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  INTRODUCTION 

Arterial stiffness is one of the earliest detectable manifestations of adverse structural 

and functional changes within the vessel wall. Arterial stiffening and calcification are hall marks 

of vascular aging, hypertensive arterial damage and is aggravated by cardiovascular risk factors. 

Arterial stiffness and wave reflection are now well accepted as the most important 

determinants of increasing systolic and pulse pressure in aging societies.(1)Healthy vascular 

aging is evolving as a concept in cardiovascular prevention. Vascular stiffness is essentially 

cumulative end organ outcome of aging and exposure to cardiovascular disease (CVD) risk 

factors and measurements of arterial stiffness are evolving as tissue biomarker for 

cardiovascular (CV) risk assessment and prevention. Mean blood pressure (MBP), glycemia and 

lipids fluctuate on follow up of patients. Measuring circulating biomarkers at a certain time may 

give only a snapshot and not the whole history of arterial wall damage which is given by arterial 

stiffness. (2) (Figure 1)  

 

Figure 1: Arterial stiffness curve versus meanblood pressure, glycemia and lipids.  
This figure shows arterial stiffness curve, which reflects the true arterial wall damage of 
cardiovascular (CV) risk factors increasing with age. On the other hand, mean blood pressure 
(MBP), glycemia and lipids fluctuate on follow up of the patients. These parameters may give a 
constant value if combined into a CV risk score if they fluctuate in opposite directions and their 
mean variation compensates for the effects of aging. (Taken from Vascular Aging, Peter M. 
Nilsson, Pierre Boutouyrie and Stéphane Laurent, Hypertension. 2009;54:3-10) (2) 
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Features of early vascular aging include various pathologies in addition to increased 

arterial stiffness such as impaired endothelial function, chronic vascular inflammation, 

increased intima-media thickness, calcification and increased deposition of matrix substances. 

(3) (Table 1) 

Table 1: Features of early vascular ageing (EVA) 

Increased arterial stiffness and pulse wave velocity 

Impaired endothelial function and vasodilatation 

Chronic vascular inflammation 

Intima media thickness and early atherosclerosis 

Hemorheological disturbances of blood flow 

Capillary rarefaction and dysfunctional regulation 

Shorter telomere length/lower telomerase activity 

Impaired glucose and lipid metabolism 

Insulin resistance 

Oxidative stress 

Arterial calcification 

Increased deposition of matrix substances 

Small vessel degeneration in brain and kidney 

Increased left ventricular heart (LVH) load with 
hypertrophy 

(Taken from Nilsson PM. Early vascular aging (EVA): consequences and prevention. Vascular 
Health and Risk Management. 2008;4(3):547-552.)(3) 
 

As a result of the stiffening process occurring in large artery walls, the progression of the 

pressure wave andits reflection from distal sites occurs more rapidly; the reflected wave then 

returns to the heart not duringdiastole, but during late systole. This encompasses two main 

consequences: increased central systolic and pulsepressure; and increased afterload—the full 
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extent of this effect depends not only on the magnitude of wave reflection, but also on the 

duration/timing of the wave reflection. While the reflection magnitude is dependentmainly on 

properties of smaller arteries/arterioles (e.g., vasoconstriction), the reflection timing depends 

mainly on proximal large arteries properties (stiffer large arteries hasten the return of the 

reflected wave). These parameters of wave reflection (amplitude and duration of the reflected 

wave) bearmechanical consequences to the left ventricle, which promote the need to generate 

more work to produce the samecardiac output and generate the well-known spiral of 

degradation of cardiac function: left ventricular hypertrophy (LVH), diastolic dysfunction, 

increased tension-time index and myocardial oxygen demand, reduced coronary perfusion, and 

congestive heart failure. (Figure 2) (4) 

 

 

Figure 2: Effects of aortic stiffening on cardiac function.(Taken from O’RourkeMF, Hashimoto J. 
Mechanical factors in arterial aging: a clinical perspective. J Am Coll Cardiol 2007;50(1):1-13) (4) 
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A representation of arterial pressure waves travellingfrom the aorta towards the 

periphery shows that in the peripheral arteries,the reflected wave occurs at the impact of 

forward wave – the waves are in phase – and are summed up.  Reflected wave returns towards 

the aortawith a delay. The forward and reflected waves are notin phase in the aorta – hence 

the measured systolic blood pressure and the mean arterial pressure are lower in ascending 

aorta than in the branches of aorta. (Figure 3) (5) 

 

 

Figure 3: An illustration showing the arterial pressure wave forms in the forward and 
reflected forms and their effect on the central and peripheral pressure tracings.(Taken from 
London, G. M., and Pannier, B. (2010). Arterial functions: how to interpret the complex 
physiology. Nephrol. Dial. Transplant. 25, 3815–3823.)  
 

The current use of brachial bloodpressure measurements to evaluate vascular aging and 

CVD risk is less representative of the true mechanical stress of central vascular changes in 

structure and dynamics: systolic blood pressure increases by an average of 20% from 20 to 80 

years of age; in the same time frame, brachial pulse pressure increases by70% and aortic pulse 

pressure increases by 200%. (4,6) 
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This difference in the arterial pressures due to age is illustrated which shows central 

aortic and peripheral arterial pressure tracings of a young patient (Age 38 years) [Panel A] and 

elderly patient (age 68 years) [Panel B] In the young patient (heart rate 60 bpm), there is 

evidence of peripheral systolic pressure augmentation (141/68 mmHg) as compared to the 

central aortic blood pressure (130/70 mmHg). In the elderly patient (heart rate 80 bpm), 

however, the central aortic tracing is similar to peripheral arterial tracing due to central aortic 

systolic pressure augmentation (130/83 mmHg).(Figure 4) 
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                                 CENTRAL AORTIC PRESSURE         PERIPHERAL ARTERIAL PRESSURE 

A)  

                                      130/70 mmHg                             141/68 mmHg         

B)  

                                     130/83 mmHg                              130/80 mmHg  

Figure 4: Arterial pressure (Central aortic and peripheral) tracings of a young patient (Age 38 
years) [Panel A] and elderly patient (age 68 years) [Panel B] 
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A large number of publications and reviews have reported various pathophysiological 

conditions associated with increased arterial stiffness and wave reflections. They include CVD 

risk factors such as obesity, smoking, hypertension, hypercholesterolaemia, impaired glucose 

tolerance, metabolic syndrome, diabetes and hyperhomocystinemia.(7) 

Pulse wave velocity (PWV) is the most validated method to noninvasively quantify 

arterial stiffness. Pulse wave velocity is inversely related to vascular compliance. Hence, a stiffer 

vessel will conduct the pulse wave faster than a more distensible and compliant vessel. (8)PWV 

is a regional functional measurement of arterial stiffness over a certain arterial length, whereas 

distensibility is a local marker of arterial elasticity. A recent meta-analysis has established that 

an increase in 1 m/s in PWV would imply a concurrent increase inrisk of CV events of 14%, CV 

disease of 15%, and all-cause mortality of 15%; in the same analysis, using a differenteffect 

measure, an increase of 1 standard deviation above the mean PWV value for age/gender would 

implya 40% increase in CV risk. (9) 

Assessing aortic distensibility or vascular health by PVW or carotid intima thickness is 

not routine in all health care systems since they require special equipment and training to 

measure the same. Assessment of aortic distensibility by transthoracic echocardiography has a 

high degree of accuracy when compared with invasive measurements, in different populations. 

(10)Though established, there are very few studies from India addressing its clinical utility.(11) 

This study aims to validateechocardiographic parameters of aortic stiffness by 

measuring distensibility of both ascending and descending thoracic aorta using M mode and 

tissue M mode echocardiographyby comparing angiographic measurements and to correlate 

distensibility parameters with demographic and hemodynamic data.  
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24-hours urine sodium excretion and sodium/potassium ratio are independently 

associated with indices of central hemodynamics of aortic stiffness in previous studies.(12) This 

study hence, also proposes to correlate 24 hours urinary electrolyte levels to aortic stiffness 

measured via echocardiography as well as by angiography. 
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HYPOTHESIS 

Motion mode (M-Mode)echocardiography done at the bedside, can reliably measure the 

stiffness of the ascending and descending thoracic aorta. 

 

AIM 

 
To measure the ascending and descending aortic distensibility using M mode transthoracic and 

transabdominal echocardiographic measures, of their largest and smallest dimensions and 

compare the same with angiographic and hemodynamic parameters in subjects undergoing 

angiographic evaluation in a tertiary care referral cardiac centre  

 

 

OBJECTIVE 

 

 To evaluate arterial stiffness of aorta by measuring the aortic distensibility using M mode 

and tissue Doppler M mode transthoracic and transabdominal echocardiography. 

 To correlate aortic stiffness measured by echocardiography with that measured by 

angiography.  

 To correlate aortic stiffness with demographic data, hemodynamic parameters, risk factors, 

drug treatment and 24-hour urinary electrolyte excretion.  
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REVIEW OF LITERATURE 
 

Introduction: 

The aorta stiffens with aging, a process that is accelerated by arterial hypertension. 

Decreased arterial compliance is one of the earliest detectable manifestations of adverse 

structural and functional changes within the vessel wall. (1)The use of different imaging 

techniques optimized for assessment of vascular elasticity and quantification of luminal and 

vessel wall parameters allows for a detailed view of the vascular system. In addition, several 

studies have also documented the prognostic importance of arterial stiffness (AS) in various 

populations as an independent predictor of cardiovascular morbidity and all-cause 

mortality.(13) Blood vessel health can now be assessed by multiple modalities of imaging and 

by using biomarkers. (2)  Intimal thickening can be assessed by measuring the intima media 

thickness, medial function can be assessed by flow mediated vasodilatation, and calcification 

can be assessed by calcium scores. Vessel function and vascular functioncan be assessed by 

pulse wave velocity measurement and central aortic blood pressure will represent the 

hemodynamic outcome. Measuring vascular distensibility and correlating with its dimensions is 

therefore an important marker of vascular aging.  

The use of arterial stiffness measurements in longitudinal cohorts of normal 

populations, hypertensive patients, diabetic patients, healthy elderly, and patients on 

haemodialysis have confirmed the value of this important measure of arterial health, and 

established its complementary role to measures of blood pressure. Its contribution to 

understanding cardiovascular and mortality risk beyond blood pressure measurements has 
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moved measures of arterial stiffness into the ranks of factors such as elevated cholesterol, 

diabetes, and left ventricular hypertrophy in considering cardiovascular risk.(14) 

 

Basic principles of arterial stiffness: 

 

Vessel walls are 3-dimensional structures with complex vascular mechanics.(15)Large 

arteries also have, aside from their properties ofproviding a conduit for blood to reach 

peripheral tissues,a critical role in providing adequate vascular buffering toeach ventricular 

contraction through arterial-ventricularcoupling.(1)The oldest model of the arterial system is 

the Windkessel(16–18)—the inverted air-filled dome of old fashioned fire engines that 

transformed pulsatile flow from a steam or hand-activated pump into a steady stream through 

the fire hose nozzle (Figure 1).In this model, the dome represents the cushioning function of 

the arteries, and the nozzle, the peripheral resistance.  

Although conceptually useful, this model is unrealistic because elastic properties are not 

present at just one site but are distributed along the aorta and major arteries. The pressure 

wave has a finite wave velocity in arteries, and also, pressure waveforms are different in 

amplitude and contour in central and peripheral arteries. Physical properties of arteries are 

different as well, and different arteries at different sites respond differently to aging, 

hypertension, and medications.  

The most realistic model of the arterial system is a simple tube with one end 

representing the peripheral resistance, and with the other end, receiving blood in spurts from 

the heart (Fig. 1). A wave generated by cardiac activity travels along the tube toward the 
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periphery and is reflected back from the periphery. The pressure wave at any point along the 

tube is a resultant of incident and reflected wave. When the tube is distensible, as in youth, the 

wave velocity is slow, therefore reflection returns late to the heart, in diastole. When the tube 

wall is stiffened, as in the elderly, wave travel is fast, and the reflected wave merges with the 

systolic part of the incident wave, causing a high pressure in systole and corresponding low 

pressure in diastole throughout the tube (Figure 2). (18) This reflection time is shorter in short 

individuals who also have exaggerated vascular aging. 

 

 

 

Figure 1: The cushioning and conduit functions of the arterial system is represented 
separately by a proximal Windkessel with peripheral distributing tube (A) or by a single 
distensible tube in which both functions are combined (B). The left end of the tube represents 
the ascending aorta, and the right end, the summation of all arterial/arteriolar junctions. (Taken 
from O’Rourke MF, Steassen JA, Vlachopoulus C, et al. Clinical applications of arterial stiffness: 
definitions and reference values. Am J Hypertens. 2002;15:426–44.)(16) 
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Figure 2: Pressure waves shown schematically in the ascending aorta and radial artery 
(delayed tracing) of a young adult (A) and older adult (B). The tracing in B shows systolic 
augmentation of the ascending aortic pressure as compares to the tracing in A. (Taken from 
McDonald’s Blood Flow in Arteries, Sixth Edition: Theoretical, Experimental and Clinical 
Principles) (18) 
 
 

Definitions 

Arterial stiffness: 

Arterial stiffness is defined as the resistance to deformation.  Measures of arterial 

stiffness depend on 3 independent and interdependent variables of the particular vessel 

studied (E= Elastic modulus, h=vessel wall thickness, and r=vessel radius). Stiffness is most 

commonly measured by using the pulse wave velocity. The Moens-Korteweg equation(7) 

defines pulse-wave velocity (PWV), assuming that there are no significant changes in the vessel 

area or wall thickness, as the following: PWV = √ Einc·h/2rρwhere Einc is the incremental elastic 

modulus of the vessel, h = vessel wall thickness, r = vessel radius, and ρ = density of blood. Units 

used are centimeters/second or meters/second. (1) 
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Young’s modulus: 

Young’s modulus is derived from stress and strain values. Stress (σ) is defined as the 

force applied/area to a particular object (σ=F/A). It can be applied in anydirection: at radial, 

circumferential, and longitudinalcomponents. Circumferential wall stress, defined byLaplace’s 

law, is directly proportional to the vesselpressure and radius and inversely proportional to 

itsthickness. Strain (ε) is the resulting deformation (percentagechange in length) of an 

object/material subjectedto a stress force. It is dimensionless (no units) and isdefined as:ε =L- 

L0⁄L0where L is the final length and L0 is the initial length.(1) 

The elastic modulus (E), also known as Young’s modulus, is the stress/strain ratio. In 

most biologic materials, this relation is nonlinear, and the slope defines the intrinsic elastic 

properties ofthe wall material. E is expressed by the formula:E=σ /C where C is the arterial 

compliance. 

 

Arterial compliance: 

Arterial compliance (C) is the absolute change in area (or change in diameter = ΔD) for a 

given pressure difference (ΔP) at a fixed vessel length. It is the reciprocal of stiffness and is 

defined as:C=ΔD/ ΔP.  

Distensibility: 

Distensibility, by contrast, is defined as the relative compliance or relative change in 

diameteror area per pressure increase. It is the inverse of the elastic modulus (E). 
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The morphology of a pulse contour is that any point along the vascular tree represents 

the sum of the forward and reflected pressure waves at that point and depends on 3 factors: 

the amplitude and duration of left ventricular (LV) ejection, the amplitude of the reflected 

wave, and the velocity of the reflected wave from the periphery. The end-product—also known 

as augmentation index and often used as a surrogate of aortic stiffness—can be affected by 

several other factors, such as heart rate, LV ejection fraction, and duration, losing its clinical 

utility particularly in diabetic persons and individuals >/=60 years of age.(19) 

In the long term, pulsatility causes stretching of the load-bearing elastic lamellae and 

mechanical stress on the wall contributing to structural changes and stiffening 

(Figures.3,4).(1,20) Over time, all these factors contribute to increased large-artery stiffness 

which worsens with aging. (21) 

Genetics seems to also play a role in the development of arterial stiffness. 

Polymorphisms of the matrix metalloprotein-9 gene were found to be independent predictors 

of increased aortic stiffness. (22) 
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Figure 3: Physiologic Properties of the Aorta as a Reservoir and Conductive System: The 
Windkessel Principle. The aorta is regionally heterogeneous and not a simple conduit for blood 
distribution. The viscoelastic properties of the proximal aorta absorb the energy of left 
ventricular ejection and dampen pulsatile flow. (Taken from Cavalcante JL, Lima JA, Redheuil A. 
et al. Aortic stiffness: current understanding and future directions. J Am Coll Cardiol 2011; 57: 
1511–1522.) (1) 
 
 
 

 
Fig 4: Insults Leading to Structural Changes in the Aorta and its Functioning. Several processes 
can alter the homeostasis of aortic elastic properties leading to increased stiffness and 
decreased compliance. LV = left ventricular.(Taken from Cavalcante JL, Lima JA, Redheuil A. et 
al. Aortic stiffness: current understanding and future directions. J Am Coll Cardiol 2011; 57: 
1511–1522.)(1) 

Measurement of arterial stiffness: 

Systolic blood 
wave 

Aortic “buffering” produces 
systolic expansion due to 
predominance  of elastin
fibres and smooth muscle 

cells 

Aortic “reservior” 
provides adequate 

conduit properties to 
distribute blood flow 

during  diastole 

Normal pulse 
wave 

propagation 
velocity  (PWV) 
and reflection 
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Seminal studies on arterial stiffness were performed by Bergel(23,24) on exteriorized 

arterial segments. These studies were extended by Gow and other researchers, with the field 

summarized by Gow in the Handbook of Physiology.(16)More than a century of blood pressure 

measurements, and a multitude of intervention trials, have confirmed that properly done blood 

pressure measurements are a predictor of death and cardiovascular disease. (25) 

Estimation of aortic stiffness is done via various methods including (a) estimation of 

distensibility by pulse wave velocity (PVW) measurement; (b) estimation of distensibility from 

fractional diameter change of a given arterial segment by imaging techniques (angiography, 

magnetic resonance imaging (MRI), echocardiography (ECHO) and tissue doppler ultrasound) 

against pressure change; (c) estimation of compliance by determining volume change against 

pressure change in the arterial system during diastolic runoff. (26) 

Previous studies using angiographic techniques have shown that the distensibility of the 

ascending aorta is decreased in patients with coronary artery disease (CAD) and an 

angiographically normal aorta. (27) The gold standard invasive methodology of measurement of 

arterial stiffness is angiography and Stefanadis et al in their study demonstrated that 

distensibility of the ascending aorta determined non-invasively (echocardiography) was closely 

related to that obtained by direct measurements (angiography). (10) 

Noninvasive measures of arterial stiffness have been used in a number of cohorts over 

the last several decades.  The 2006 European consensus document was the first publication to 

organize the approach to arterial stiffness, especially given the variety of approaches 

(tonometry, ultrasound, oscillometry, and magnetic resonance imaging) and the vascular 
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territories studied.(7,14)Systemic, regional, and local arterial stiffness can be measured by 

various noninvasive methods.  

Pulse wave velocity (PWV), a measure of regional aortic stiffness, is the most widely 

studied and validated noninvasive method because it is a simple, accurate and reproducible 

method, and a strong predictor of adverse CV outcomes. PWV is now considered to be the gold 

standard non-invasive method of measuring arterial stiffness.(1,7)  PWV canbe determined by 

measuring the pulse transit time from the pressure waveforms at the 2 sites along a vascular 

segment. The distance (L) is divided by the wave foot-to-foot time (ΔT) it takes for that forward 

wave to reach the end measuring point (PWV) (Figure.5).  

Pulse wave velocity is inversely related to vascular compliance. Hence, a stiffer vessel 

will conduct the pulse wave faster than a more distensible and compliant vessel.  PWV is a 

regional functional measurement of arterial stiffness over a certain arterial length, whereas 

strain, compliance, and distensibility are local markers of arterial elasticity. Local AS has been 

characterized—to allow comparisonsbetween indexes—as the inverse relation of aortic 

distensibility (AD) (8,28)as demonstrated by the Bramwell–Hill equation (1) and expressed in 

meters/second:PWV α 1/√Distensibilityor D=(3.57 ⁄ PWV)2 
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Figure 5: Noninvasive Determination of PWV between the Carotid Artery and the Terminal 
Aorta. Femoral artery represents the terminal aorta. The measured distance is L. If ΔT 
represents the time delay between the feet of the 2 waves, pulse wave velocity (PWV) = L/ΔT. 
Distensibility might be then deduced from the Bramwell-Hill formula. (Taken from Cavalcante 
JL, Lima JA, Redheuil A. et al. Aortic stiffness: current understanding and future directions. J Am 
Coll Cardiol 2011; 57: 1511–1522.)(1) 
 

The various technologies used to measure PWV include invasive pressure catheter 

measurements and noninvasive techniques such as oscillometry, tonometry, ultrasound and 

magnetic resonance imaging. These vary significantly in cost, time required to measure, and 

technical expertise required toundertake measurements, but all are considered as 

recommended methods to assess PWV. (14) 
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Measurement of Arterial Stiffness by Pulse Wave velocity measurement: applanation 

tonometry and oscillometric methods. 

The applanation tonometry principlefor arteries followed directly from the ocular 

application,given the propensity for a circular arterial segment to beflattened by an external 

force. (29)With 2 different sites (carotid and femoral artery, forexample), the oscillometric 

method measures noninvasivelythe pulse transit time from the pressure waveforms at the 

2sites and infers the velocity in the “conduit.” (Figure 6)  

Asmaret al. (8) calculated PWV with the oscillometric method inmore than 400 

individuals with excellent intra- and interobserverreproducibility and good correlation between 

theautomatic and manual approaches.Normal values in the typical adult of middle-age are 

4m/s in the ascending aorta, 5 m/s in the abdominal aorta and carotids, 7 m/s in the brachial 

artery, and 8 m/s in theiliac arteries. (30)Ideally, the transit time should be coupled to a precise 

andreproducible measurement of true vascular lumen length.  

Pressure waveforms can be recorded simultaneously to provide automated 

measurement of PWV using a number of devices. The Complior System © (Colson, Les Lilas, 

France) employs dedicated mechanotransducers directly applied on the skin. (8)  The transit 

time is determined by means of a correlation algorithm between each simultaneous recorded 

wave. The operator is able to visualize the shape of the recorded arterial waves and to validate 

them. Three main arterial sites can be evaluated, mainly the aortic trunk (carotid-femoral) and 

the upper (carotid-brachial) and lower (femoral-dorsalis pedis) limbs. This system was used in 

most of the epidemiological studies demonstrating the predictive value of PWV for CV events.  
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Pressure waves can also be recorded sequentially from different sites, and transit time 

calculated using simultaneous ECG. (7)In the SphygmoCor® system (ArtCor, Sydney, Australia), a 

single high-fidelity applanation tonometer (Millar®) is used to obtain a proximal (i.e. carotid 

artery) and distal pulse (i.e. radial or femoral) recorded sequentially a short time apart and it 

calculates PWV from the transit time between the two arterial sites. The time between the ECG 

and the proximal pulse is subtracted from the time between ECG and distal pulse to obtain the 

pulse transit time. The initial part of the pressure waveform is used as a reference point.  

 

 

Figure 6: Measurement of Aortic Stiffness by Carotid-Femoral Oscillometric Signal(A) Neckpad 
placement; (B) thigh cuff placement; (C) aortic path length measurement; (D) pulse wave 
velocity (PWV) analysis is displayed on the computer screen. (Taken from Cavalcante JL, Lima 
JA, Redheuil A. et al. Aortic stiffness: current understanding and future directions. J Am Coll 
Cardiol 2011; 57: 1511–1522.) (1) 
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Standardization of reference values for PWV 

In 2010, the normal and reference values for pulse wave velocity (PWV), the noninvasive 

gold standard for measuring arterial stiffness, were published.(31) This huge effort included 

nearly 17,000 subjects (about 1,500 were normal subjects) from several cohorts and provided 

decade-specific values for carotid-femoral PWV in normal people, and in those with 

hypertension. The recommendation from this report was that clinical concern was warranted 

when carotid-femoral PWVs exceeded 12 m/s. It was later modified by the artery research 

group of Europe to a value of 10 m/s. (32) 

In 2015, the AHA published a scientific statement to encourage further standardization 

of arterial stiffness measurements incorporating input from researchers in Australia, Europe, 

Canada and the USA. (33)Although carotid-femoral PWV is recognized as the gold-standard for 

the non-invasive assessment of arterial stiffness, often arterial stiffness is measured in 

alternative (or additional) vascular beds. For example, several non-invasive commercial devices 

assess brachial-ankle PWV. Compared to the carotid-femoral vascular bed, the brachial-ankle 

vascular bed encompasses additional arterial territories with different characteristics, different 

determinants of stiffness, and different influences of atherosclerosis. Conversely, invasive 

assessments of arterial stiffness and MRI-guided assessments of arterial stiffness often measure 

PWV across much shorter distances within the aorta. It is important to recognize that indices 

are not necessarily interchangeable, either physiologically or prognostically, and it is important 

to clearly state the methodology used to assess PWV.  
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Even within a vascular bed, PWV may vary depending on the specific device that is used 

to measure PWV. For example, Millasseau et al (34) assessed carotid-femoral PWV with 2 

commercially available devices in the same individuals. They found that the 2 devices yielded 

different values of PWV within the same individual. Importantly, the difference was attributable 

to the algorithm used by each device to derive the time of travel (foot-to-foot method with the 

SphygmoCor © system vs. maximum slope method with the Complior © system), such that the 

same waveforms analyzed by the 2 devices could result in differences in PWV values of 5–15%. 

 

Variables affecting arterial stiffness measurement with PWV 

The most significant physiological variable affecting arterial stiffness measurement with 

PWV is the vessel distending pressure (mean arterial pressure; MAP) In contrast, pulse pressure 

provides an indirect index of large artery stiffness because it depends on large artery 

compliance, together with stroke volume and the influence of reflected pressure waves. As 

MAP increases, vessels stiffen, but in a non-linear manner. Therefore, the measured value of 

stiffness will depend on, or be confounded by, the mean arterial pressure, which should be 

taken into consideration. This is particularly relevant when comparing populations with 

different blood pressures or when investigating the effects of anti-hypertensive agents. 

 Interventions which lower mean arterial pressure also lower PWV. This does not mean 

that the arterial stiffness was ‘improved’ as a result of the intervention. Standardizing validation 

methods for determining accuracy in new devices that measure arterial stiffness is key to 
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further enriching the PWV published database with quality studies. The guidelines from the 

Artery Society provide a framework for assessing PWV device measurement accuracy.(35) 

The relationship between heart rate and arterial stiffness is less well defined, with acute 

studies showing positive associations, no association, or even inverse associations between 

increased heart rate and various measures of arterial stiffness, including pulse wave 

velocity.(33) These disparate results reflect that at least some of the studies may have been 

confounded by concomitant changes in MAP. Nevertheless, a recent study (36) demonstrated 

that although heart rate exerts a minimal influence on pulse wave velocity in the lower range of 

mean pressure values, an increase in heart rate results in a modest but significant increase in 

pulse wave velocity at higher MAP values. Since blood pressure and heart rate vary 

considerably both within and between individuals, both should be taken into consideration 

when undertaking measurements of arterial stiffness. 

To minimize such confounding effects arterial stiffness should be assessed in a quiet, 

temperature-controlled environment. Participants should also refrain from alcohol, vasoactive 

medications, and vigorous physical activity ideally for 12 hours, and large meals, caffeine-

containing food and drinks and smoking for at least 2–4 hours prior to the measurements. It is 

important that participants are allowed to rest, in the supine position for at least 10 minutes to 

ensure hemodynamic stability. (33) 

 

Limitations of PWV measurement 

An important limitation to the PWV method is that, because no vascular imaging is 

performed, the vascular length traveled by the pulse wave (i.e., the carotid to femoral distance) 
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has to be approximated from a body surface measurement.(1) Rigid measurements with 

calipers are lone-dimensional and do not take into account the 3-dimensional morphology of 

the aorta, carotid and femoral arteries (particularly in the anteroposterior direction) or the 

potential tortuosity associated with older arteries. This is also true for flexible tape measures, 

and it is a major argument in favor of making such distance measurements on a comprehensive 

aortic imaging dataset, such as those available with MRI.   

Although carotid-femoral pulse wave velocity (CFPWV) is a global estimate of arterial 

PWV through the entire aorta, (1)it  is measured between 2 peripheral sites, with flow in the 

carotid and femoral arteries being in opposite directions.The ascending aorta—a prime location 

of aortic stiffening—is not directly accounted for in this approach.  

Another caveat to this method is the amplification phenomenon. This phenomenon 

occurs because the pressure wave is progressively amplified due to increased wave reflections 

in smaller, less elastic, and more muscular distal arteries. Thus, it is inaccurate to use brachial 

pulse pressure as a surrogate for aortic or carotid pulse pressure, particularly in young subjects. 

(7) 

Measurement of PWV by Doppler echocardiography: 

Doppler echocardiography can also be used for PWV measurement.(37,38)Pulse wave 

Doppler tracing of 2 given arterial sites and calculating the distance between the 2 given arterial 

sites is required to calculate PWV. PWV can be calculated as the distance between the 2 arterial 

sites, divided by the transit time determined by the foot to foot method. PWV measurement by 

echocardiography however, has some methodological since it is a sequential measurement of 

the 2 given arterial sites, instead of a simultaneous measurement. Although this method has 
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not been as commonly used, it seems to have good correlation (r = 0.83) with the applanation 

tonometry. (39)Furthermore, pulse wave Doppler allows quantification of regional PWV, which 

could be advantageous as a future research tool. (40) 

 

Evaluation of local arterial stiffness using echo-tracking: 

Echo-tracking was, until recently, the only tool available for evaluating the local Young's 

modulus, the relationship between intima-media thickness, viscoelastic properties, and the 

influence of external or internal remodeling on arterial distensibility.(41)This technique relies 

on the direct, local calculation of arterial wall stiffness derived from variations in pressure and 

volume calculated locally. It carries out high-resolution ultrasound imaging both spatially and 

temporally(42) by increasing spatial resolution from 6 to 10-fold and temporal resolution by a 

factor of 10. By obtaining the pressure volume curve of the scanned artery, arterial stiffness can 

be calculated for a given arterial pressure value. 

 

Measurement of aortic distensibility by M mode echocardiography: 

PWV measurement is dependent primarily on the coefficient of elasticity or rigidity of 

the artery. However, many confounding factors which  deserve consideration are related to 

hematologic and cardiovascular physiology such as blood viscosity, age,salt intake,and meals, 

and others are consecutive with pathophysiologic conditions such as dyslipidemia.(43) Hence, 

the effects of these conditions on PWV will be inevitable, which presents itself as a major 

disadvantage. 
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Direct measurements of stiffness may be of greater help than the other methods. It can 

directly and qualitatively indicate the changes in stiffness and distensibility. Its advantage is 

that, as a measurement technique, it is not as affected by hematologic and cardiovascular 

physiology. Wall movements in the aorta are synchronous but reverse with the heart. 

Therefore, arteriosclerosis will cause the aortic wall to expand less during ventricular systole, 

and this will present itself as a decrease in the aortic systolic velocity.(44) 

Since PWV does not reflect the degree of arteriosclerosis in the local arterial wall 

because it is just an indirect measure of regional arterial stiffness, several alternative methods 

using M mode echocardiography have been studied to evaluate arterial stiffness of the local 

arterial wall.Investigators (16,7) have proposed that aortic complianceand distensibility are the 

absolute and relativechanges for pressure steps, respectively. Aortic distensibilityis the relative 

cross-sectional diameter (or area) change for agiven pressure step at fixed vessel length. The M 

mode echocardiogram is used for measurement of the aortic diameters. The measurements are 

obtained at 3 cm above the aortic valve on parasternal long-axis view (Figures 7,8)The 

frequentlyused formula that expresses this relationship is:Aortic Distensibility = (Aomax – Aomin)/ 

(Aomin X central pulse pressure) where Aomax= maximal aortic lumen and Aomin= minimal aortic 

lumen.  
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Figure 7: Measurement of ascending aortic dimensions. Upper panel: Left parasternal long axis 
view of 2-dimensional echocardiogram. Echo beam is directed 3 cm above the aortic valve (Ao). 
Lower panel : The aorta (Ao)3 cm above the aortic valve is shown in M-mode echocardiogram. 
Dd = diastolic aortic diameter, Sd = systolic aortic diameter. (Taken from Stefanadis C, Stratos C, 
Boudoulas H, Kourouklis C, Toutouzas P. Distensibility of the ascending aorta: comparison of 
invasive and non-invasive techniques in healthy men and in men with coronary artery disease. 
Eur Heart J. 1990;11(11):990–6) (10) 
 

 

Figure 8: Maximum and minimum diameter of ascending aorta measured with M mode 
echocardiography in parasternal long axis view (PLAX).  
 

In a study by Stefanadis et al, (10)distensibility of the ascending aorta, measured non-

invasively, was compared with values obtained by invasive techniques in 46 males (30 patients 

with coronary artery disease and 16 age-matched normal subjects). Aortic diameters were 
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measured at a level 3 cm above the aortic valve using both M mode echocardiographic and 

angiographic techniques. Aortic distensibility was calculated from the aortic diameters and 

aortic pressure or brachial artery pressure using the above formula. Distensibility of the 

ascending aorta determined non-invasively was closely related to that obtained by direct 

measurements (r = 0.949, P <0.001). Patients with coronary artery disease had similar 

pressures, but markedly lower distensibility than normal subjects, as shown by both invasive 

and non-invasive techniques. The results indicated that aortic distensibility in patients with 

coronary artery disease can be obtained non-invasively with a high degree of accuracy. 

Aortic stiffness has also been evaluated with advancedechocardiography techniques 

such as tissue Doppler andstrain imaging in different populations. In the study by Mahfouz 

Badran et al, (44) the impact of type II diabetes on aortic distensibility was measured. The aortic 

dimensions were measured using M mode echocardiography.  The systolic and diastolic 

diameters of theaorta were measured between the lower edge of the upper wall and the upper 

edge of the lower wall at a level 3 cm above the aortic valve. In addition, they also measured 

systolic and diastolic velocity profiles of both the anterior and posterior aortic walls using tissue 

Doppler echocardiography mode.  Low values of distensibility derived from direct aortic 

diameter measurements as well as low values of the aortic wall velocity Doppler was found in 

patients having stiff aortas. This increase in aortic stiffness was found to be more in patients 

with diabetes even after hypertension was excluded.  

A similar study was reported by Vitarelli et al, (45)which additionally determined peak 

systolic radial strain measurement as well. Systolic and diastolic velocities along with 

distensibility were low in patients with hypertension compared to non-hypertensives. Peak 
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systolic radial strain was independently related to pulse pressure, LV mass and diastolic 

function.  

An Indian study has also demonstrated that aortic distensibility was lower among 

hypertensives compared to controls using M mode echocardiography to compute distensibility 

and stiffness. (11) 

Assessment of aortic distensibility by transthoracic andtransesophageal 

echocardiography has a high degree of accuracy when compared with invasive measurements, 

indifferent populations. (10) On transthoracic echocardiography,M mode measurements are 

obtained at 3 cm above theaortic valve on parasternal long-axis view. Ontransesophageal 

echocardiography, measurements are doneat the level of pulmonary artery bifurcation (2 to 3 

cm abovethe aortic valve).  The following formula with its numerous variations,(16) as first 

described by Stefanadis et al., isthen applied:Aortic Distensibility (in cm2dynes-110-6)= 

2X(systolic diameter-diastolic diameter)/(diastolic diameter) x (brachial pulse pressure). 

 

Measurement of Arterial Stiffness by MRI: 

Unlike PWV, which is an average measure of overall arterial stiffness, MRI enables the 

detection of more subtle changes in regional stiffness. (Figure 9) Magnetic resonance imaging 

has several advantages over ultrasound in that full 3-dimensional visualization of the vessel is 

possible, enabling the imaging plane to be placed perpendicular to the vessel in a reproducible 

location. This is an obvious advantage for the measurement of distensibility measured in MRI as 

a change in 2-dimensional vessel perimeter or area instead of 1-dimensional vessel diameter.  
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Velocity data can be acquired simultaneously within 1 acquisition plane in 2 aortic 

locations, and the path length (distance between the 2 aortic locations) can be measured 

precisely. An article by Redheuil et al. (46) compared several of these noninvasive techniques 

used for the assessment of the elastic properties of the aorta and reported aortic distensibilities 

with MRI with central pressures. Ascending aorta distensibility correlated strongly with aortic 

arch MRI-derived PWV (r =0.73, p < 0.0001), and both indexes were more strongly and 

specifically related to aging than applanation tonometry-derived indexes (PWV, augmentation 

index) or carotid distensibility. 

 

Figure9: Distensibility Measurement of the Aortic Root with Cardiac MRI. Taken in the oblique 
coronal plane, these images show the slice positioning of the acquisition planes at minimal and 
maximal aortic flow for distensibility measurements, respectively. (Taken from Cavalcante JL, 
Lima JA, Redheuil A. et al. Aortic stiffness: current understanding and future directions. J Am 
Coll Cardiol 2011; 57: 1511–1522.) (1) 
 

Non-invasive determination of wave reflections: Central pulse-wave analysis 

 The arterial pressure waveform is a composite of forward pressure wave created by   

ventricular contractionand a reflected wave. (Figure 10) Waves are reflected from periphery 

mainly at branch points or sites of impedance mismatch. In elastic vessels, because PWV is low, 
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reflected waves tend to arrive back at the aortic root during diastole. In case of stiff arteries, 

PWV rises and the reflected wave arrives back at the central arteries earlier, adding to the 

forward wave and augmenting the systolic pressure. This phenomenon is quantified through 

the augmentation index (AIx) – defined as the difference between the second and the first 

systolic peals (P2-P1) expressed as as percentage of pulse pressure.(47) 

 

Figure 10: Carotid pressure waveform recorded by applanation tonometry. The height of the 
late systolic peak (P1) above the inflection (P2) defines the augmentation pressure, and the 
ratio of augmentation pressure to PP defines the Augmentation Index (Aix) (in 
percentage).(Taken fromLaurent S, Cockcroft J, Van Bortel L, et al. Expert consensus document 
on arterial stiffness: methodological issues and clinical applications. Eur Heart J 2006; 27: 2588–
2605) (7) 

Arterial pressure waveform should be analysed at the central level, i.e. the ascending 

aorta, since it represents the true load imposed to the LV and central large artery walls. Aortic 

pressure waveform can be estimated either from the radial artery waveform, using a transfer 

function,or from the common carotid waveform. On both arteries, the pressure waveform can 
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be recorded non-invasively with a pencil-type probe incorporating a high-fidelity Millar strain 

gauge transducer (SPT-301, Millar Instruments).(7) 

Central AIx and central pulse pressure have shown independent predictive values for all-

cause mortality in end stage renal disease patients, and CV events in patients undergoing 

percutaneous coronary intervention (PCI)and in the hypertensive patients of the CAFÉ 

study.(48,49) 

Central pressure, the AIx, and PWV cannot be used interchangeably as indices of arterial 

stiffness. In contrast to PWV, which is a direct measure of arterial stiffness, central pressure and 

the AIx are only indirect, surrogate measures of arterial stiffness. However, they provide 

additional information concerning wave reflections. Central pulse-wave analysis should be 

optimally coupled with the measurement of aortic PWV to determine the contribution of aortic 

stiffness to wave reflections. 

Prognostic value of arterial stiffness: 

Carotid-femoral PWVhas beenshown to be an independent predictor of coronary 

heartdisease and stroke in healthy subjects and an independent predictor of mortality in the 

general population.(50)Carotid-femoral PWV is also a predictor of future changesin systolic 

blood pressure and future development of hypertension in healthy volunteers. Thus, it might 

have arole in identifying patients at risk of development ofhypertension.(51) Also, increased 

arterial stiffnesshas been associated with increased morbidity and bothall-cause and 
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cardiovascular (CV) mortality in hypertensivepatients. (52,53)An increase of aortic PWV of 1 

m/s raises CVrisk by more than 10%.(9) 

The independent predictive value of aortic stiffness has been demonstrated after 

adjustment to classical CV risk factors, including brachial pulse pressure. This indicates that 

aortic stiffness has a better predictive value than each of classical risk factors. In addition, aortic 

stiffness retains its predictive value for cardiac events after adjustment to the Framingham risk 

score, suggesting that aortic stiffness has an added value to a combination of CV risk factors. (7) 

As recommended by 2006 European guidelines, arterial stiffness and central pressure 

measurements should be considered as recommended tests for the evaluation of CV risk, 

particularly in patients in whom target organ damage is not discovered by routine 

investigations. 

 

High salt diet and arterial stiffness: 

High salt intake has been shown to be the most pivotal environmental factor in the 

pathogenesis of hypertension. (54) An increase in dietary salt imposes an oxidative stress on 

the arterial wall, inducing pressure-independent changes in arterial structure and function. (55) 

Therefore, increased sodium intake may result in adverse remodelling of the central and 

peripheral arterial vasculature that underlies central pressure augmentation.  

This was studied in hypertensive patients by Park et al,(12) wherein 24-hour urinary 

sodium excretion was independently associated with central hemodynamics measurements 

such as central pulse pressure, augmented aortic pressure, augmentation index. Similar studies 

have highlighted the same relationship – in one study, high urinary sodium excretion correlated 
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consistently with high BP levels and appeared to be an independent determining factor of 

arterial stiffness. (56) 

The most reliable method of estimating sodium intake is the 24-hour urine collection 

which is used in many clinical and epidemiologic studies. (57) However, surveys of sodium 

intake by 24-hour urine collection have been performed in relatively small samples <1000 

because of the difficulties associated with urine collection. (58) Thus, a more convenient 

method of sodium intake assessment such as the spot urinary collection method has been 

sought.(59) TheKawasaki formula has been studied and validated to estimate 24-h 

urinarysodium. The spot urinary sodium value is derived from a single morning fasting urinary 

sample. (60,61) 
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MATERIALS AND METHODS  

Patients getting admitted in the cardiology ward during the period of January 2016 to 

January 2017 for undergoing elective coronary angiography along with an aortogram 

(ascending and descending thoracic) or a left ventricular (LV) angiogram were selected in this 

study. Patients excluded from the study were those having major valvular disease, congenital 

abnormalities, heart failure patients and those with pre-existing 

aortopathy/aneurysm/calcification of the aorta. Only those patients who stayed in the ward for 

24 hours were included in order to simultaneously measure their 24-hour urinary sodium 

excretion. The study was done prospectively and the protocol was submitted to the institute 

ethical committee along with the consent forms and study was initiated after the approval of 

the ethical committee. (SCT/IEC/844/ DECEMBER 2015) 

Echocardiography was done using the Philips HD15 version machine a day prior to the 

elective angiogram, as per the recommendation, in a quiet room after resting for 10 minutes. 

(33)Arterial stiffness evaluation of the aorta was done by measuring the expansion of the aorta 

in systole and diastole. Distensibility, which is an indicator of aortic stiffness, was then 

calculated from the maximum and minimum aortic dimensions with simultaneous measure of 

blood pressure. Transverse diameter of the ascending aorta (3cm above the aortic leaflets) in 

the parasternal long axis (PLAX) view was measured using M mode and tissue doppler M mode 

echocardiography to rule out any associated movement variation. 3 to 5 measurements were 

done on zoomed images with breath held in expiration to minimise the translatormovements 

of the aorta. 
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Tissue M mode echocardiography was used in addition to M mode in order to increase 

the accuracy of measurements. With expansion of the aorta, as the two walls move opposite to 

each other, there is a change in colour on tissue M mode (red towards probe, blue away from 

probe); and opposite changes occur on contraction of the aortic walls. If the transition points 

are delineated then it was planned to utilise the transition points to measure the distensibility 

of the aorta. 

In an ideal tissue M mode trace of the aorta during systolic expansion, the anterior wall 

shows a transition from red (towards probe) to blue colour (away from probe). On the other 

hand, the posterior wall shows a transition from blue (away from probe) to red (towards 

probe). This transition point is the point at which the maximum measurement is most accurate. 

Similarly,during diastolic minimal diameter measurements, the anterior wall shows a transition 

from blue to red; whereas the posterior wall shows a transition from red to blue. (Figure 1A)  

However, translational movements of the aorta can affect this transition point – such 

that both the anterior and posterior aortic walls show similar transition of colour (red to blue) 

due to the effect of movement of the entire aorta with each heartbeat. (Figure 1B) Whenever it 

was difficult to get an accurate transition point, multiple measurements were taken using both 

M mode and tissue M mode and the largest of the measured diameters were selected for 

analysis. Overall, all the values were averaged over five values and their mean was 

incorporated for analysis. Measurements were taken from leading edge to leading edge on M 

mode echocardiography as proposed by the American Society of echocardiography 

recommendations. (62) 
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A]                     B]  

Figure 1: Cartoon illustration of the tissue M mode echocardiographic measurement of the 
aorta. Figure 1 A] shows the ideal transition point of maximum and minimal diameters with the 
anterior and posterior aortic walls exhibiting opposite colour transitions (red to blue and blue 
to red respectively with systole; blue to red and red to blue respectively in diastole) Figure 1B] 
shows the transition point being affected by translational movement of aorta causing the 
posterior aortic wall to imitate the colour transition of the anterior wall.  

 

Similarly, the descending thoracic aortic dimensions at the diaphragmatic level were 

measured in the subcostal view using the same technique. Near simultaneous brachial 

blood pressure as well as heart rate were noted.    

Ascending aortic and descending thoracic angiograms of patients done for varying 

indications were assessed when the patient underwent coronary angiography. These 

aortograms were used to calculate aortic distensibility by measuring the maximum and 

minimum diameters with simultaneous ECG tracing, 3 cm above the aortic valve in ascending 

aorta and at the level of diaphragm in the descending thoracic aorta.  

Distensibility was measured using the following formula for both echocardiographic as 

well as for angiographic methods: Aortic Distensibility = (Aomax – Aomin)/ (Aomin X pulse pressure) 

where Aomax = maximal aortic lumen and Aomin= minimal aortic lumen.  The unit of distensibility 

is numerical value per mmHg. For example if the maximum diameter is 3.5 cm and minimum 

diameter is 3.2 cm with a simultaneous pulse pressure being 50 mmHg, then the distensibility is 
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calculated to be  as 1.8 x 10-3 mmHg-1 Normal values of distensibility in healthy population has 

been measured by an MRI study wherein the mean distensibility of the ascending aorta in an 

older healthy cohort (>/= 60 years) was 2.2 ± 1.2 x 10-3 mmHg-1while in a young healthy cohort 

it was 4.3 ± 1.3 x 10-3 mmHg-1(63)Strain is calculated as (Aomax – Aomin)/Aomin, it does not include 

pulse pressure in the equation. Our study did not include a control population of healthy people 

for comparison; hence we could not study the normative data values of distensibility measured 

either by echocardiography or angiography.  

Demographic patient data including body mass index (BMI), basic hemodynamic data, 

risk factors, drugs were evaluated. Risk factors like hypertension, dysglycemia, or dyslipidaemia 

were identified based on evaluation at admission using standard World Health Organisation 

STEPS protocol for Non communicable diseases.  (64)Coronary artery disease (CAD) was 

defined as having ≥ 70% stenosis of one major coronary artery, or ≥ 50% stenosis of the left 

main coronary artery. (65) 

Salt intake was assessed by measuring 24-hour urinary sodium excretion along with a 

spot urinary sodium sample whenever possible. 24-hours urine collection was done by 

discarding the morning urine sample followed by collection of urine over the next one day. The 

urine was stored in a box which was lined by ice packs. Spot urinary sodium sample was 

collected by pipetting a sample from the 24-hour urine collection.  

Aortic stiffness of ascending and descending thoracic aorta measured by 

echocardiography was correlated with that estimated by angiography and also analysed with 

respect to hemodynamic parameters, BMI, age, associated morbidity, andurinary electrolytes.   
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The data was analysed with commercially available statistical software (SPSS). 

Continuous variables were expressed by mean ± SD, and analysed using a student t test. All P-

values were two sided, and a p value less than or equal to 0.05 was considered statistically 

significant. 
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RESULTS 

32 subjects who fulfilled the inclusion criteria, and gave informed consent were studied. 

Among them 26 were men (81.25%) and 6 were women (18.75%). The age of presentation 

ranged from 35 years to 75 years.  Mean age was 57.38 ±9.65 years. Mean weight was 64.27 ± 

11.8 kg and mean BMI was 25 ± 3.8 kg/m2. Risk factors like hypertension, dysglycemia, or 

dyslipidaemia were identified based on evaluation at admission using standard World Health 

Organisation STEPS protocol for Non communicable diseases (64)or on the basis of prior 

documentation and treatment history.  

Hypertension was present in 13/32 (40.62%) patients while diabetes mellitus was 

present in 16/32 (32%) of patients. 40.62% (13/32) patients were smokers. Dyslipidaemia 

(documented in the past based on lipid values or having a history of institution of statin therapy 

for dyslipidaemia) was present in 15/32 (46.87%) patients. However, 81.25 % (26/32) of 

patients were on statin therapy which included patients who were instituted with statins for 

suspected coronary artery disease. Mean cholesterol level was 133.79 ± 31.6 mg/dl, mean LDL 

level was 76.59± 29.44 mg/dl.Normal coronaries/ minor CAD was present in 13/32 (40.62 %) 

patients. CAD was present in 19/32 (58.37%) patients. The base line parameters are 

represented in Table 1. In order to compare the echocardiographic data with angiographic 

parameters, the study was done in subjects in whom angiogram was otherwise indicated and 

hence majority of them were on one or other cardiovascular drugs. 25 patients (78.12%) were 

on antiplatelet agents while 40.62% were on diuretics. 25 patients were on betablockers/ 

calcium channel blockers (78.12%) whereas 81.25% (26/32) patients each were on ACE-
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inhibitors/ARBs and statins. 11/32 (34.37 %) patients were on nitrates while 3 patients were 

using digoxin. (Table 2)  

24-hours urinary sodium mean was 103.84 +- 41 mmol/L. Mean 24 hours sodium to 

potassium ratio was 3.33 +/- 1.45: 1. 24-hour urinary electrolyte excretion estimated mean spot 

urinary sodium level (N=12) was 104.33 +/- 40.5 mmol/L.  (Table 1) Spot urinary sodium levels 

done in 12 patients correlated well to 24 hours urinary sodium levels with a Pearson’s 

correlation coefficient of 0.973 (p <0.05)  

Table 1: Baseline data: Demographic data, risk factors, urinary electrolytes 
 

Parameter Result 

Mean age (years) 57± 9.6 

Gender (%men) 26/32 (81.25%) 

Gender (% women) 6/32 (18.75%) 

BMI (kg/m2) 25± 3.8 

Hypertension (HTN) 13/32(40.62%) 

Diabetes mellitus (DM) 16/32(50%) 

Habituated to tobacco  13/32(40.62%) 

Coronary artery disease (CAD) 19/32 (58.37%)  

CAG – normal coronaries/minor CAD  13/32 (40.62 %) 

Dyslipidemia (mg/dl)  15/32 (46.87%)  

Total cholesterol mean levels (mg/dl) 133.79 ± 31.6 
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LDL mean levels (mg/dl) 76.59± 29.44 

Parameter  Result 

24 hours Urinary sodium (mmol/L) 103.84 +- 41 

Spot urinary sodium (N=12)(mmol/L) 104.33 ± 40.5 

24 hours urinary potassium (mmol/L) 34.37 ± 15.7 

24 hours Na: K ratio mean 3.33 ± 1.45 

 
Table 2: Drug intake 

 

Drug class  No. of patients 

Beta blockers 
 

21/32 (65.62 %) 

Calcium channel blockers 4/32 (12.5%) 

Angiotensin converting enzyme inhibitors/ 
Angiotensin receptor blockers 
 

26/32 (81.25 %) 

Diuretics 13/32 (40.62 %) 

Antiplatelet 25 /32 (78.12 %) 

Nitrates 11/32 (34.37 %) 

Statins 26/32 (81.25 %) 

Digoxin 3/32 (9.37 %) 
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Ascending aortic angiography parameters: 
 

Mean heart rate during angiography was 84.8 ± 15 bpm. Mean ascending aortic central 

pressure measured during angiography was 97.9 +/- 13.7 mmHg, while the mean central pulse 

pressure was 60.9+/- 24 mmHg. Mean systolic BP was 138.53 ± 26.7 mmHg. (Table 3) Mean 

central pulse pressure in those patients with a normal coronary angiogram / with minor CAD 

(N=13) was 62.2+/- 24.8 mmHg while that of patients with CAD (N=19) was 60 +/- 24.2 mmHg 

(p=0.8, NS) 

Ascending aortic mean maximum diameter was 3.45 +/- 0.5 cm, whereas the mean 

minimum diameter was 3.23 +/- 0.5 cm. (Table 3) (Figure 1) Comparison of ascending aortic 

maximum diameters by angiogram in patients with < 60mmHg Pulse pressure and > /= 60 

mmHg pulse pressure are not statistically significant (p =0.7)Comparison of ascending aortic 

maximum diameters by angiogram in patients with ≤1 x 10-3 mmHg-1 distensibility versus >1 x 

10-3 mmHg-1 distensibility was not statistically significant (p=0.8).  

Mean strain value was 6.73+/- 4.5 cm. Mean value of distensibility was 1.27 +/- 0.9 x 10-

3 mmHg-1 (Table 4)  
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Figure 1: Maximum and minimum diameters of ascending aorta being measured 
3 cm above the aortic valve 
 
 
Table 3: Measurement of Ascending aorta (AA) parameters measured during 
angiography:  
 

Parameter Result  

 Heart rate (bpm) 84.8 ± 15 

Central aortic mean BP 
 (mmHg) 

97.9 ± 13.7 

Central aortic pulse pressure  
(mmHg) 

60.9 ± 24 

Central aortic systolic blood 
pressure (mmHg) 

138.53 ± 26.7 

Maximum diameter (cm) 3.45 ± 0.5 

Minimum diameter(cm) 3.23 ± 0.5 

Strain (%) 6.73± 4.5 

Distensibility (10-3 mmHg-1) 1.27 ±  0.9 
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Ascending aortic distensibililty measured via angiography in patients hypertension was 

0.88 +/- 0.4 x 10-3 mmHg-1while that in patients without hypertension was 1.54  +/- 1.1 x 10-3 

mmHg-1(p<0.05). (Table 4)  

Table 4: Comparison of ascending aortic (AA) distensibility by angiogram in 
patients with and without HTN 
 

 Hypertension 
(N=13) 

No 
hypertensio
n (N=19) 

p value 

AA distensibility (10-3 mmHg-

1) 
0.88 ± 0.4 1.54  ± 1.1 <0.05 

 

 
Linear regression analysis of central systolic BP with central ascending aortic 
distensibility   
 

Linear regression analysis showed that increase in ascending aortic systolic BP is related 

to decreased distensibility (p=0.05) with a coefficient of -0.01. (Graph 1)  

 

 
 
 
 
 
 
 
 
 
 
 

Graph 1: Linear regression analysis of central systolic BP versus distensibility 
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Linear regression analysis of age with central ascending aortic distensibility   
 

Linear regression analysis of age showed that increase in age is related with decreased 

ascending aortic distensibility as measured by angiography (p <0.05) with a coefficient of -

0.03.(Graph2)  

 

Graph 2: Linear regression analysis of age versus distensibility as measured by 
ascending aortic angiogram   
 

 
 
 

Echocardiographic parameters for ascending aorta: 
 

 
 The mean HR during the procedure was 74.8 +/- 12 bpm. Mean brachial pressure was 96 +/- 

11mmHg, while the mean pulse pressure was 50.25+/- 17.3 mmHg. Mean systolic BP was    

129.2 ± 20.4mmHg. (Table 5) Mean brachial pulse pressure in those patients with a normal 

coronary angiogram / with minor CAD (N=13) was 48.3+/- 15.1mmHg while that of patients 

with CAD (N=19) was 51.5 +/- 18.9mmHg (p=0.59, NS) 
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Ascending aortic mean maximum diameter was 3.2 +/- 0.5 cm, whereas the mean 

minimum diameter was 3 +/-0.49 cm.  (Table 5), (Figure 2) There was no difference in the mean 

maximum ascending aortic diameters in patients having low (<60 mmHg) versus high pulse 

pressures. Also, there was no difference in the mean maximum ascending aortic diameters in 

patients having lower versus higher distensibility. (3.16 +/- 0.38 cm versus 3.22 +/- 0.65cm, 

p=0.76) 

Mean strain value was 6.54 +/- 3.7 cm. Mean values of distensibility was 1.41 +/- 0.82 x 
10-3 mmHg-1 
 

 

 

Figure 2: Maximum and minimum ascending aortic diameters measured using 
tissue Doppler M mode echocardiography in parasternal long axis view 3 cm 
above the aortic valve. 
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Table5:Measurement of Ascending aorta (AA) parameters during 

echocardiography: 

Parameter Result 

Heart rate (bpm) 74.8 ± 12 

Brachial mean blood pressure 
 (mmHg) 

96 ± 11.9 

Brachial pulse pressure  
(mmHg) 

50.25± 17.3 

Brachial systolic blood 
pressure (mmHg) 

129.2  ± 20.4 

AA maximum (cm) 3.2 ± 0.5 

Minimum diameter (cm)  3 ±0.49 

Strain (%) 6.54 ± 3.7 

Distensibility (10-3 mmHg-1) 1.41 ± 0.82 

 

Ascending aortic distensibililty measured via echocardiography in patients with 

hypertension was 1.07 +/- 0.69 x 10-3 mmHg-1and in those without hypertension was 1.64 +/- 

0.83 x 10-3 mmHg-1(p=0.05)  (Table 6) 
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Table 6: Comparison of ascending aortic distensibility by echocardiogram in 
patients with and without HTN 
 

 Hypertension 
(N=13) 

No hypertension 
(N=19) 

p value 

AA distensibility (10-3 mmHg-1) 1.07 ± 0.69 1.64  ± 0.83 0.05 

 
 
 
 

Linear regression analysis of brachial systolic BP with ascending aortic 
distensibility 
 

Linear regression analysis of brachial systolic BP showed that increase in BP is related 

with decreased ascending aortic distensibility (p =0.09) with a coefficient of -0.01  (Graph 3) 

 
 

 
 

Graph 3: Linear regression analysis of brachial systolic BP versus distensibility  
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Comparison of hemodynamics and distensibility of ascending aorta: 
 angiography versus echocardiography: 

 
Mean heart rates differed with a higher mean HR during angiography than during 

echocardiography (74.8 +/- 12.3 bpm versus 84.8   +/- 15.3 bpm , P<0.05)  (Table 1)  

The mean central pulse pressure was higher than the mean brachial pulse pressure with 

a statistically significant difference (60.9 +/- 24.1 mmHg versus 50.2 +/- 17.3mmHg, P <0.05). If 

the patients are divided into two groups – without known HTN (N=19) and with HTN (N=13), 

then the central versus brachial pulse pressure difference is persistent in hypertensive patients 

with a higher mean central pulse pressure as compared to brachial pulse pressure (84.1 +/- 19 

mmHg versus 61.7 +/- 15.2 mmHg P<0.05). However, in the non-hypertensive group, the 

difference is not significant. (45 +/- 10.2 mmHg versus 42.3 +/- 14.2 mmHg, P =0.29) Mean 

values of mean central BP were not different from the mean values of mean brachial BP (97.9 

+/- 13.7 mmHg versus 96 +/- 11.9 mmHg, p= 0.43), although the difference was significant in 

the hypertensive group. (109.9 +/- 12.5 mmHg versus 100.62 +/- 13.3 mmHg, P<0.05)  (Table 7)  
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Table 7: Comparison of pulse pressure, systolic blood pressure and mean blood 
pressure: central versus brachial 
 

 Central Brachial P value 

Mean pulse pressure (mmHg) –overall (N=32) 60.9   ± 
24.1 

50.2  ± 17.3 p= 
0.0038 

Mean pulse pressure (mmHg) in patients without 
hypertension (N=19) 

45 ± 10.2 42.3  ± 14.2 p= 0.29 

Mean pulse pressure (mmHg) in patients with 
hypertension  (N=13) 

84.1 ± 19 61.7 ± 15.2 p=0.0046 

Mean blood pressure (mmHg) –overall (N=32) 97.9 ± 
13.7 

96  ± 11.9 p= 0.43 

Mean blood pressure in patients without HTN (mmHg) 
(N=19) 

89.6 ± 6.5 93 ±  10 P=0.21 

Mean  BP in patients with HTN (mmHg) (N=13) 109.9 ± 
12.5 

100.62 ± 
13.3 

P=0.018 

 
 
 

Mean maximum and minimum AA diameter measured by echocardiography was less 

than that by angiography (3.2 ± 0.5 cm versus 3.45 ± 0.5 cm p=0.013 for maximum diameters, 3 

±0.49 cm versus  3.23 ± 0.5 cm, p=003 for minimum diameters) (Table 8)  
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Table 8: Comparison of mean maximum and minimum diameters of the 
ascending aorta   
 

 
 

Echocardiography Angiography P value 

Mean maximum AA diameter (cm) 3.2 ± 0.5 3.45 ± 0.5 p= 0.013 

Mean minimum AA diameter (cm) 3 ±0.49 3.23 ± 0.5 P=0.003 

 
 

There was a moderate correlation of strain values -   6.54 +/- 3.7 cm versus 6.73+/- 4.5 

cm, r =0.544 (p=0.001) (Table 9) 

 
Table 9: Correlation of ascending aortic strain measured by echocardiography 
versus that by angiography (N=32) 
 

Strain by echo Strain by angiogram Pearson’s correlation coefficient 

6.54 ± 3.7 6.73± 4.5 0.544(p =0.0012) 

 
 

There was a statistically significant correlation between the echo measured distensibility 

with that measured by angiography.  (1.41 +/- 0.82 x 10-3 mmHg-1 versus 1.27 +/-  0.94 x 10-3 

mmHg-1, r= 0.6489, P<0.01). This correlation was seen in the non hypertensive (1.64 ± 0.83 x 10-
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3 mmHg-1 versus 1.54 ± 1.1 x 10-3 mmHg-1 p<0.01) as well as the hypertensive cohort. (1.07 ± 

0.6x 10-3 mmHg-1 versus 0.88 ± 0.4x 10-3 mmHg-1 p<0.05)  (Table 10) 

 

Table 10: Correlation of ascending aortic distensibility measured by 
echocardiogram versus that by angiogram (N=32) 
 

 Distensibility by 
echocardiogram 

Distensibility by 
angiogram 

Pearson’s correlation 
coefficient 

Overall (N=32) 1.41 ± 0.82 1.27 ±  0.94 0.6489 (p <0.01) 

Without HTN (N=19) 1.64 ± 0.83 1.54 ± 1.1 0.6349 (p <0.01) 

With HTN (N=13) 1.07 ± 0.6 0.88 ± 0.4 0.6 (p<0.05) 

 

 
 

Descending thoracic aorta angiography parameters: 
 
 Mean heart rate during the procedure was 84.81 +/- 15 bpm. DTA mean pressure was 102.16 

+/- 14.5 mmHg, while the mean pulse pressure was 67.9+/-26 mmHg. DTA mean maximum 

diameter was 2.40 +/- 0.3 cm, whereas the mean minimum diameter was  2.23 +/- 0.3 cm. 

(Table 11) (Figure 3) There was no difference in the mean maximum DTA diameters in patients 

with low (<60 mmHg) versus high pulse pressures. (p=0.57, NS)Also, there was no difference in 

the mean maximum DTA diameters in patients having lower versus higher distensibility. 

(p=0.09,NS)  

Mean strain value was 8.48 +/- 5.9 cm. Mean values of distensibility was 1.36 +/- 1 x 10-
3 mmHg. (Table 11) 
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Figure 3: Maximum and minimum diameters of descending thoracic aorta 
measuredby angiography 
 

 
 
Table 11: Measurement of descending thoracic aorta (DTA) parameters during 
angiography 
 
 

Parameter Result 

Heart rate (bpm) 84.81 ± 15 

DTA mean blood pressure 
(mmHg)  

102.16 ± 14.5 

DTA pulse pressure  
(mmHg) 

67.9±26 

Maximum diameter (cm) 2.40 ± 0.3 

Minimum diameter(cm) 2.23 ± 0.3 

Strain (%) 8.48 ± 5.9 

Distensibility (10-3 mmHg-1) 1.36 ± 1 
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DTA distensibililty measured via angiography in patients without hypertension was 1.68 

+/- 1.1 x10-3 mmHg-1 whereas that measured in hypertensives was 0.89 +/- 0.6 x 10-3 mmHg-

1(Table 12)  

 
 
Table 12: Comparison of DTA distensibility measured by angiogram in patients 
with and without HTN 
 

 HTN 
(N=13) 

No HTN (N=19) P value 

DTA distensibility by angiogram (10-3 mmHg-1) 0.89 ± 0.6 1.68 ± 1.1 0.017 

 

 
 

Echocardiographic parameters for descending thoracic aorta: 
 

 
Mean HR during the procedure was 74.8 +/- 12 bpm. Brachial mean pressure was 95.75 

+/- 11mmHg, while the mean pulse pressure was 50.25+/- 17.3 mmHg. Mean maximum 

diameter was 2.18 +/- 0.3 cm, whereas the mean minimum diameter was 1.98 +/- 0.3 cm. 

(Table 13, Figure 4) There was no difference in the mean maximum DTA diameters in patients 

with low (<60 mmHg) versus high pulse pressures (p=0.85, NS) Also, there was no difference in 

the mean maximum DTA diameters in patients having lower versus higher distensibility. 

(p=0.82, NS)  
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Mean strain value was 10.24 +/- 4 cm. Mean values of distensibility was  2.27 +/- 1.2 x 10-3 

mmHg. (Table 13)  

 

Figure 4: Maximum and minimum descending thoracic aortic diameters 
measured using tissue Doppler M mode echocardiography in subcostal view.  
 

Table 13: Measurement of descending thoracic aorta (DTA) parameters during 
echocardiography:  
 

Parameter Result 

Heart rate (bpm) 74.8 ± 12 

Brachial mean blood  
Pressure (mmHg) 

95.75 ± 11 

Brachial pulse pressure  
(mmHg) 

49± 14.9 

Maximum diameter (cm) 2.18 ± 0.3 

Minimum diameter(cm) 1.98 ± 0.3 

Strain (%) 10.24 ± 4 

Distensibility (10-3 mmHg-1) 2.27 ± 1.2 
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DTA distensibililty measured via echocardiography in patients without hypertension was 

2.58  +/- 1.45 x 10-3 mmHg-1 whereas that measured in hypertensives was 1.83 +/- 0.63 x 10-3 

mmHg-1. (p>0.05) (Table 14)  

 

Table 14: Comparison of DTA distensibility by echocardiogram  in patients with 
and without HTN 
 

 HTN 
(N=13) 

No HTN (N=19) P value 

DTA distensibility by echocardiogram (10-3 mmHg-1) 1.83 ± 0.63 2.58  ± 1.45 0.059 

 
 
 
 

Comparison of hemodynamics and distensibility of descending thoracic aorta: 
 angiography versus echocardiography: 

 
Mean heart rates differed with a higher mean HR during angiography than during 

echocardiography (74.8 +/- 12.3 bpm versus 84.8   +/- 15.3 bpm , P<0.05)  (Table 11,Table 13)  

 
 Mean DTA pulse pressure was higher than the mean brachial pulse pressure with a statistically 

significant difference (67.9   +/- 26 mmHg versus 50.2 +/- 17.3 mmHg, P<0.01). This difference 

is persistent in hypertensive 93.3 ± 20.6 mmHg versus 61.7 ± 15.2 mmHg P<0.05). as well as 

non hypertensive group (50.5 ± 9.9 mmHg versus 42.3 +/- 14.2 mmHg, P <0.05)Mean values of 

DTA mean BP were significantly higher than the mean values of mean brachial BP (102.16 +/- 

14.5 mmHg versus 96 +/- 11.9 mmHg, p <0.01), which persisted in the hypertensive group, (112 

+/- 13.6 mmHg versus 100.62 +/- 13.3 mmHg, p<0.01) but not in those without hypertension. 

(Table 15)  
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Table 15: Comparison of pulse pressure, systolic blood pressure and mean blood 
pressure: central versus brachial 
 

 DTA  PP Brachial PP P value 

Mean pulse pressure (mmHg) –overall (N=32) 67.9   ± 26 50.2  ± 17.3 p= 
0.0001 

Mean pulse pressure (mmHg) in patients without 
hypertension (N=19) 

50.5 ± 9.9 42.3  ± 14.2 p= 0.018 

Mean pulse pressure (mmHg) in patients with 
hypertension  (N=13) 

93.3 ± 20.6 61.7 ± 15.2 P=0.0009 

Mean blood pressure (mmHg) –overall (N=32) 102.16 ± 
14.5 

96  ± 11.9 p= 0.022 

Mean blood pressure in patients without HTN 
(mmHg) (N=19) 

95.4 ± 10.9 93 ±  10 P=0.42 

Mean  BP in patients with HTN (mmHg) (N=13) 112 ± 13.6 100.62 ± 
13.3 

P=0.017 

 
Mean maximum and minimum AA diameter measured by echocardiography was less 

than that by angiography (2.18 ± 0.3 cm versus 2.4 ± 0.3 cm p<0.05 for maximum diameters, 

1.98 ±0.3 cm versus 2.23 ± 0.3 cm, p<0.05 for minimum diameters) (Table 16) 
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Table 16: Comparison of mean maximum and mean minimum DTA  diameter during 
angiography and echocardiography (N=32) 
 

 Echocardiography Angiography P value 

Mean maximum DTA diameter (cm) 2.18 ± 0.3 2.40 ± 0.3 p= 0.0015 

Mean minimum DTA diameter (cm) 1.98 ± 0.3 2.23 ± 0.3 P=0.0012 

 
 

There was a negative correlation of strain values of the DTA between echocardiography 

and angiography. (10.24 +/- 4 cm versus  8.48 +/- 5.9cm, r =-0.26, NS) (Table 17)  

 
 
Table 17: Correlation of descending thoracic aortic strain measured by 
echocardiography versus that by angiography (N=32) 
 

Strain by echo Strain by angiogram Pearson’s correlation coefficient 

10.24 ± 4 8.48 ± 5.9 -0.26 (p =0. 14) 

 
 

There was a very weak, statistically non-significant correlation between the echo 

measured distensibility with that measured by angiography.  (2.27 +/- 1.2 x 10-3 mmHg-1 versus 

1.36 +/- 1x 10-3 mmHg-1, r= 0.05, NS). (Table 18)  
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Table 18: Correlation of descending thoracic aortic distensibility measured by 
echocardiogram versus that by angiogram (N=32) 
 

Distensibility by echo Distensibility by angiogram Pearson’s correlation coefficient 

2.27 ± 1.2 1.36 ± 1 0.05 (p = 0.76)  (NS) 

 
 

There was no correlation of AA or DTA distensibility with BMI, CAD, urinary sodium 

excretion, diabetes, smoking, LDL levels, creatinine levels, use of diuretics and ejection fraction. 

(Table 19)  
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Table 19: Correlation of distensibility measured in ascending and descending 
thoracic aortas by both  echocardiography and angiography with clinical 
diagnosis, risk factors and measured biochemical parameters: 
 

Distensibility AA-  Angiogram AA- Echo DTA- Angiogram DTA- Echo 

BMI <25 kg/m2 (N=17) 1.42 ± 1.1 1.46 ± 0.7 1.24 ± 1 2 ± 0.9 

BMI > /= 25 kg/m2 (N=15) 1.11 ± 0.6 1.36 ±0.8 1.5 ± 1 2.5 ± 1.5 

p value p= 0.3 (NS) p =0.7 (NS) p=0.4 (NS) p=0.2 (NS) 

Without CAD/minor CAD (N=13) 0.96 ± 0.5 1.37 ± 0.8 1.7 ± 1.2 2.28 ± 1.4 

With CAD (N=19) 1.48 ± 1.1 1.44 ±0.8 1.1 ± 0.7 2.27 ± 1.1 

p value p= 0.08 (NS) p =0.8 (NS) p=0.16 (NS) p=0.9 (NS) 

Urinary Na≤ 100 mmol/L (N=15) 1.59 ± 1.1 1.6 ± 0.8 1.52 ± 1 2.2 ± 1.1 

Urinary Na >100 mmol/L(N=17) 0.99 ± 0.5 1.25 ± 0.74 1.22 ± 1 2.3 ± 1.3 

p value p=0.08 (NS) p=0.24 (NS) p=0.4 (NS) p=0.7 (NS) 

Na/K  Ratio < 3 (N=14) 1.24 ± 0.8 1.38 ± 0.7 1.3 ± 1.1 2.11 ± 0.9 

Na/K Ratio ≥ 3 (N=18) 1.3 ± 1 1.49 ± 0.8 1.41 ± 0.9 2.4 ± 1.4 

p value p=0.8 (NS) p=0.5 (NS) p=0.7 (NS) p=0.5 (NS) 

Without DM (N=16)  1.05   ± 0.6 1.3 ± 0.8 1.56 ± 1 2.28 ± 1.2 

With DM (N=16) 1.49 ± 1.1 1.5 ± 0.8 1.16 ± 1 2.27 ± 1.2 

p value p=0.1 (NS) p=0.4 (NS) p=0.2 (NS) p=0.9 (NS) 
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Distensibility AA-  Angiogram AA- Echo DTA- Angiogram DTA- Echo 

Without smoking (N=19)   1.26  ± 1.1 1.49 ± 0.9 1.43 ± 1 2.4 ± 1.4 

With smoking (N=13) 1.3  ± 0.6 1.3 ± 0.6 1.26 ± 1 2 ± 0.8 

p value p=0.9  (NS) p=0.5 (NS) p=0.6 (NS) p=0.4 (NS) 

LDL < 70mg% (N=9) 1.8  ± 1.3 1.33± 0.5 1.02 ± 1.2 1.68  ± 0.9 

LDL < 70mg% (N=11) 1.1 ± 0.6 1.41  ± 0.9 1.28 ± 0.7 2.6 ± 1.3 

p value p=0.1 (NS) p=0.80 (NS) p=0.5 (NS) p=0.1 (NS) 

Creat  <1 mg/dl (N=15) 1.07  ± 0.8 1.31 ± 0.8 1.33 ± 1 1.95  ± 0.8 

Creat  >1 mg/dl (N=17) 1.45 ± 1 1.57 ± 0.8 1.38 ± 1 2.56 ± 1.4 

p value p=0.2 (NS) p=0.3 (NS) p=0.8 (NS) p=0.1 (NS) 

Without diuretics  (N=19) 1.32  ± 1 1.49 ± 0.9 1.55 ± 1 2.02 ± 0.9 

With diuretics  (N=13) 1.20 ± 0.7 1.38 ± 0.7 1.08 ± 0.9 2.65 ± 1.5 

p value p=0.7 (NS) p=0.7 (NS) p=0.8 (NS) p=0.1 (NS) 

Without beta blockers  N= 11 1.25 ± 0.8 1.48 ± 0.8 1.26 ±1 2.1 ±1 

With beta blockers  N=21 1.28  ± 1 1.38  ± 0.8 1.41 ± 1 2.37 ± 1.3 

p value 0.9 (NS) 0.7 (NS) 0.6 (NS) 0.5 (NS) 

EF < 50%  (N=17) 1.23  ± 0.7 1.38 ± 0.6 1.38 ± 1.1 2.59 ± 1.3 

EF ≥ 50%  (N=15) 1.31 ± 1.1 1.45 ± 1 1.33 ± 0.9 1.92  ± 1 

p value p=0.8 (NS) p=0.8 (NS) p=0.8 (NS) p=0.12(NS) 
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DISCUSSION 

This study aimed to validate the utility of echocardiographic assessment of arterial 

distensibility as a non-invasive method by comparing it with the invasive standard, 

angiography. Arterial distensibility in recent years has had resurgence as being a predictive 

model of cardiovascular risk. Recent developments of simple non-interventional methods of 

measurements may be a cause for such a comeback. 

 

Demographic data: 

As the age advances, the elastic fibres in the medial layer of the aorta degenerate and 

are replaced with collagen fibres that are stiffer. This leads to stiffening of the aortic wall 

causing decrease in distensibility. (66) 

A total of 32 consecutive patients were studied in our study over a period of one year. 

Only subject in whom angiographic evaluation was otherwise indicated were included in the 

study and hence 81% of the study population were males.The mean age of the cohort was 57± 

9.6 years. The linear regression model showed a correlate of age with ascending aortic 

distensibility (as measured by angiography) –as age increases, distensibility decreases linearly. 

With echocardiographically derived distensibility measures of ascending aorta, there was a 

trend towards correlation between distensibility and age. Lacombe et al demonstrated that 

parameters of distensibility of ascending aorta were closely related to age. Gender or LV 

systolic function did not correlate with distensibility. (67)  There was no association of gender 

or LV function with distensibility in our study as well. Women have increased aortic stiffness 

after menopause (after 50 years of age) with increase in pulse pressure with increasing 
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cardiovascular mortality. There is an ongoing debate on the impact of hormones on these 

parameters. (68). Since only 6 of the study subjects were women, hence no valid interpretation 

is possible from the present data set.  

Dyslipidemia 

Patients with hypercholesterolemia were found to have decreased aortic distensibility in 

a study by Pitsavos et al. (69) Our study however did not find any correlation of distensibility 

measures with lipid levels. A similar lack of association was found in a study by Dart et al. 

(70)The cause for this absence of association was proposed by the authors  to be the presence 

of two major determinants of arterial stiffness i.e. hypertension and old age which could 

reduce the impact of other factors. Our study also showed a positive correlation of 

distensibility with age and hypertension, which could have impacted the association with 

cholesterol.Also, >80% of the study subjects were on statins for a variable period of time which 

could account for the lack of association. Although dyslipidaemia (documented in the past 

based on lipid values or having a history of institution of statin therapy for dyslipidaemia) was 

present in 15/32 (46.87%) patients, 81.25 % of patients were on statin therapy which included 

patients with suspected coronary artery disease for which statin were instituted.  

 

Coronary artery disease and distensibility: 

A study by Durmaz et al showed that  aortic stiffness as measured by echocardiography 

were associated with the presence of coronary calcium. The echocardiographically derived 

distensibility parameters correlated strongly with coronary atherosclerosis than brachial 
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systolic BP or pulse pressure alone. In our study however, aortic distensibility could not be 

correlated with the presence of coronary artery disease which was present in 19 patients.(71) 

 

24 hours urinary excretion and distensibility: 

One of the good correlates of vascular compliance are metabolic parameters such as 24-

hours urinary sodium excretion. Previous studies have shown good correlation of urinary 

electrolytes excretion central hemodynamics measurements such as central pulse pressure, 

augmented aortic pressure, augmentation index.(12) 

 Even though the relation between 24 hour urinary sodium was not significant with ascending 

aortic distensibility (measured by angiography) in our study, patients having urinary sodium 

excretion of more than 100 mmmol/L showed a trend towards lowerdistensibility. This study 

showed a high 24 hours mean sodium to potassium ratio (>3:1) which should ideally be 1 when 

measured in mmol. (57)   

In a metaanalysis by Venessa Perez, high sodium to potassium ratio is significantly 

associated with outcomes of blood pressure than either sodium or potassium alone in patients 

with hypertension. (72)24-hour urine collection is the most reliable method to estimate sodium 

intake of an individual. (57)However, it is cumbersome to measure. The INTERSALT as well as 

PURE study concluded that casual urine specimens may serve as a low cost alternative to 24 

hour urinary sodium estimation. (73,74) 

The estimated 24-hour urinary electrolyte level predicted by spot urinary sodium level 

correlated with actual 24-hour urinary levels in 12 subjects where both the tests were done. 

The urinary sodium in these subjects reflect the sodium content of hospital diet, and average 
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sodium excretion of > 100mmols/ day is indicative  of a dietary sodium intake of >4.5 gms/day 

which is more than two grams higher than the sodium content of a WHO recommended 

prudent diet of 2 gm/day for an adult. (75) 

 

Other parameters and distensibility: 

There was no difference in the ascending aortic or DTA distensibility measured either by 

echocardiogram or angiogram in patients with DM, obesity, history of smoking, diuretic usage 

or with low EF as compared to those without.  Badran et al showed increased aortic stiffness in 

patients with type II diabetes mellitus, which was not demonstrated in this study. (44)Sassalos 

et al showed that chronic smokers have decreased ascending aortic distensibility as compared 

to non-smokers.  (76) The subjects who were admitted in hospital had to refrainfrom tobacco 

use at least 24 hrs prior to the study, and hence lack of correlation could very well be due to 

abstinence. Also, use of beta blockers was not associated with increased distensibility in this 

study. Previous studies have shown an increase in central stiffness parameters with use of beta 

blockers.(49) Reduction in heart rate may lead to a higher stroke volume into a pre-existing  

stiff aorta, leading to higher central aortic pressures.  Also, the prolonged ejection phase allows 

the backward wave reflections to reach the central systolic pressure at its peak, instead of 

late.(77) 
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Measurement of ascending aortic parameters: 

A) Ascending aortic angiography: 

 

1) Central pressures: 

 

Historically, pulse pressure has been a valuable surrogate marker for arterial stiffness, as 

recognized in 1922 by Bramwell and Hill (78) Both systolic and diastolic blood pressure values 

increase with age. After 50 to 60 years of age, there is no further increase in the diastolic blood 

pressure. With increasing age, the pulse pressure widens. (47) Framingham study data has 

shown that in hypertensive patients, pulse pressure is a better predictor of coronary heart 

disease risk than either systolic or diastolic pressure alone, in patients over-50 years of age. 

(47) 

Our study demonstrated an overall higher central pulse pressure than other studies. 

(60.9± 24 mmHg) (10) (79)One of the causes, in addition to the presence of systolic 

hypertension, could be due to a higher mean age of the patients that were included in the 

study (mean age: 57± 9.6 years), the median age being 57.5 years.  

Mean central pulse pressure measured in the study by Stefanadis et al was 51±7mmHg 

which was lower than that seen in our study. (10)  Also the mean pulse pressure measured in 

normal subjects in their study was similar i.e 50± 8 mmHg.Our study did not have a control 

group, but the mean pulse pressure in those patients with a normal coronary angiogram / with 

minor CAD similar to those patients with CAD.  Hence similar to their study, our study too did 

not show any difference in the central aortic pulse pressure between the two groups. 
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2) Distensibility and hypertension 

 

Ascending aortic distensibility measured via angiography in hypertensive patients 

 demonstrated lower distensibility as compared to non-hypertensive patients which was 

significant (p<0.05)Linear regression model also showed that increase in systolic BP correlated 

with lower distensibility (p <0.05) 

It has been demonstrated in previous studies that in hypertension, structural changes 

occur in central aorta which leads to lowering of distensibility. (80)Blood pressure can serve to 

act as both cause as well as effect. Increased aortic stiffness increases the systolic BP. Also, 

increased BP gives rise to reduced aortic distensibility i.e. increased stiffness.Vitarreli et al also 

demonstrated reduced distensibility in hypertensive patients, similar to our study.(45) Also, as 

reviewed by Cavalante, reduced distensibility acts as a predictor of future hypertension.  (1) 

Arterial distensibility is a determinant of systolic blood pressure and is also a component 

of impedance to left ventricular ejection. Reduction in distensibility causes an increase in 

myocardial oxygen demand by raising the afterload of left ventricle.  A concomitant decrease in 

myocardial oxygen supply occurs because changes in aortic distensibility lead to a change in 

diastolic backflow of the aorta which is responsible for perfusion of the coronaries. A decrease 

in left ventricular hypertrophy during hypertension treatment causes a regression in arterial 

stiffness in addition to its effect on blood pressure value. Hence aortic distensibility monitoring 

may help in assessment of antihypertensive therapy.  (80) 
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3) Aortic diameters: 

 

There was no difference in the mean maximum ascending aortic diameters in patients 

having low (<60 mmHg) versus high pulse pressures. Also, there was no difference in the mean 

maximum ascending aortic diameters in patients having lower versus higher distensibility. 

(p=0.84) Hence, maximum aortic diameter alone couldn’t predict the distensibility of the aortic 

segment. As reviewed by Stratos et al, higher central aortic distending pressures are associated 

with higher diameters of the aorta. However, this relationship isn’t linear. After a certain point 

however, greater changes in the central aortic pressures is associated with only smaller 

increments of central aortic diameter.  (80)                                           

                    

B) Ascending aortic echocardiography 

1) Brachial pressures: 

Similar to that seen with central aortic pressures, the mean brachial pulse pressure was 

higher in our study as compared to other studies. (10) Also, there was no difference in the 

mean pulse pressure in those with or without CAD.  

 

2) Distensibility and hypertension 

 

Like angiographically measured distensibility, hypertensive patients demonstrated lower 

distensibility measured by echocardiography as compared to non hypertensive patients. Linear 

regression models showed a trend towards positive correlation between brachial SBP and 

decreased distensibility.   
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3) Aortic diameters: 

There was no difference in the mean maximum ascending aortic diameters measured by 

echocardiography in patients having low (<60 mmHg) versus high pulse pressures, similar to 

observations at angiography. Also, there was no difference in the mean maximum ascending 

aortic diameters in patients having lower versus higher distensibility. Hence, maximum aortic 

diameter alone couldn’t predict the distensibility of the underlying aortic segment, similar to 

that seen with angiographic measurements. 

With expansion of the aorta, as the two walls move opposite to each other, there is a 

change in colour on tissue M mode (red towards probe, blue away from probe); and opposite 

changes occur on contraction of the aortic walls. This transition point was taken as the point of 

maximum expansion and contraction. However, translational movements of the aorta can 

affect this transition point, so whenever it was difficult to get accurate transition point, 

multiple measurements were taken using both M mode and tissue M mode and the largest of 

the measured diameters were selected for analysis. Due to the presence of translational 

movements, the additional tissue M mode measurement did not add to the M mode 

measurements of the aortic diameters.  

Due to the noncircular shape of the aorta, circumference measurement theoretically is 

more accurate than diameter measurement. (81) Cardiac MRI allows this direct cross sectional 

area measurement. (82) Hence for more accurate measurement, use of Cardiac MRI is being 

increasingly used for distensibility calculations of central aorta. Improved regionality of the 

aortic segment being studied for distensibillity measurements can be done with the use of 3D 
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echocardiography wherein the cut planes from the datasets can be reconstructed. These 

images will allow segmental evaluation of the aorta at various levels. (82) 

 

Measurement of Descending thoracic aorta parameters – angiography and echocardiography.  

DTA distensibility measured via angiography in hypertensive patients demonstrated 

lower distensibility as compared to non-hypertensive which was significant (p<0.05) However, 

this association was not statistically significant when distensibility was measured via 

echocardiography. Like ascending aortic parameters, the mean maximum descending thoracic 

diameters did not predict distensibility of the underlying segment. Similar to that of ascending 

aortic diameter measurement, addition of tissue M mode to the regular M mode did not 

improve measurement accuracy of the descending aorta due to the translational movements 

during cardiac pulsation and respiration.  

 

Comparison of hemodynamics and distensibility of ascending aorta:  angiography versus 

echocardiography:  

Central pressures versus brachial pressures: 

The mean central pulse pressure was higher than the mean brachial pulse pressure by 

10mmHg with a statistically significant difference P <0.05).This pressure difference persisted in 

hypertensive patients. However, in the non-hypertensive group, the difference is not 

significant. 
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The study by Stefanadis et al too demonstrated the pulse pressure measured by 

sphygmomanometry to be lower than that measured directly. This underestimation was similar 

in CAD patients and normal subjects.  

The mean central BP was higher than brachial mean BP only in the hypertensive cohort. 

In the absence of simultaneous measurement, no valid conclusions can be drawn on these 

observations. Hence, the difference in the measured central pulse pressures and in the mean 

BP (in the hypertensive cohort) could be driven by the presence of HTN which contributed to 

increased aortic stiffness. 

Previous studies have correlated brachial artery pressures with central pulse pressures. 

(83)  In the study by Stratos et al, they used central pressures instead of brachial pressures for 

distensibility measurements, since they are more reflective of central hemodynamics. (80) 

In the young, the brachial pressures tend to overestimate the central pressures due to 

the phenomenon of reflection from the periphery. This study however, demonstrated higher 

central pressures than brachial pressures, reflecting the increased mean age of this cohort as 

well as the presence of central hypertension causing greater central aortic stiffness.  

 

Aortic diameters: 

The mean maximum and minimum diameters measured during echocardiography and 

angiography differed significantly with the aortic diameters measured by angiography being 

greater than echocardiographic diameters. This is in contrast to that studied by Stefanadis et al, 

wherein there was a correlation between the echocardiographic and angiographic diameters. 

The reason for the difference could to attributed to magnification attained to the dimensions 
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during angiography as well as the variability in the measurements during echocardiography due 

to measurements done at a distance using a sector beam. The size of the catheter used for 

angiography was used as the measuring standard in angiogram, the position of the same inside 

the aorta could never be assured to be central in the view obtained.  

 

Correlation of distensibility: 

There was a statistically significant correlation between the echo measured distensibility 

of ascending aorta with that measured by angiography.  (r= 0.6489, P<0.01). This correlation 

was seen in the non-hypertensive as well as the hypertensive subgroups. 

Similar conclusion was drawn by Stefanadis et al in their landmark study of correlation 

of distensibility by echocardiography with angiography. Although Stratos et al measured aortic 

distensibility by echo, they did not correlate the values with that of angiographically derived 

ones.  

Hence, despite differences in the central and branchial pressure measurements as well 

as the differences in measured diameters of ascending aorta by echocardiography versus 

angiography; it did not affect the correlative coefficient of ascending aortic distensibility of 

echocardiography and angiography. 

The mean distensibility of ascending aorta measured by angiography in our study was 

1.27 ± 0.9 x10-3 mmHg -1. Our study did not have a control population in order to compute 

normative values of distensibility. Normal values of distensibility in healthy population has 

been measured by an MRI study wherein the mean distensibility of the ascending aorta in an 

older healthy cohort (>/= 60 years) was 2.2 ± 1.2 x 10-3 mmHg-1while in a young healthy cohort 
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it was 4.3 ± 1.3 x 10-3 mmHg-1(63)As compared to these values, the distensibility values in our 

study were lower indicating a overall poor vascular health of the patients that were studied.  

  

Comparison of hemodynamics and distensibility of descending thoracic aorta:  angiography 

versus echocardiography:  

Central pressures versus brachial pressures: 

The mean DTA pulse pressure was higher than the mean brachial pulse pressure with a 

statistically significant difference (P<0.01).The mean central BP was higher than brachial mean 

BP only in the hypertensive cohort. In the absence of simultaneous measurement, no valid 

conclusions can be drawn on these observations. 

Aortic diameters: 

The mean maximum and minimum diameters measured during echocardiography and 

angiography differed significantly as was seen with ascending aortic diameters. The reason for 

the difference could to attributed to magnification attained to the dimensions during 

angiography as well as the variability in the measurements during echocardiography due to 

measuring a structure at a distance using diverging beams. 

Correlation of distensibility: 

In contrast to the ascending aorta, there was no correlation of the DTA distensibility 

measured by echo with that measured by angiogram.  

The diameter of the aorta decreases from central aorta to periphery. This factor is in 

addition to the fact that measurement of difference of the maximum and minimum DTA 

diameters is dependent on accurate measurement during echocardiography via the subcoastal 
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views. Also, some patients have suboptimalsubcoastal windows to assess the DTA 

distensibility.Measurement of DTA diameters during angiography requires the contrast agent 

to pass adequately to the thoracic aorta for it to opacify it completely; the amount of contrast 

also depends on forward stroke volume. 

In a study by Pearson et al, distensibility of the thoracic aorta was found to be decreased 

in patients with hypertension and increased age. (84) However, transesophageal 

echocardiography (TEE) was used to assess the thoracic aortic diameters instead of 

transthoracic echocardiography which was used in our study. TEE gives a superior echo window 

than TTE for evaluating the thoracic aorta and all the studies so far have used TEE for the same.  

Heart rate differences 

In addition to the differences in the blood pressures during angiography versus 

echocardiography, mean heart rates also differed with a higher mean HR during angiography 

than during echocardiography (74.8 ± 12.3 bpm versus 84.8  ± 15.3 bpm). This is expected due 

to the associated anxiety and variable response to pain that a patient has during an invasive 

procedure. 

LIMITATIONS OF THE STUDY 

Small sample size was a major limitation of this study. Differences in mean heart rates 

during echo and angiography were not factored in the distensibility measurements. Suboptimal 

echo windows in patients interfere with accurate measurement of distensibility. The study was 

done in hospitalized patients, in order to utilize the angiographic measurements as the 

measuring standard and hence normal population could not be evaluated as controls. 
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CONCLUSIONS 

1. This study has demonstrated a good correlation between a non-invasive means of 

measurement of ascending aortic distensibility using transthoracic echocardiography 

with the invasive gold standard of angiography. This correlation exists in both 

hypertensives as well as non-hypertensives. 

2. Decreased distensibility of the ascending aorta was associated with older age and 

hypertension. 

3. Descending thoracic distensibility, however does not show correlation of trans 

abdominal echocardiographic measures with angiographic method. 

4. Color tissue Doppler M mode echocardiography could not add additional information in 

understanding the expansion and relaxation, since it reflected the translatory 

movements of the aorta and masked the pulsatile movement of its wall  

5. Overall, distensibility does not correlate with 24-hours urinary salt excretion, obesity, 

diabetes mellitus or LV dysfunction. 

6. Echocardiography can be used as a non-invasive, cheap and an easily available bedside 

alternative for assessment of distensibility. 
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ANNEXURE 

 

CV – Cardiovascular  

LVH – Left ventricular hypertrophy 

PWV - Pulse wave velocity  

LV  - Left ventricular  

PLAX  - Parasternal Long Axis view  

BMI – Body Mass Index 

CAD – Coronary artery disease  

AS- arterial stiffness  

CVD – Cardiovascular disease  
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PROFORMA 

 

Demography: 

Age 

Sex 

Hospital number 

Weight 

Height  

Body Mass Index (BMI) 

Diabetes mellitus 

Hypertension 

Dyslipidemia 

Family history of coronary artery disease 

Renal dysfunction 

History of Coronary artery disease 

Medication history 

 

Clinical examination:  

General examination and cardiovascular system  
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Investigations:  

Hemogram 

Renal function tests 

Liver function tests 

Serum electrolytes  

Lipid profile  

Urine routine 

Urine spot electrolytes 

24-hours urinary electrolytes  

 

Echocardiography: 

Brachial blood pressure and heart rate  

LV function –systolic and diastolic 

LV dimensions  

Valvular regurgitation 

Ascending aortic maximum and minimum diameters on M mode and tissue M mode 

Descending thoracic aorta maximum and minimum diameters on M mode and tissue M mode 

Strain and distensibility measurements  

 

 

Angiography: 

Ascending aortic blood pressure 
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Heart rate  

Descending thoracic aorta blood pressure 

Left ventricular angiography/aortic root angiography – measurement of maximum and minimal 

ascending aortic and descending thoracic aorta diameters  

Strain and distensibility measurements 
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20
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71 2 56 157 22.7 1.55 1

21 Syed Ali 429101 44 2 68 165 25 1.75 0
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Vasudeva
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427257
72 2 56.3 161 21.7 1.59 1

23
MohanaK
urup

428916
58 2 65.8 163 24.8 1.71 1

24 Molly 392146 56 1 55.7 145 26.5 1.46 0



25
Usha 
Vijayan 

430475
60 1 36 146 16.9 1.22 1

26
Cheru 
Mony 

430113 68 2 56.7 159 22.4 1.58 0

27 Safiya Beev 432945 60 1 58.4 146 27.4 1.5 0
28 Jaimon  431473 47 2 68.5 171 23.4 1.8 0
29 Sasidharan 401317 60 2 45.6 158 18.3 1.43 0
30 Radhakrish 279661 59 2 58 167 20.8 1.65 0
31 Ibrahim  428636 53 2 67 171.4 22.8 1.79 0
32 Shihabudee 435418 35 2 75 159 29.7 1.78 0

Name Hosp no Age(years) Sex Weight (kg Height (cm BMI (kg/m2BSA (m2) HTN 



1 0 0 0 0 0 1 1 64 14

1 0 0 0 4 0
1.2

1
86 27.7

0 0 0 0 0 0 1 1 244 59

1 1 0 0 1 0 1.1 1 113 54

0 1 0 1 1 0 1 1 102 52

0 0 0 1 1 0 1 1 195 25.6

1 1 0 1 1 0 1.5 1 71 26

1 1 0 0 2 0 1.34 1 109 40.3

0 1 0 0 0 0 1.1 1 147 38.4

0 0 0 0 0 1 0.8 1 91 56

0 0 0 0 0 0 0.8 2 110 34

0 0 0 0 2 0 0.8 1 78 60.8

1 0 0 3 0 0.7 2 24 13.2

1 0 0 0 2 0 1.7 1 106 28.9

1 0 0 0 4 0 1 1 110 30

0 1 0 0 4 0 0.9 1 90 43.6

1 1 0 0 1 0 0.9 1 114 40

0 0 0 0 1 0 1.4 1 137 27.6

0 0 0 0 2 0 1 1 96 35

1 0 0 0 4 0 0.9 1 118 82.4

1 1 0 0 2 0 0.8 1 95 24

1 1 0 0 4 0 1.3 1 84 26.4

1 0 0 0 0 0 1.2 1 112 19.4

1 0 0 0 0 0 0.6 1 127 36



0 0 0 0 0 0 0.8 1 61 15.5

0 1 0 0 0 0 1.1 2 105 17.3

1 0 0 0 0 0 0.7 1 100 23
0 0 0 0 0 0 0.8 1 102 34
0 1 0 0 1 0 0.9 1 98 39
0 1 0 0 1 0 1.3 1 93 34
1 1 0 0 1 0 0.87 1 20 16
0 0 0 0 0 0 0.9 1 121 27

DM  Smoker/tobAlcohol CVA ACS Ca Creat (mg/dSR/AF Urinary  NaUrinary K 



4.571429 1 0 1 0 0 1 0 1 0

3.104693 1 0 0 0 0 1 0 1 0

4.135593 1 0 1 0 1 1 0 1 0

2.092593 0 0 0 1 0 1 1 1 0

1.961538 1 0 0 1 0 1 0 1 0

7.617188 1 0 0 0 0 1 0 1 0

2.730769 1 1 1 0 1 1 1 1 0

2.704715 1 0 1 0 0 1 0 1 0

3.828125 0 0 1 0 1 1 0 1 1

1.625 1 0 0 1 0 1 0 1 0

3.235294 1 0 0 0 0 0 0 1 0

1.282895 0 1 1 0 0 1 0 1 0

1.818182 1 0 0 1 0 1 1 1 0

3.66782 1 0 1 0 1 1 0 1 1

3.666667 1 0 1 0 1 1 1 1 0

2.06422 1 0 0 1 1 1 0 1 0

2.85 1 0 0 1 1 1 1 1 0

4.963768 1 0 0 1 0 1 1 1 0

2.742857 0 0 0 0 1 1 0 1 0

1.432039 1 0 1 0 1 1 1 1 0

3.958333 1 0 0 1 1 1 1 1 0

3.181818 1 0 1 0 1 1 1 1 0

5.773196 0 0 1 0 0 0 0 1 0

3.527778 1 0 0 0 0 0 0 0 0



3.935484 0 0 0 1 0 0 0 0 0

6.069364 0 0 0 0 0 0 0 0 0

4.347826 1 0 1 0 1 1 0 1 0
3 0 0 1 0 0 0 0 0 0

2.512821 0 1 1 0 0 0 1 1 0
2.735294 1 0 1 0 0 1 1 0 0

1.25 0 1 1 0 1 1 0 1 1
4.481481 1 0 0 1 0 1 0 0 0
urinary na: Beta blockeCCB ACE‐1 ARB Diuretics  Antiplatele Nitrates  Statin  Digoxin 



0 3.14 2.89 80 110 70 83 40 8.6

1 3.94 3.17 92 120 70 87 50 24.2

0 3.74 3.55 88 110 80 90 30 5.35

2 3.38 3.16 70 140 90 107 50 6.96

0 16 3.61 3.51 52 120 78 92 42 2.84

2 10 3.98 3.87 80 120 70 87 50 2.84

1 15 3.45 3.11 82 130 70 90 60 10.93

3 4.03 3.68 110 166 78 107 88 9.58

0 20 3.61 3.42 90 178 78 111 100 5.55

0 3.2 3.14 92 180 80 113 100 1.91

0 10 2.57 2.46 110 170 88 115 82 4.47

2 3.47 3.04 100 138 81 100 57 14.14

3 3.1 2.99 110 178 88 118 90 3.67

3 4.1 3.9 90 115 80 92 35 5.12

3 23 4.1 4 88 140 88 105 52 2.5

1 20 4.5 4.3 100 190 78 115 112 4.65

3 4.82 4.33 76 180 100 127 80 11.31

3 3.57 3.18 88 128 78 95 50 12.26

3 3.25 3.19 72 108 74 85 34 1.88

2 3.84 3.65 78 157 56 90 101 5.2

3 2.65 2.51 88 132 90 104 42 5.57

1 2.84 2.58 80 142 70 94 72 10.07

0 18 3.59 3.27 40 159 62 94 97 9.78

0 22 3.62 3.53 78 114 70 85 44 2.54



0 16 2.49 2.28 110 180 110 133 70 9.21

0 3.2 3 76 128 70 89 58 6.66

0 2.33 2.25 82 114 72 86 42 3.55
0 3.51 3.44 90 126 76 93 50 2.03
1 12 3.5 3.3 72 122 68 86 54 6.06
1 20 2.89 2.74 88 104 62 76 42 5.47
3 25 3.2 3 74 100 79 86 21 6.66
0 18 3.32 3.19 88 134 80 98 54 4.07

CAG Lved CAG AA maCAG AA mi Heart rate  AA BP systoAA BP diastMean BP  Pulse pressStrain  %



2.1 58 80 81 6.48 2.64 2.32 120 70 87

4.85 58 92 80 7.36 2.22 2.19 122 72 89

1.78 59 88 80 7 2.69 2.55 130 84 99

1.39 57 70 81 5.67 2.19 2.05 147 90 109

0.67 51 52 75 3.9 2.67 2.25 123 77 101

0.56 47 80 3.45 2.98 2.74 132 70 91

1.82 33 82 4.2 2.3 2.14 135 76 96

1.22 54 110 52 5.72 3.1 3.07 168 73 105

0.55 38 90 3.3 2.8 2.6 180 80 113

0.91 92 5.6 1.99 1.94 182 78 113

0.54 60 110 4.27 1.7 1.46 178 92 121

2.48 67 100 6.5 1.85 1.67 162 110 127

0.4 65 110 6.2 2.45 2.04 180 80 113

1.46 90 2.6 2.5 123 90 101

0.48 40 88 61 5.36 2.66 2.57 144 90 108

0.41 64 100 99 9.9 2.96 2.65 198 80 119

1.41 76 2.8 2.7 182 90 121

2.45 54 88 50 4.4 2.17 1.92 155 88 110

0.55 37 72 63 4.53 2.42 2.32 110 70 83

0.51 26 78 47 3.66 2.54 2.52 160 60 93

1.32 51 88 59 5.19 2 1.92 138 90 106

1.39 80 4.8 2.37 2.16 150 70 97

1 49 40 80 3.2 2.52 2.38 166 64 98

0.57 78 3.9 2.02 1.84 130 70 90



1.31 110 2.14 2.07 1.74 230 104 146

1.14 76 2.2 2.09 132 70 91

0.84 49 82 60 4.92 1.78 1.52 116 72 87
0.4 73 90 55 4.95 2.46 2.44 130 80 97

1.12 72 3.17 2.52 2.38 126 70 89
1.3 34 88 78 6.8 2.23 1.95 110 64 79

3.17 35 74 91 6.73 2.72 2.67 110 80 90
0.75 60 88 124 10.9 2.44 2.1 140 80 100

Distensibili EF  Heart rate  SV  CO CAG DTA mCAG DTA mDTA BP sys DTA BP dia mean BP 



50 13.7 2.75 2.7 2.78 2.62 2.5 2.46 2.46 2.7

50 1.36 0.27 2.8 2.75 2.82 2.63 2.55 2.56 2.79

46 5.49 1.19 3.8 4 4.1 3.77 3.7 3.8 3.96

57 6.82 1.19 2.52 2.86 2.75 2.48 2.69 2.58 2.71

46 18.66 4.05 2.83 2.98 2.88 2.77 2.79 2.7 2.89

62 8.75 1.41 3.56 3.54 3.65 3.41 3.48 3.5 3.58

59 7.47 1.26 2.85 2.85 3.09 2.65 2.74 2.71 2.93

95 0.97 0.1 3.87 3.8 3.85 3.54 3.57 3.6 3.84

100 7.69 0.76 3.06 3.1 3.23 2.97 2.97 3.06 3.13

104 2.57 0.24 2.94 2.83 2.83 2.77 2.62 2.59 2.86

86 16.43 1.91 2.59 2.59 2.53 2.53 2.5 2.41 2.57

52 10.77 2.07 4.08 4.08 4.08 3.82 3.65 3.53 4.08

100 20 2 3.06 3.06 3.1 2.97 3.02 3.06 3.07

33 4 1.21 3.4 3.4 3.31 3.27 2.97 3.06 3.37

54 3.5 0.64 3.06 3.31 3.19 3.02 3.19 3.02 3.18

118 11.69 0.99 3.82 3.4 3.4 3.78 3.31 3.36 3.54

92 3.7 0.4 4.9 4.63 5.27 4.2 4.09 4.52 4.93

67 13 1.94 4.08 4.08 4.08 3.82 3.65 3.53 4.08

40 4.31 1.07 2.89 2.85 2.8 2.8 2.72 2.76 2.84

100 0.79 0.07 3.02 3.02 2.85 2.85 2.85 2.8 2.96

48 4.16 0.86 2.51 2.46 2.38 2.17 2.34 2.17 2.45

80 9.7 1.21 3.53 3.57 3.78 3.44 3.27 3.61 3.62

102 5.88 0.57 2.89 2.76 2.72 2.42 2.25 2.51 2.79

60 9.78 1.63 2.97 3.06 3.06 2.93 2.93 2.97 3.03



126 18.96 1.5 2.59 2.72 2.55 2.46 2.42 2.34 2.62

62 5.26 0.84 3.57 3.57 3.57 3.36 3.44 3.48 3.57

44 17.1 3.88 2.62 2.68 2.65 2.55 2.46 2.52 2.65
50 0.81 0.16 2.89 2.8 2.89 2.76 2.76 2.8 2.86
56 5.88 1.05 3.4 3.02 3.36 3.27 2.93 3.1 3.26
46 14.35 3.12 3.99 3.87 3.82 3.57 3.48 3.61 3.89
30 1.87 0.62 2.89 2.97 3.02 2.85 2.89 2.89 2.96
60 16.1 2.69 2.85 2.89 2.8 2.68 2.85 2.68 2.84

Pulse pressStrain  % Distensibili ECHO AAmECHO AAmECHO AAmECHO AAmECHO AAmECHO AAmAverage AA



1.66 1.626506 1.62 2.47 116 86 96 30 68 9.3

1.71 1.631579 1.63
2.58 120 80 93 40 78 8.13

1.82 2.175824 2.17 3.75 110 80 90 30 70 5.6

1.83 1.480874 1.48 2.58 120 76 91 44 60 5.03

1.76 1.642045 1.64 2.75 107 66 80 41 54 5.09

1.64 2.182927 2.18 3.46 120 76 91 44 80 3.46

1.7 1.723529 1.72 2.7 160 90 113 70 76 8.51

2 1.92 1.92 3.57 151 78 102 73 78 7.56

1.63 1.920245 1.92 3 130 80 97 50 82 4.33

1.48 1.932432 1.93 2.66 160 ninety 113 70 70 7.51

1.53 1.679739 1.67 2.48 140 80 100 60 108 3.62

1.9 2.147368 2.14 3.66 138 98 111 40 68 11.47

1.52 2.019737 2.01 3.01 160 90 113 70 76 1.99

1.81 1.861878 1.86 3.1 110 70 83 40 72 8.7

1.91 1.664921 1.66 3.07 150 80 103 70 73 3.58

1.68 2.107143 2.1 3.48 120 60 80 60 68 1.72

1.85 2.664865 2.66 4.27 190 90 123 100 106 15.45

1.42 2.873239 2.87 three point 110 70 83 40 60 11.47

1.61 1.763975 1.76 2.76 110 76 87 34 64 2.89

1.55 1.909677 1.9 2.83 140 90 107 50 72 4.59

1.75 1.4 1.4 2.22 125 73 102 52 82 10.36

1.59 2.27673 2.27 3.44 120 70 87 50 100 5.23

1.71 1.631579 1.63 2.39 120 60 80 60 68 16.73

1.46 2.075342 2.07 2.94 120 90 100 30 74 3.06



1.22 2.147541 2.14 2.4 143 97 112 46 72 9.16

1.58 2.259494 2.25 3.45 121 74 90 47 70 3.47

1.5 1.766667 1.76 2.51 112 70 84 42 82 5.57
1.8 1.588889 1.58 2.77 154 76 102 78 56 3.24

1.43 2.27972 2.27 3.1 110 60 77 50 68 5.16
1.65 2.357576 2.35 3.53 130 90 103 40 86 10.19
1.79 1.653631 1.65 2.87 100 87 91 13 74 3.13
1.78 1.595506 1.59 2.73 120 76 91 44 80 4.02

BSA (m2) Average AABP systolic BP diastolicmean BP  PP HR  Strain (%) 



3.1 2.15 1.95 2.02 1.82 1.69 1.89 30 2.04 1.8

2.03 2.12 2.24 2.3 2.05 2.1 2.25 40 2.22 2.13

1.86 2.55 2.25 2.15 2.01 1.93 1.95 30 2.31 1.96

1.14 1.84 1.97 1.85 1.66 1.7 1.6 44 1.88 1.65

1.24 2.23 2.22 2.29 2.19 2.1 2.14 41 2.24 2.14

0.78 2.2 2.15 2.17 2.02 1.95 1.95 44 2.17 1.97

1.21 1.85 1.83 1.81 1.76 1.66 1.7 70 1.83 1.7

1 3.5 3.45 3.56 3.04 3.06 3.1 73 3.5 3.06

0.86 2.47 2.55 2.55 2.2 2.37 2.39 50 2.52 2.32

1.07 2 1.96 1.8 1.79 1.73 1.55 70 1.92 1.69

0.6 1.8 1.61 1.4 1.61 1.5 1.2 60 1.6 1.43

2.86 2.62 2.56 2.56 2.5 2.5 2.32 40 2.58 2.44

0.284 1.94 2.24 2.04 1.89 2.09 1.94 70 2.07 1.97

2.17 1.94 2.26 2.15 1.67 1.88 1.72 40 2.11 1.75

0.51 1.99 2.19 1.89 1.94 1.89 1.4 70 2.02 1.74

0.28 2.26 2.26 2.31 1.78 2.1 2.15 60 2.27 2.01

1.5 2.55 2.55 2.66 2.44 2.49 2.44 100 2.58 2.45

2.86 2.62 2.56 2.56 2.5 2.5 2.32 40 2.58 2.44

0.85 2.09 1.99 2.29 1.73 1.89 2.04 34 2.12 1.88

0.91 2.26 2.26 2.21 2.1 1.99 1.99 50 2.24 2.02

1.99 1.88 1.78 2.05 1.78 1.56 1.67 52 1.9 1.67

1.04 1.94 1.94 1.88 1.72 1.88 1.72 50 1.92 1.77

2.78 2.19 2.35 2.14 1.78 2.19 1.99 60 2.22 1.98

1.02 1.78 1.83 1.88 1.69 1.69 1.78 30 1.83 1.72



1.99 1.91 2 1.87 1.78 1.95 1.74 46 1.92 1.82

0.74 2.29 2.38 2.42 2.17 2.25 2.21 47 2.36 2.21

1.32 2.32 2.1 2.34 2.16 2.02 2.12 42 2.25 2.1
0.41 2.11 2.11 1.9 1.97 1.97 1.77 78 2.04 1.9
1.03 2.19 1.94 2.35 1.94 1.68 2.04 50 2.16 1.88
2.54 2.4 2.54 2.26 2.08 2.31 2.05 40 2.4 2.14
2.41 2.21 2.31 2.06 2.1 2.15 2.05 13 2.19 2.1
0.91 1.99 2.1 2.05 1.72 1.78 1.88 44 2.04 1.79

Distensibili ECHO DTAmECHO DTAmECHO DTAmECHO DTAmECHO DTAmECHO DTAmPP Average DTmin 



13 4.44 45 29 67 35 0 68

4.22 1.05 43 24 70 32 0 78

17.8 5.95 43 35 37 39 0 70

13.9 3.16 49 31 52 33 60

4.67 1.13 52 35 45 47 54

10.15 2.3 47 35 35 32 80

7.64 1.09 53 45 34 34 76

14.37 1.96 39 30 42 36 78

8.6 1.72 67 52 44 48 82

13.6 1.94 42 21 46 35 70

11.88 1.98 44 25 74 34 108

5.73 1.43 44 23 76 48 68

5.07 0.72 44 27 67 34 76

20.57 5.14 71 53 39 40 72

16.09 2.29 58 42 52 39 73

12.93 2.15 55 26 82 48 4 68

5.3 0.88 44 28 66 30 1 106

5.83 1.45 46 33 49 35 0 60

12.76 3.75 50 40 40 37 3 64

10.89 2.17 53 44 33 49 2 72

13.77 2.64 58 43 48 37 2 82

8.47 1.69 58 46 28 34 2 100

12.12 2.02 47 32 60 35 1 68

6.39 2.13 27 18 62 43 2 74



5.49 1.19 40 19 82 27 0 72

6.78 1.44 39 20 80 55 0 70

7.14 1.7 45 36 42 31 0 82
7.36 0.94 51 23 85 54 3 56

14.89 2.97 73 66 20 41 0 68
12.14 3.03 42 26 66 38 0 86
4.28 3.29 62 54 28 49 3 74

13.96 3.17 60 48 40 39 2 80
Strain  % Distensibili LVd LVs EF LA mr HR 
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