra-aortic systolic (Ps) and diastolic 
pressures (Pd) were also performed (Table 1). 

The following definitions and calculations were 
used for the analysis [6, 7].

For the calculation of wall properties, it was as-
sumed that the cross-section of an artery is circular.

—— Diameter: D = √(A/p);
—— Arterial compliance (C) is the absolute change 

in area (or change in diameter D) for a given 
pressure step (P) at a fixed vessel length. The 

terms “compliance” and “elasticity” are often 
used interchangeably: C = DD/DP;

—— Stress is defined as the force applied to  
a particular object or area. It can be applied in 
radial, circumferential, and longitudinal direc-
tions. Circumferential wall stress, defined by 
Laplace’s law, is directly proportional to the 
vessel pressure and radius and is inversely 
proportional to its thickness: Stress = F/A;

—— Strain is the resulting deformation (percentage 
change in length) of an object/material sub-
jected to a stress force: Strain = (DD–SD)/DD;

—— Stiffness was defined as the resistance offered 
by an elastic body to deformation. Aortic stiff-
ness index: b = ln (SBP/DBP)/strain, where 
‘ln’ means natural logarithm;

—— The elastic modulus (E), is the stress/strain ra-
tio. Elastic modulus: E(p) = (SBP−DBP)/strain;

—— Distensibility was defined as the change in 
diameter/area/pressure step increase. It is 
the inverse of the elastic modulus (E): Aortic 
distensibility = (2 × strain)/(SBP−DBP).

Statistical analysis
Statistical analysis was performed using IBM 

SPSS Statistics 23. Continuous variables were pre-
sented as mean ± standard deviation. Categorical 
data were presented as numbers in percentages. 
Paired samples T-test analysis was performed to de-
termine difference between measurements derived 
by TTE, CT and IVUS. If distribution was not normal 
(verified with the Kolmogorov-Smirnov test), the 

Table 1. Maximal measurements of ascending aorta derived by transthoracic echocardiography (TTE), 
computed tomography (CT) aortography and intravascular ultrasound (IVUS).

Maximal TTE  
diameter [mm]

Maximal CT  
diameter [mm]

Maximal IVUS  
diameter [mm]

Patient 1 43 46 48

Patient 2 46 44 47

Patient 3 48 49 51

Patient 4 49 48 50

Patient 5 46 50 50

Patient 6 50 49 47

Patient 7 47 46 46

Patient 8 57 59 58

Patient 9 39 41 43

Patient 10 50 53 52

Patient 11 52 60 60

Patient 12 43 45 46

Mean 47.5 49.2 49.8
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Wilcoxon signed rank test was used. P values of  
< 0.05 were considered statistically significant.

Results

Twelve patients with evidence from noninva-
sive imaging (TTE and CT-angiography) for ascend-
ing aortic enlargement were included in the present 
study. Of these 91% were males with a mean age 
67 ± 9.5 years, all of them had arterial hyperten-
sion, 28.6% had ischemic heart disease, 42.9% had 
lower extremity artery disease, 42.9% were dia-
betics, 28.6% were smokers. Mean IVUS maximal 
ascending aortic diameter was 49.8 mm, whereas 
mean maximal CT-diameter — 49.2 mm and 
mean maximal TTE diameter — 47.5 mm (Fig. 1).  
Mean values of the calculated elastic properties by 
virtue of IVUS were as follows: compliance 0.021 ±  
± 0.02; strain 205 ± 4.3; aortic stiffness index 4.3 ±  
± 0.75; elastic modulus 0.31 ± 0.05. In paired  
T-test analysis maximum ascending aortic diameter 
measured by CT aortography and IVUS did not differ 
significantly (t = –0.19, p = 0.985). However, there 
was a significant difference between IVUS meas-
urements and TTE derived diameters (t = 13.118,  
p = 0.034). On average, IVUS diameters were 
2.3 mm larger than the results acquired by TTE 

(95% confidence interval: 14.21–17.13). IVUS ex-
amination of the ascending aorta provided larger 
diameters than the ones collected by means of 
TTE. However, IVUS measurements did not dif-
fer significantly from diameters derived by CT 
aortography.

Discussion

Large arteries in the human body are also 
called elastic, contain a high number of collagen 
and elastin filaments in their medial layer which 
act as an elastic buffering chamber storing nearly 
50% of the left ventricular (LV) stroke volume 
during systole [1]. In diastole, the elastic forces 
of the aortic wall release this residual volume to 
the peripheral circulation, thus creating a nearly 
continuous peripheral blood flow. This phenom-
enon is known as the Windkessel effect [2]. This 
function of the elastic arteries enables maintaining  
a relatively constant pressure in the arteries 
despite intermittent LV ejection and the pulsat-
ing nature of blood flow. This interaction impacts 
not only the peripheral circulation but also the 
heart, resulting in a reduction of LV afterload and 
improvement in coronary blood flow and LV re-
laxation. As the largest artery in the human body, 

Figure 1. Evaluation of aortic mechanical properties; A. Diastolic cross-sectional lumen area of ascending aorta;  
B. Systolic cross-sectional lumen area of ascending aorta; C. Longitudinal view of the aorta; D. Simultaneous record-
ing of intra-aortic blood pressure.
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the aorta is most prone to abnormal stiffening in 
response to the cumulative exposure to hemody-
namic loading, lifestyle and cardiovascular (CV) 
risk factors. The most distensible segment of the 
vessel is the ascending aorta; hence it exhibits the 
earliest changes with aging [3]. The medial layer of 
the aortic wall (tunica media) is the main determi-
nant of this process. With aging, exposure to risk 
factors and the development of variety of chronic 
diseases, the vascular wall is being progressively 
injured [8]. This injury provokes an inflamma-
tory process with endothelial disfunction, elastin 
degradation and collagen deposition in the vessel 
wall. There is plenty of evidence demonstrating 
the relationship between diabetes, chronic kidney 
disease and aortic stress [9–12].

Hemodynamic consequences of increased 
aortic stiffness

As stated earlier a compliant aorta in a young 
healthy individual has the quality of effectively buff-
ering excess pulsatility caused by the intermittent LV 
ejection and exhibits a slow pulse wave velocity [2].  
In such conditions, reflected waves arrive to the 
heart during diastole, increasing diastolic coronary 
perfusion pressure but not systolic ventricular load. 
However, with a decrease of aortic distensibility and 
rise in aortic root impedance, there is an increase 
in forward wave amplitude and pulse-wave velocity 
(PWV). The higher PWV induces an earlier arrival 
of the reflected waves — in mid to late systole. This 
in turn, leads to systolic pressure augmentation 
with increased LV oxygen demand and on the other 
hand a decrease of coronary perfusion pressure [13]. 
Therefore, aortic stiffening plays central role in  

a vicious cycle of hemodynamic consequences, caus-
ing systolic hypertension, promoting LV remodeling 
and heart failure [14]. Importantly, aortic stiffening 
may be harmful farther from the heart. Transmis-
sion of pulsatile energy with excessive shear forces 
into the microvasculature is injuring organs in low 
resistance beds such as the brain and the kidney 
(Fig. 2) [15, 16]. 

Aortic stress and cardio-vascular outcomes
A large body of evidence has demonstrated the 

prognostic value of aortic stress for the prediction 
of CV events [17]. Large artery stiffness has been 
proved as an independent predictor of mortality 
as well as predictor of ischemic heart disease and 
stroke in the general population [4]. Furthermore, 
decreased arterial distensibility has been associ-
ated with increased morbidity and both all-cause 
and CV mortality in hypertensive patients [18]. 
Meta-analysis of prospective studies including 
one with 17,635 participants found that increased 
arterial stiffness is a strong predictor for coronary 
heart disease, stroke, and overall CV disease, 
respectively [5]. 

Current methods for evaluation of arterial 
elastic properties

Although, current diagnostic methods do not 
provide direct in vivo measurement of arterial 
mechanical properties, parameters can be derived 
by assessment of the speed at which the pressure 
waves propagate along the arterial tree — arterial 
PWV. The latter is the most validated method for 
noninvasive evaluation of arterial stress. Given 
its simplicity and accuracy for prediction of ad-

Figure 2. Pathophysiology of aortic stiffness; PWV — pulse wave velocity; LV — left ventricular.
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verse CV outcomes [19, 20] it is recommended 
by American and European guidelines [21–23] for 
the management of arterial hypertension as the 
first-line method for assessing of arterial stiffness. 
PWV can be determined by measuring the pulse 
transit time from the pressure waveforms at two 
sites along a vascular segment. Carotid-femoral 
PWV is the current reference method for aortic 
stiffness and is considered to be a global estimate 
of arterial PWV through the entire aorta [24]. The 
main advantage of the method is the superficial 
location of the common carotid and femoral arter-
ies. However, the acquisition of carotid and femoral 
pulse waveforms can be technically difficult in 
heavy weight patients. Another method for evalu-
ation of large artery stiffness is the acquiring of 
phonocardiographic data, along with brachial and 
ankle cuff waveforms and the estimation of the 
cardiac-ankle vascular index [25]. The heart-to-
ankle travel time is derived as the time between 
the pulse onset at the heart and the upstroke of 
the ankle waveform. A potential disadvantage is 
the inclusion of a long muscular arterial segment 
(femoral to ankle), which may distort large artery 
stiffness measurements. Weintraub et al. [26] in 
1990 is the first to use IVUS for the assessment of 
a patient with aortic dissection. Since then, there 
are several reports and studies described in the 
literature about the application of IVUS for imag-
ing of the diseased aorta [27–29]. In 1985 Hughes 
et al. [30] described an in vivo experiment to 
evaluate aortic distention in dogs by intravascular 
ultrasonic catheter with simultaneous measure-
ment of intra-aortic pressure. Consequently, the 
canine aorta were excised and pressure/radius 
ratio measurements were performed once again. 
The authors concluded that measurement of arte-
rial dimensions with this ultrasonic system could 
provide useful evaluations of the elastic proper-
ties of the aorta. Nearly, 10 years later Hansen et 
al. [31], performed a study with an evaluation of 
aortic mechanical properties in 6 patients via IVUS 
imaging. Minimum and maximal aortic diameters 
were measured, with simultaneous recording of 
intraaortic pressures. The authors concluded that 
IVUS provides an accurate in vivo evaluation of 
human arterial compliance, the practical value of 
which needs to be established.

The heterogenecity in the arterial stiffness 
is an important fact that should be taken into 
consideration when evaluating vascular elasticity 
properties. Every arterial segment has different 
viscoelastic properties, and it is inaccurate to 
extrapolate segmental arterial properties to the 

whole arterial tree. For instance, in hypertensive 
patients and those with other CV risk factors, 
cases have revealed the aorta stiffens earlier than  
other elastic arteries, such as carotid and femoral 
arteries. Thus, aortic and carotid stiffness cannot 
be used as interchangeable predictors in high- 
-risk patients. Furthermore, with commonly used 
methods, measurements are conducted between 
two peripheral sites, whereas the most distensi-
ble segment of the aorta — the ascending part, 
exhibits the earliest changes with aging and is 
actually excluded from the analysis. The distance 
between measurement sites needs to be derived 
from surface measurements and thus represents 
only an approximation. What also deserves to be 
mentioned is the amplification phenomenon. It is 
well-known that there is a progressive increase 
in the amplitude of the pressure wave due to re-
flections in the distal and more muscular arteries 
owing to their reduced elasticity [32]. Further-
more, the stiffness of medium-sized arteries is 
under vasomotor regulation by the endothelial 
function, the sympathetic nervous system [33, 
34] and the renin–angiotensin system [35]. Hence, 
blood pressure varies along the arterial tree and 
a method evaluating aortic wall properties locally 
and measuring arterial pressure simultaneously 
may be of specific value.

The present study is the first to assess aortic 
elastic properties by virtue of IVUS. Suggested 
herein, is that IVUS may provide accurate in-vivo 
measurement of aortic diameters that are acquired 
intravascularly and importantly, simultaneous with 
intra-aortic pressures recording. In the current 
study, IVUS provided measurements that did not 
differ significantly from the ones derived by the 
gold-standard technique — CT aortography. This 
encourages us to deduce that measurements de-
vised by IVUS are accurate and that this imaging 
modality may be of specific value for the assess-
ment of aortic elastic properties.

Further study evaluating a larger cohort of 
patients comparing IVUS with the current referent 
method — PWV, is needed.

Conclusions

Aortic stiffness is now recognized as an im-
portant determinant of CV morbidity and mortality. 
For years, different methods have been studied in 
the assessment of aortic mechanics and stress. 
However, none of the described methods allow 
simultaneous measurements of local vascular 
changes — pressure/diameter. In the present 
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study IVUS examination of the ascending aorta 
provided larger diameters than the ones collected 
by means of TTE. However, IVUS measurements 
did not differ significantly from diameters derived 
by CT aortography
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