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Abstract— Arterial stiffening is a common but highly 

variable disorder. Additionally, excessive arterial pulsatility is 

associated with various common diseases of aging and 

hypertension. Fractal dimension (FD) quantifies the time series 

complexity defined by its geometrical representation. 

Objective: Arterial pressure and diameter time series were 

evaluated in order to assess the relationship between arterial 

stiffness and FD. Methods: Three Corriedale male sheep were 

operated. Left anterior descending artery (LAD) was dissected 

and the external arterial diameter was measured trough 

sonomicrometry. Similarly, a pressure microtransducer was 

positioned in the upper third of the ascending aorta. 

Simultaneous pressure and diameter were measured in normal 

state and under smooth muscle activation. Each time series FD 

were assessed by the application of Higuchi’s method while 

arterial wall elastic modulus was evaluated by means of the 

pressure-strain relationship. Results: Coronary stiffness was 

increased from normal state to phenylephrine state (47.32%, 

21.12%, 10.87%) while aortic pressure FD was decreased 

(2.11%, 2.57%, 6.85%), respectively. Conclusion: Acute 

hypertension induced by phenylephrine produces an increase in 

the coronary wall elastic modulus with a concomitant decrease 

in the fractal nature of the aortic pressure, suggesting that 

coronary stiffening is associated with an unwrinkled aortic 

pressure. 

Key words—coronary artery, fractal dimension, unwrinkling, 

coronary arterial stiffness. 

 

I. INTRODUCTION 

rterial stiffening is a common but highly variable 

disorder that is associated with advancing age and 

exacerbated by many known cardiovascular disease risk 

factors, including genetic factors. The cardiac muscle 

provides blood flow to the arterial system, exerting 

hemodynamic forces on the vessel walls. About this, the 

main function of systemic circulation is to guarantee a 

continuous blood flow at capillary level.  

Previous works have stated that excessive arterial 

pulsatility is associated with various common diseases of 

aging and hypertension [1]. In this sense, mechanic behavior 

 
Manuscript received March 15, 2012. This work was supported by National 
Technological University (NTU) – FONCyT – IP – PRH – 2007. 

L. Cymberknop, F. M. Pessana, R. L. Armentano and W. Legnani are 

from Buenos Aires Regional Faculty, National Technological University, 
Medrano 951, (C1179AAQ), Ciudad Autónoma de Buenos Aires, Argentina 

(e-mail: lcymber@ieee.org). 

F. M. Pessana, A. Crottogini and R. L. Armentano are from Faculty of 
Engineering and Exact and Natural Sciences, Favaloro University, Buenos 

Aires, Argentina (e-mail: armen@ieee.org) 

 

of large arteries, denoted by its viscoelastic properties, plays 

a fundamental role [2]. Concerning the above, the presence 

of changes in large arteries of coronary circulation (which is 

responsible for the blood supply to the heart muscle) can be 

directly related to the pathogenesis of myocardial ischemia 

in coronary heart disease (CHD).  

Traditionally, the diagnosis of coronary stenosis severity 

was based only on angiography methods. However, the 

clinical significance of a coronary stenosis cannot be fully 

characterized based on its geometry alone [3]. Therefore, the 

analysis of the stress (applied pressure) - strain (diameter 

variation) relationship is required in order to perform an 

entire evaluation of the arterial biomechanical behavior [4, 

5]. On the other hand, smooth muscle activation (SMA) also 

alters the viscosity as well as the elasticity of the vessel wall 

[6]. Recent studies have proposed that central (and not 

peripheral) aortic pressure (AP), by means of the evaluation 

of its “excess” component, results in the “best” indicator of 

cardiac events [7].  

Arterial stress-strain relationship results highly nonlinear, 

as well as most of the interactions between parameters 

related to cardiovascular dynamics. However, linear 

approaches have been widely applied and nonlinear 

information has been frequently underestimated [8]. Even 

so, assessment of coronary stiffening remains difficult to 

obtain by traditional methods. Concerning this, appropriate 

tools are required to analyze the temporal dynamics of the 

signals involved, in order to characterize the whole 

phenomenon. Fractal geometry can be mentioned as one of 

these techniques, mainly due to the fractal nature of cardiac 

structure and its associated mechanical function [8]. In 

geometric terms, a fractal signal cannot be described or 

quantified by usual Euclidean measures, owing to its high 

irregularity [9]. 

The aim of this study consisted on AP processing by 

means of nonlinear techniques based on fractal geometry 

[10]. Additionally, obtained AP fractal complexity was 

related to different coronary wall stiffness states, during in 

vivo experiences. Coronary elastic modulus was obtained by 

means of the slope of the central pressure vs. coronary 

arterial diameter loop. Coronary arterial pressure (CP) and 

AP were measured simultaneously, in order to demonstrate 

that either of them can be used in coronary arterial stiffness 

assessment. Experiments were performed under acute 

hypertension states, induced by the activation of smooth 

muscle cells, by means of the administration of a sympatho-
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mimetic drug. 

II. MATERIAL AND METHOD 

A. Fractal Dimension. Higuchi’s method 

Fractal dimension (FD) quantifies how densely a metric 

space is occupied by the fractal set [11]. Moreover, FD 

determines the time series complexity measure defined by its 

geometrical representation [12]. From a theoretical point of 

view, a fractal can be defined as an affine self-similar set, 

whose Hausdorff dimension (a measure of the space “filled” 

by the set at its point’s neighborhood) is strictly larger than 

its topological dimension [13]. Considering a time series of 

one time dependent variable, its FD value is included in the 

interval [1,2]. While the Hausdorff dimension is the most 

relevant measure, on a practical level, Box counting (BCD) 

or Correlation dimensions (CD) are implemented more 

frequently [14]. The former has been selected for FD 

analysis, during the present study.    

Assessment of FD was performed by applying the 

method proposed by Higuchi [15]. A number of subsets 

based on the original temporal series (x(t), of length N) are 

generated, considering an initial time value (m) and a 

temporal increment (k) as parameters, as follows: 
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The term [(N-m)/k] in (1) denotes the maximal time 

interval (Gauss notation) that can be considered for a 

selected m value. For each experimental time series, an 

averaged length is calculated (Lm(k)), as can be observed in 

the following expression:  
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Then, the time series length function for each time 

increment (L(k)) is assessed, according to the expression: 
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Finally, if L(k) k
-FD

 is found, the time series 

morphology may be quantified by its FD value. The latter 

can be obtained by applying a linear regression method to a 

doubly logarithmic scale representation of L(k) against 1/k. 

In addition, maximal value of time interval k (kmax) should be 

emphasized, especially if adequate accuracy is required in 

the FD estimation process.   

Higuchi proposed a method that may be applied to any 

kind of time series, stationary or not. However, the obtained 

value lack of information related to the system involved 

(deterministic, chaotic or stochastic), which is responsible 

for the signal being analyzed. In consequence, the method 

should be applied in the evaluation of variations that have 

occurred in the same signal (before and after significant 

events or different physiological states, such as those 

considered for this procedure) [14]. During the present 

study, arterial pressure time intervals acquired at a sampling 

rate of 400Hz, were processed by means of Higuchi’s 

method, by applying a moving window to an obtained time 

series of a length of at least twenty five cardiac cycles. 

Established maximal value for k (kmax) was of 32, which was 

estimated by applying linear regression analysis to 

consecutive groups of 5 points, belonging to the doubly 

logarithmic graph, which remained within an error band of 

5% maximum variation. 

B. Signal Processing algorithms development  

Signal processing algorithms were developed on MatLab 

platform (MathWorks INC, Massachusetts, USA) through 

the design and implementation of a graphic user interface 

(GUI). Prior to the non-linear processing, existing trends 

were eliminated (by means of digital filtering) and a wavelet 

transform analysis was applied (de-noising method, [16]) 

with the purpose of eliminating undesired fluctuations 

originated during the acquisition procedure. 

C. Surgical Procedure 

Three Corriedale castrated male sheep weighing 

28.4±3.2 kg were operated. After premedication with 

intramuscular acepromazine maleate (0.2 mg/kg), anesthesia 

was induced with intravenous sodium thiopental (20 mg/kg) 

and maintained with 2% halothane in pure oxygen under 

mechanical ventilation (Neumovent 910, Córdoba, 

Argentina). The electrocardiogram, heart rate and oxygen 

saturation (Novametrix 515A pulse oxymeter, Wallingford, 

CT) were monitored during surgery and recovery. After a 

sterile minithoracotomy at the 4th intercostal space, the left 

anterior descending artery (LAD) was dissected just 

proximal to the origin of the second diagonal branch. To 

measure the external diameter, a pair of ultrasonic crystals (5 

MHz) was sutured to the upper third of the LAD. The 

ultrasonic signal transit time was converted into distance 

through a sonomicrometer (Triton Biosciences Inc., 

California, USA). A pressure microtransducer (Millar 

Micro-tip® catheter) was positioned in the upper third of the 

ascending aorta. In order to compare this pressure with 

coronary arterial pressure, one sheep was instrumented with 

a Konigsberg P2.5 microtransducer (1200Hz, Pasadena, 

USA) located in a lateral branch close to the upper third of 

the LAD. Simultaneous aortic pressure and diameter were 

measured in normal state and under SMA: PHE group 

(administration of phenylephrine 5 μg/kg/min). All 

experimental procedures were performed in agreement with 

ethics norms and international recommendations about 

research in laboratory animals, ratified in Helsinki and 

actualized by the Physiology American Society (1981) [17]. 

D. Coronary Stiffness Assessment  

Changes in coronary wall stiffness were estimated 

assuming that the arterial wall is an isotropic homogeneous 
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elastic material. Consequently, a linear elastic theory was 

applied, as follows:  

 

d

dP
E   (4) 

where E is the pressure-strain elastic modulus [18], 

Pcorresponds to the aortic pressure and corresponds to 

the LAD strain. The latter was obtained by referring the 

dynamic diameter to its non-stressed value. The slope of the 

pressure-strain curve was evaluated at mean aortic pressure 

values (isobaric analysis).   

III. RESULTS 

Arterial pressure and LAD diameter measured signals 

may be observed in Figure 1, for a typical case. Similar 

morphology was found in the rest of the processed cases, for 

different arterial stiffness states. 

 
Fig. 1.  Higher Panel: In-vivo measured coronary arterial pressure. Lower 

Panel: In-vivo measured coronary arterial diameter.  

Comparison between aortic pressure and coronary 

arterial pressure can be appreciated in Figure 2. A strong 

linear dependence between both pressures was obtained 

(AP=1.046xCP-4.79, r
2
=0.967; p<0.001), suggesting that 

both waveforms are indistinguishable. 

 
Fig. 2.  Higher Panel: In-vivo measured aortic pressure. Lower Panel: In-

vivo measured coronary arterial pressure. 

FD obtained by applying Higuchi’s method, showed 

differences during steady state phenylephrine administration 

(Figure 3), for all processed time series. An unwrinkled 

aortic pressure time series can be observed. 

Table I shows FD and the elastic modulus variation, both 

referred to normal states, during in vivo experiments under 

drug administration. The increase of arterial pressure 

pulsatility, yield a vascular response, expressed by changes 

in the elastic modulus. 

 
Fig. 3.  Higher Panel: In-vivo measured aortic pressure, normal state. 

Lower Panel: In-vivo measured aortic pressure during steady state 

phenylephrine administration (unwrinkled time series).  

IV. DISCUSSION 

The purpose of the present study was to process central 

pressure and coronary diameter time series, in order to 

evaluate the relationship between coronary arterial stiffness 

and aortic pressure fractal dimension estimation. FD was 

applied, as a non-linear measure, in order to quantify arterial 

pressure complexity (or roughness). Each time series FD 

assessment was performed by the application of Higuchi’s 

method, which is widely utilized in non-linear signal 

processing literature. Arterial wall stiffness was evaluated by 

means of the first derivative of the pressure-strain 

relationship, at mean aortic pressure values since both 

measured pressures are equivalent (see Figure 2).  

TABLE I 

AORTIC PRESSURE FRACTAL DIMENSION AND CORONARY STIFFNESS 

VARIATIONS BETWEEN NORMAL AND PHENYLEPHRINE STATES. 

Case # 
Weight 

(kg) 

Normal 

FD 
FD/FD 

Normal 

E  
E/E  

Sheep 1 31.25 1.2392 -2.1062 0.8296 47.3236 

Sheep 2 28.95 1.0866 -2.5676 2.3952 21.1171 

Sheep 3 24.88 1.5905 -6.8532 5.5164 10.8749 

FD: Fractal Dimension. E: Elastic modulus (105 dyn/cm2). FD/FD (%): 

Aortic pressure FD variation. E/E (%): Elastic Modulus variation. 

Percentage values were referred to its normal state. 

Acute hypertension induced by SMA decreased FD 

concomitant to the coronary stiffening. This behavior 

suggests that arterial hyperpulsatility induced by a 

sympatho-mimetic drug administration is responsible for the 

“unwrinkling” of aortic blood pressure. 

To our knowledge, fractal characterization of arterial 

pressure and its association to the coronary pressure-strain 

relationship has not been previously reported. The present 

results suggest an evident trend between arterial wall 

elasticity and the morphology of the acquired pressure time 

series. The latter could be quantified by the application of 

non-linear analysis, as provided by the fractal geometry. The 

relationship between estimated FD values of arterial pressure 
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might be able to differentiate local/global arterial stiffness 

states, improving the information provided by linear-models 

based estimations. 

It is worth noting that pulse pressure, one of the most 

used indexes in cardiovascular disease risk prediction [19], 

is based on extreme values (difference between systolic and 

diastolic pressures) neglecting the richer morphological 

information of the pressure waveform. The present work 

proposes the use of fractal complexity to evaluate the whole 

information. A loss of fractal complexity (or AP 

unwrinkling), quantified by a decrease of its FD, could be 

useful as a marker of coronary stiffening to be used in the 

clinical practice. Furthermore, arterial stiffness assessment 

by means of time series fractal complexity could avoid 

problems related to the arterial pressure waveform 

calibration and to overcome the well-known statement that 

brachial pressure overestimates central pressure, especially 

in young people [19]. It has been stated that central aortic 

pressure is an indicator of generalized cardiac events. In 

reference to this, the loss of complexity of AP time series 

may be used as a complementary predictor of coronary 

disease development. One aspect to be considered is the 

variability observed in the elastic modulus variation, among 

the processed cases. The obtained differences could be the 

result of the myocardium influence over the coronary tree, 

beside other factors. 

In conclusion, acute hypertension induced by 

phenylephrine produces an increase in the coronary wall 

elastic modulus with a concomitant decrease in the fractal 

nature of the aortic pressure, suggesting that coronary 

stiffening is associated with an unwrinkled aortic pressure. 

Further studies will be needed to demonstrate conclusively 

that arterial stiffness may be responsible for the loss of 

fractal complexity in arterial pressure.  
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