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ABSTRACT 

 

The standard assessment of myocardial perfusion has several limitations since it is mainly based on its 

relative distribution. In the clinical practice, the evaluation of perfusion by using Computed Tomography 

(CT) Imaging is usually performed visually or semi-quantitatively. The scarcity of quantitative perfusion 

data not always allows a proper diagnose of patients which are suspected of suffering from some 

diseases, such as Ischemic Heart Disease (IHD). This project aims to develop a clinical tool for the 

automatic quantification of myocardial perfusion in patients with suspected IHD. Myocardial perfusion is 

assessed based on a combined diagnosis protocol (CT/CTP protocol) which involves the acquisition of two 

contrast-enhanced CT images, one obtained at rest and another acquired under pharmacological stress.  

All perfusion images are evaluated in the short-axis view of the left ventricle (basal, medium and apical 

slices), divided in different segments according to the 16-AHA-segmentation model and divided 

circumferentially in two layers with the same thickness to define subendocardium and subepicardium. 

The clinical tool, which is developed with MATLAB, enables the automatic quantification of perfusion in 

each myocardial segment by providing the mean of Hounsfield Units in those regions. Based on this 

analysis the clinicians can compared the values at baseline and at hyperemia, and they can better 

determine hypoperfusion defects in patients with IHD. 

The validation of the clinical tool is performed by comparing automatic and manual perfusion 

measurements of 10 patients with suspected IHD who were previously assessed with Single Photon 

Emission Computed Tomography (SPECT) for perfusion analysis.  A strong linear correlation is found 

between the automatic and manual results.  Afterwards, perfusion defects obtained from CT/CTP 

protocol are compared to perfusion defects from SPECT, to assess the applicability of this clinical tool for 

the diagnosis of IHD. Sensitivity, specificity, positive predictive value and negative predictive values of 

CT/CTP protocol are 0.64, 0.36, 0.48 and 0.88, respectively. Results from these measurements are not 

quite good. Nonetheless, the analysis should be done increasing the number of patients to have a better 

assessment of this protocol for the diagnosis of this disease. 
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MOTIVATION AND PROJECT STRUCTURE  

 

The diagnosis of Ischemic Heart disease (IHD) is a tedious task since it requires several examinations and 

clinical tests to identify the lesions in coronary arteries (mainly due to atherosclerosis) and the real 

consequences of them in myocardial perfusion. Since there is not always correlation between the severity 

of the coronary artery disease and the presence of perfusion defects, the realization of tests providing 

anatomical and functional information is necessary. There is a great interest in optimizing the process and 

assessment of patients with suspected IHD and finding an image modality that gives these two types of 

information in a single examination.  

Multiple studies suggest that combining myocardial Computed Tomography (CT) with Computed 

Tomography Perfusion (CTP) Imaging is a good option for that. The reason is that this protocol enables 

the visualization of coronary arteries at high resolution to detect stenosis, as well as, the study of 

perfusion in different areas of the myocardium to determine the hemodynamic significance of those 

coronary lesions [1]–[7]. In this case, perfusion analysis is performed by comparing two contrast-

enhanced CT images, one obtained at rest and another one obtained at pharmacologic stress, and 

evaluating the amount of blood in each region of the left ventricle. Despite it is still a research diagnostic 

tool and is not yet used in daily clinical practice as the goal standard, there are many studies 

corroborating its reliability and efficacy. 

Up to now the determination of hypoperfused areas using CTP Imaging has been done visually or semi-

quantitatively [1], [2] by the use of manual computational tools. This project proposes a clinical tool for 

the quantification of myocardial perfusion in a simple, automatic and rapid way. It should be emphasized 

that this tool has been designed and implemented based on the needs and requirements in the clinical 

practice, in collaboration with specialists of the Cardiac Image Unit of ‘Hospital Universitari Vall 

d’Hebrón’. 

This report presents and explains all the processes involved in this project. Chapter1 is an introduction to 

contextualize the project and provide background knowledge. This section is composed of two parts, the 

first one aims to familiarize the reader with Ischemic Heart Disease and its diagnosis. The second one 

explains the basis of Computed Tomography and how diagnostic test based on CT/CTP is performed. 

Chapter2 encompasses a lot of information found in the literature about the methods used nowadays in 

the clinical practice to study perfusion and to diagnose IHD. In Chapter3, the methodology for the 

development of the clinical tool is explained. The algorithm developed for the left ventricle segmentation, 

as well as, the steps performed to create the User Interface with MATLAB are presented. Chapter4 

explains the validation process of the algorithm used for quantification of myocardial perfusion. 

Moreover, CT/CTP protocol for diagnosis of IHD is applied in 10 patients and the perfusion defects 

identified are compared with SPECT results. In that way, the possible application this clinical tool may 

have in the clinical data is assessed. Finally, the main conclusions are highlighted in Chapter 5. 
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1. INTRODUCTION 

THEORETICAL BACKGROUND 

 

PART1: ISCHEMIC HEART DISEASE – CORONARY ARTERY DISEASE 

 

Ischemic heart disease (IHD) is the main cause of death and disability in the industrialized countries, not 

only in Europe and North America but worldwide [8], [9]. Despite holding the most number of men and 

women deaths, advances in healthcare have enabled the declining of its mortality in the United States 

and regions where health systems are relatively updated [10], [11].  

IHD is a condition that encompasses the group of syndromes resulting from myocardial ischemia. It 

occurs when myocardium does not receive enough oxygen for its proper functionality due to a deficient 

perfusion caused by an unbalance between cardiac blood supply and myocardial oxygen demand [9].  

 

1.1. ETIOLOGY 

The mechanisms that lead to myocardial ischemia are: a reduction in coronary blood flow or an inability to 

provide enough oxygen to heart due to poor-oxygen blood flow [9], [12], [13].  

Most cases of IHD (at least the 90%) are linked with a decline in blood flow caused by obstructive 

atherosclerotic disease (or atherosclerosis) [9], for that reason IHD is also frequently called Coronary 

artery disease (CAD). However, certain congenital anomalies of coronary arteries (e.g. presence of inter-

arterial passages between the aorta and pulmonary artery compressing the vessel which is between 

those arteries) or some factors that reduce systolic blood pressure (as occurs e.g. with shock or aortic 

stenosis) might restrict blood flow as well.   

Moreover, as mentioned before, IHD can appear when there is not a restriction of blood flow but there is 

an inability to supply sufficient oxygen to myocardium. This might result from situations that increase 

myocardial oxygen demands (intense tachyarrhythmia, hyperthyroidism or hypertrophic cardiomyopathy) 

or with hematologic alterations (such anemia, carbon monoxide intoxication, hypoxemia or hemoglobin 

diseases) leading to a diminished oxygen-carrying capacity to myocardium [12].  

 

1.2. CLINICAL SYMPTOMS  

The main clinical manifestations of IHD are the consequences of an insufficient blood supply to the heart.  

 Angina pectoris is a term used for chest pain or discomfort due to inadequate perfusion and is 

typically associated with a fixed atherosclerotic narrowing (   ) of one or more coronary arteries 

[12], [14]. The biological mechanism associated with angina is the stimulation of vascular 

nociceptors (pain-sensing nerve cells) due to the metabolites delivered in ischemic tissue [13]. 

There are three types: a) stable angina, wherein pain is precipitated by predictable factors such 

certain levels of exertion (an atheroma plaque partially obstructs a coronary vessel) b) variant 
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angina or Prinzmetal angina, wherein pain sometimes occurs at rest due to coronary artery spasm 

(vessel spasm associated or not to atherosclerosis disease)  or c) unstable angina, wherein pain 

occurs with progressively less exercise or even at rest  (thrombus occluding all the lumen of an 

artery)[12], [13].  

 Acute myocardial infarction occurs when myocardial ischemia remains and its severity increases, 

leading to cardiac muscle death [15]. Most of MIs are caused by acute coronary artery 

thromboses, which occurs when disruption of an atherosclerotic plaque results in the formation of 

thrombus that obstructs some coronary arteries [12]. 

 Chronic IHD (or ischemic cardiomyopathy) is progressive heart failure as a consequence of 

ischemic myocardial injury preceded by infarction(s) or low-chronic grade ischemia. [12]. 

 Sudden cardiac death is commonly defined as unexpected death from cardiac causes either within 

or without previous symptoms [12], [16]. The mechanism of most SDC are cardiac arrhythmias 

[12], [17], [18]. There are many evidences holding that such arrhythmias might be associated with 

abnormalities in the autonomic nervous system of those patients [19].  

 

1.3. PATHOGENESIS OF IHD - ATHEROGENESIS 

As commented before, most cases of IHD occurs because of inadequate coronary perfusion primarily due 

to the aggregation of atheroma plaques [12], which are raised lesions in the intima layer with a core of 

lipid covered by a fibrous cap, in the lumen of coronary arteries. For that reason, the pathogenesis of IHD 

is based on the etiology of its precursor i.e. atherosclerosis disease.  

After many years of research, epidemiological studies have revealed that the main biological mechanism 

underlying the appearance of atheroma plaques is based on a vascular inflammation that leads to 

endothelial dysfunction. In addition, it is known that endothelial damage might be promoted by several 

harmful agents known as risk-factors for cardiovascular disease [12], [20], [21]. 

Vascular endothelium is an important regulatory centre of the homeostasis of cardiovascular system [20], 

[22]; since it is the primarily responsible for distributing, throughout the body, the metabolic substances 

needed for the normal functionality of organs and tissues. For that reason, dysfunction of vascular 

endothelium within the walls of arteries might lead to several biological events that promote plaque 

formation and its related complications [13], [20].  

  

1.3.1. Atheroma plaque formation in specific regions of coronary arteries      

Some studies in humans and animals postulate that atheroma plaques tend to appear in regions of 

arteries with disturbed blood flow. Mechanical forces that those regions receive when blood is flowing 

through them are transduced in such a way that gene regulatory networks that modulate vascular 

homeostasis are affected, leading to the manifestation of atheromas in those arteries. Therefore, the role 

of hemodynamic turbulence in atherogenesis is important and certain hemodynamic environments in 

arteries are defined as ‘local risk factors’ for atheroma plaque formation  [12], [20], [22]. 
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Atherosclerosis mainly affects elastic arteries (e.g. aorta, carotid and iliac arteries) and large and medium-

sized muscular arteries (e.g. coronary arteries). The main coronary arteries that suffer from significant 

plaques are left anterior descending (LAD), left circumflex (LCX) and right coronary artery (RCA). The 

lumen of atherosclerotic vessels can be importantly reduced, compromising blood flow to some regions 

of the heart and producing ischemia or more dangerous events, especially when dynamic changes in 

coronary plaque morphology and risk for rupture or disruption are associated with them.  

 

1.3.2. Stable and unstable plaques. Plaque disruption. 

Sometimes, arteries with atheroma plaques (and also healthy vessels) are associated with vasospasm 

which directly compromises lumen diameter and potentiate plaque disruption by increasing local 

mechanical shear forces in arterial wall. Depending on the risk of plaque rupture, two types of plaques 

can be distinguished: 1) stable plaques which are fixed lesions that are at lower risk for rupture and 

2)unstable (or vulnerable) plaques which are lesions subjected to morphological changes and are at higher 

risk.  

In the case of stable plaques, a fixed lesion obstructing 70% to 75% of a vessel lumen –called critical 

stenosis–, usually causes symptomatic ischemia only at stress (stable angina) i.e. when an increase of 

blood flow and oxygen demand are needed. Conversely, a fixed 90% stenosis provoking a severe coronary 

obstruction can trigger an important restricted blood flow even at rest, and chronic IHD.  

In the case of vulnerable plaques, their fibrous cap usually fractures (because its inability to withstand 

mechanical stresses), releasing all its content into the lumen and giving rise to two different events. On 

the one hand, the best case is the emergence of a mural thrombus (newly thrombus) that produces 

partial luminal occlusion. Although artery is not entirely occluded, blood flow can be sufficiently 

compromised to cause a small subendocardial infarction i.e. necrosis of the innermost zone of the 

myocardium. Moreover; unstable angina, embolization of mural thrombus (provoking the obstruction of 

another artery and blocking the blood flow to the heart) and sudden death are other consequences 

associated with rupture of unstable plaques. On the other hand, the worst case is the appearance of a 

thrombus (over the disrupted plaque) occluding the entire lumen of an artery and triggering a massive 

myocardial infarction or sudden cardiac death. 

It is important to mention that some pathological and clinical studies show that two-thirds of ruptured 

plaques have      of stenosis. Therefore, in most cases neither initially critical stenosis nor symptoms 

such angina can be associated with people who have those artery abnormalities. This regrettably gives 

rise to a large number of asymptomatic adults that have significant but unpredictable risk for suffering 

from any of these life-threatening cardiac complications [12], [13]. 

 

1.4. DIAGNOSIS 

Appropriate noninvasive evaluation of patients with suspected CAD is based on the performance of 

several tests, since both anatomical and functional information is required [23]. Either morphologic 
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assessment for coronary artery stenosis or the hemodynamic significance of those lesions in myocardial 

perfusion are necessary to attain a more reliable and effective evaluation and management of these 

patients [5], [24]–[26].  

The main coronary arteries supplying the myocardium are: the circumflex artery, the anterior descending 

artery and the left coronary artery. As commented before, these arteries are also the most likely to suffer 

from atherosclerosis. In general, each of them provides blood to specific regions of the heart muscle but 

some variability between patients is observed in clinical practice. There is not always an accurate 

correlation between the atherosclerotic arteries affected and the regions of the heart that are 

hypoperfused. In addition, fortunately, in those arteries where atheroma plaques grow at slow rate, 

collateral perfusion from other coronary vessels might appear avoiding hypoperfusion, even though 

progression of atherosclerosis has led to total occlusion [12]. 

For these reasons diagnostic performance of combining anatomic and functional assessment in patients 

with suspected CAD is unavoidable. On the one hand, anatomical tests –such cardiac catheterization or 

Computed Tomography Angiography (CTA) with contrast agents– are required to localize the arteries that 

have atheroma plaques. On the other hand, functional tests –such exercise stress test, stress 

echocardiography, Magnetic Resonance Imaging (MRI), Positron Emission Tomography (PET) and Single-

Photon Emission Computed Tomography (SPECT) – are needed to determine heart regions that are 

hypoperfused.  

Obtaining a diagnostic performance for CAD with just a single examination is a challenging task that has 

been under study for a long time. In the following chapter there is an explanation of Myocardial CT 

perfusion imaging (CTP), which is a new application of CT that allows not only the presence of 

atherosclerosis but also the determination of myocardial perfusion defects in these patients. 

 

PART2: MYOCARDIAL CT PERFUSION IMAGING FOR DIAGNOSIS OF IHD 

 

2.1 GENERAL PRINCIPLES OF COMPUTED TOMOGRAPHY 

In ancient times, the humans investigated the internal structure of the body through human dissections. 

However, at the end of the nineteenth century (1895), thanks to the discovery of X-rays by Wilhelm 

Conrad Röntgen, it was possible to look at internal organism of a person by obtaining radiographic 

pictures without violating the outer surface of his/her body [27]. Some time later, the beginning of a new 

image modality called Computed Tomography took place. 

CT is a diagnostic imaging modality that produces cross-sectional images (or slices) based on the 

absorption of X-rays when they pass through the body. The suitable arrangement of these cross-sections 

(2D images) allows the tri-dimensional visualization of internal structures of the body. The fundamental 

principle of CT is that density of tissues passed by X-rays can be determined from the calculation of the 

attenuation coefficients of those tissues [27]–[29].   
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The first CT scanner (the EMI scanner) was developed by Godfrey Newbold Hounsfield in 1972 by taking 

advantage of the theoretical ideas of Allan MacLeod Cormarck with the investigation of the X-ray 

absorption of various tissues and the image reconstruction of X-ray projections [27], [28].  

X-ray Computed Tomography has experienced a great technological evolution since its development 

(Figure 1. Extracted and modified from [27]) and its use in the medical practice is increasing year after 

year. There are many investigators putting a lot of effort to exploit all its capabilities and to find more 

applications that lead, for example, to the optimization of explorations for diagnosis [9].  

 

Figure 1: The turning points in the history of computed tomography  

 

2.1.1. Data Acquisition System and CT operating room 

There are different generations of scanners (four generations) but the main components of them remain 

the same (Figure 2. Modified and redrawn from [28], [30] ): 

 The gantry with a central opening into which the patient lying is a table is moved during the test.  

 The X-ray tube transmitter emits X-ray beam (N photons) into the patient for a large number of 

angles by rotating the tube around of his body. When X-rays go through, they are attenuated 

and such information (i.e. a set of projections) is transmitted to an array of detectors.  

 The detector array converts the projection values (i.e. the radiation beam intensities) into 

electrical quantities. It is located on the opposite side of the X-ray tube and usually rotates 

synchronously with it.  

 

         Figure 2: a) View of a CT scanner from the side b) Single-slice CT scheme with an array of 

detectors  
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Once the data acquisition system carries out the X-ray projections, reconstruction of images are 

performed with a computer. CT images are generated using a reconstruction algorithm called Filtered 

Back projection, which generates cross-section images directly from a set of projections obtained for 

different angles.  

 In the operating room besides the data acquisition system there is a power supply, a monitor to display 

the images and other storage devices (such as disk) to save the examinations [9], [27]–[29]. It is important 

to point out that protection of operators from the harmful effects of radiation is accomplished by 

separating the scanner itself with a screen. 

 

2.1.2. Imaging 

The current CT scanners provide images that consist of 512x512 pixels showing the CT number [28], 

which is expressed in Hounsfield Units (HU). The CT number (i.e. a pixel of the image) is proportional to 

the lineal attenuation coefficient of the tissue that is being scanned and is relative to the linear 

attenuation coefficient of the water. It is defined as: 

           
              

      

         

 

where           is the linear attenuation coefficient of the corresponding tissue and        is the linear 

attenuation coefficient of the water. It is multiplied by the scale factor 1.000 in order to potentiate the 

attenuation differences between the different tissues of the body.  CT numbers are converted to grey 

values through a lineal conversion. the pixels of the acquired image are represented in a scale ranged 

from 1 to 256 grey levels [9], [28], [31].  

Although the first CT scanners only allowed obtaining bi-dimensional images, the introduction of helical 

and multi-slice CT (respectively in 1989 and 1998) supposed a significantly improvement in this image 

technique, and the acquisition of 3D images (Figure 3. Obtained from [28]).  

 

Figure 3: a) Single-slice CT versus b) multi-slice CT: multi-slice CT acquires multiple slices per rotation 

of the X-ray tube by using several adjacent detector arrays . The current multi-slice CT scans allow the 

nearly complete exploration of the whole body with just one examination  
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2.1.3. Dual-energy (Spectral) CT  

The CT images used in this project are obtained with a Dual-Energy CT (DECT) scanner. DECT or Spectral 

CT is one of the most promising techniques at the moment, since it has several potential clinical 

applications including tissue characterization, contrast agent segmentation and quantification, etc [32]. 

Although DECT was first conceived in 1976, it has not been used in clinical practice until now. 

DECT consists of the acquisition of an image which is extracted from other two images that are 

simultaneously obtained using two different X-ray energies (low and high energy, i.e. 80 and 140 kVp) 

[28], [33], [34]. The representation of the structures contained in images is performed by taking into 

account not only linear attenuation coefficients of materials, as in conventional CT, but also considering 

material density and mass-attenuation coefficient. For that reason, conventional CT scanners provide 

structural information but not too much material-specific information. 

 

Material differentiation is better performed with DECT thanks to significant differences in attenuation 

properties of certain materials in the two images acquired at different tube-voltages. As the material-

attenuation properties depicted in the image obtained with high-energy are different from those 

obtained with low-energy, it is possible to perform a better characterization of the structures and 

materials depicted in the images. For example, despite calcium and iodine are indistinguishable in 

conventional CT images, their distinction is possible using DECT because the attenuation of iodine 

increases more markedly than that of calcium when compared with high-energy images and those 

obtained at low energy[35].  

 

There are three types of dual-energy CT scanners depending on the way they acquire the two sets of CT 

images: 

 A dual-source scanner with dual detector arrays: the two separate detectors acquire the two 

different datasets from the two separate x-ray tubes operating at different kilovoltage settings. 

 A single-source dual-energy scanner with fast kilovoltage switching and a single detector layer:  

the x-ray tube operates alternating between high and low potentials during a single rotation of 

the gantry to generate the two sets of images and the detector acquires these alternating high- 

and low- energy data. 

 A single-source dual-energy scanner with dual detector layers: the datasets are acquired with a 

detector composed of two layers; the bottom detector layer captures low-energy data and the 

top layer captures the high-energy data [33]. 

 

As commented before, CT with the use of iodinated contrast agents diluted in the blood allows the 

visualization of blood vessels. In cases of CAD, the degree of stenosis is identified by this technique 

because iodine contrasts have a high attenuation coefficient, and thanks to that, vessels appear much 

brighter than the surrounding tissue (basically composed of water) when blood flows through these 

channels. Atheroma plaques are distinguished because when vessels have soft tissue plaques, these 
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regions appear darker compared to plaque-free regions. However, when plaques are calcified, CT is 

limited by the appearance of a phenomenon called ‘the blooming effect of calcium’. In this case, those 

plaques appear excessively bright overshadowing the nearby regions and hindering the correct 

identification of the healthy portion of lumen. To solve this problem, DECT is a good alternative. By 

combining the two sets of images, it is possible to obtain an image in which iodine-filled lumen remains 

bright while calcium has the same intensity as the surrounding tissue [34]. 

 

2.2 CT/ CT  Myocardial Perfusion Imaging  

 

Extensive investigation and development are ongoing to extend the capabilities –such as the study of 

myocardial perfusion – of cardiac CT. As commented above, (multislice-) contrast-enhanced CT allows the 

visualization of coronary arteries with high resolution and is a noninvasive alternative to invasive coronary 

angiography (cardiac catheterization). For diagnosis of patients with suspected CAD, CT Imaging alone is 

insufficient to indicate whether the coronary lesions detected cause hypoperfusion (or ischemia) in some 

regions of the myocardium [2]. Nonetheless, myocardial perfusion can also be examined by performing a 

combined protocol CT/CTP Imaging.  

 

2.2.1. CT/CTP Protocol 

The combined protocol CT/CTP Imaging consists on acquiring two CT images one under baseline 

conditions (at rest) and another one under pharmacologic stress (hyperemia) and comparing them [9] in 

order to analyze perfusion defects. The diagnostic test is performed in the following way (Figure 6): 

1. Patient’s blood pressure is measured. If it is too high, a vasodilator in the form of sublingual 

spray is applied in order to lower the pressure. Sometimes, an anti-anxiety agent is also provided 

if the patient is too nervous. Moreover, some information such height and weight is noted.  

2. The cardiac monitorization of the patient by using three electrodes is required in order to 

control the cardiac rhythm during the examination and to know if an intravenous beta blocker is 

necessary to relax the patient before the test. Moreover it is necessary to know the moment in 

which the contrast agent should be administered.  

3. The cannulation of the radial vein is carried out to introduce the contrast agent and the 

corresponding intravenous medication.  

4. Once the patient is ready, the specialists can start with the image acquisition process. The first 

step consists on doing two topograms (antero-posterior and lateral topograms) needed to locate 

the heart and select the window containing the part of the body that will be irradiated (Figure 

4).  
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             a)       b)                 c) 

Figure 4: a) and b) correspond to the antero-posterior and lateral CT topograms, respectively; and in c) 

there is the window with the part of the body to be scanned and the slices.  

 

5. After that, the contrast which follows the same trajectory as the blood from the cava vein to the 

aorta (i.e. from the cava vein to the right atrium, to the left ventricle, to the lungs, to the 

pulmonary artery, to the left atrium, to the left ventricle and finally to the aorta) is provided in 

order to improve the visibility of all the structures of the myocardium. At the same time, the 

specialist is controlling the amount of the contrast inside the myocardium by locating a ROI in 

the aorta in order to do the acquisition in the proper instant when the contrast is well dispersed 

through the heart (approximately 100 HU in the aorta) (Figure 5). During the acquisition process 

the specialist is also giving instructions about when the patient has to exhale or inhale air while 

breathing in order to evict movement artifacts in the images.  

 

 

Figure 5: CT image containing the aorta with a ROI for the quantification of the amount of contrast. 

There is also a plot of the HU enhanvement versus elapse time (in seconds) and a table with the 

amount of contrast in the ROI measured in HU in several instan ts of time. 
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6. Once the image at rest is obtained, the vasodilator is administered in order to increase the heart 

rate and provoke pharmacologic stress. 

7. At that moment, the acquisition of the image at stress can be performed. As the heart rate is 

high and the blood goes through the heart quicker, more amount of contrast (compared to the 

amount provided before to obtain the image at rest) is required to do the acquisition. 

8. Finally, an intravenous bronchodilator is administered in order to relax the patient after the 

providing the vasodilator.  

 

             

Figure 6: Schematic diagram of the main steps performed in the CT/CTP examination of patients with 

suspected CAD.  

 

2.2.2. Assessment of perfusion defects 

The analysis of myocardial perfusion is manually quantified with the number of HU in each myocardial 

segment, according to the 17-AHA segmentation model of the left ventricle. These measurements (HU 

values) provide information about perfusion defects based on the amount of contrast agent or blood 

which is contained in each region of the left ventricle [3], [36]. Visually, those myocardial regions which 

have low HU values (because a little amount of blood) are darker, whereas those regions which have high 

HU values are lightener. 

 

Figure 7: ‘Left ventricle segmentation’. The three transversal sections (basal, mid-cavity and apical) 

contain the 16 myocardial segments of AHA-model with the exception of the apex.  

 

CT/CTP 
PROTOCOL: 

PREPARATION OF THE 
PATIENT  

(cardiac monitorization and 
vein cannulation) 

CONTRAST 
ADMINISTRATION AND 
IMAGE ACQUISITION 

AT REST 

VASODILATOR 
ADMINISTRATION 

CONTRAST 
ADMINISTRATION AND 
IMAGE ACQUISITION AT 

STRESS 

BRONCHODILATOR 
ADMINISTRATION 
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So, perfusion detects based on the CT/CTP protocol are determined following the next steps:  

1. Quantifying the amount of contrast in each myocardial segment from the images obtained at 

rest and at stress, i.e. defining the amount of Hounsfield Units (HU) in each of those regions. 

2. Comparing these two sets of data to determine the viability of each myocardial segment, i.e. 

define which segments are healthy, which ones are ischemic and which ones are infarcted 

(necrotic). 

Under exertion, the blood flow going through the myocardium should be larger compared to perfusion at 

rest, because the myocardial tissue needs more oxygen to remain its suitable functionality. Consequently, 

it would be expected that HU values contained in the data set of the image acquired at stress (stress-data 

set) were larger in comparison with HU values of the data set from rest (rest-data set). 

Base on that, the viability of each AHA-segment can be determined based on the following criterions: 

 A myocardial segment is healthy, i.e. it is well-perfused because the amount of blood flow that 

reaches this region is appropriate, when the number of HU at stress is sufficiently larger in 

comparison to the number of HU at rest.  

 A myocardial segment is ischemic (not death, so viable) when, under stress, the number of HU is 

equal or not increased compared to the one obtained at rest.  

 A myocardial segment is infarcted (and not viable) when the number of HU is low both at stress 

and rest. 

Moreover, as myocardial ischemia is transmurally heterogeneous [37], meaning that ischemia starts 

appearing in the subendocardium and then spreads towards the subepicardium; the quantification of 

perfusion in the subendocardium and subepicardium is also important to determine the extension of 

ischemia or necrosis throughout segments [3], [36]. 

 

PROBLEM FORMULATION 

 

The process to analyze perfusion defects is usually assessed visually or semi-quantitatively, so there is an 

absence of quantitative perfusion data [1], [7], [38]–[42]. Despite some clinical tools to quantify 

myocardial CT perfusion (i.e. determining HU values in each AHA-segment) are already available, they are 

manual and time consuming. For that reason, this project aims to develop a clinical tool which allows the 

automatic quantification of myocardial perfusion. It will allow the assessment of perfusion defects in 

patients with suspected CAD, based on CT/CTP Imaging.  

Therefore, the main targets of this project are the following: 1) the creation of an algorithm for the 

automatic and accurate quantification of myocardial perfusion in AHA-segments (in exception of the 

apex), 2) the implementation of the algorithm in a User Interface using MATLAB GUIDE, 3) the validation 

of the algorithm by comparing its automatic results with some data obtained manually from other 

software and 4) the comparison of perfusion defects defined by using the clinical tool with perfusion 

results obtained from SPECT (from 10 patients) in order to study the feasibility of combined protocol 

CT/CTP Imaging to evaluate perfusion in patients with suspected CAD.  
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2. STATE OF THE ART 

 

There are several image modalities such SPECT, PET and MRI to study myocardial perfusion and to assess, 

in an appropriate way, the hemodynamic importance of stenosis in patients with suspected CAD. This 

chapter explains the advantages and disadvantages of the image modalities listed above for perfusion 

analysis, as well as, the parameters proposed at the moment to quantify myocardial perfusion in 

Magnetic Resonance Perfusion (MRP) Imaging and CTP Imaging. Moreover, there is an explanation of the 

use of Hybrid imaging proposed to diagnose patients with suspected CAD. 

   

As commented above, myocardial blood flow can be qualitative and semi-quantitative determined by 

Magnetic Resonance Perfusion Imaging. As it uses no ionizing radiation, the measurement can be 

repeated regularly without any adverse effects for the patient. Moreover, MRI perfusion measurements 

can be determined during baseline conditions (at rest) and during maximal hyperemia (at stress) induced 

by pharmacological coronary vasodilators [43]. So if it was allowed to visualize coronary arteries, the 

combined protocol MRI/MRI Perfusion Imaging would be a proper alternative for diagnosis of CAD. 

Is spit of this, it is known that ischemia and flow reductions can be quantified with Myocardial Perfusion 

Reserve, which can be estimated from the ratio of myocardial flow reserves at stress and at rest [44], 

[45]. Although the quantification of myocardial perfusion (i.e. blood flow curves versus time) can be 

extracted from MRI data, it requires the use of software based on manually procedures [45]. For that 

reason it is not one of the most used techniques for perfusion analysis.  

 

The most commonly used technique for myocardial perfusion imaging is SPECT. There are many studies 

involving a large number of patients that show the diagnostic and prognostic value of myocardial 

perfusion assessment by SPECT [4], [46]–[48]. It allows the quantification of blood flow in each of the 

AHA-myocardial segments at rest and at stress, which directly enables the visualization of hypoperfused 

areas of the myocardium. However, SPECT is an established, but not ideal, reference standard, 

particularly due to its poor spatial resolution [1], [49], [50]. This fact hinders the differentiation of 

subendocardial perfusion and subepicardial perfusion, which is relevant to provide information about the 

transmurality of perfusion defects and to know the extension of necrosis or ischemia in each myocardial 

segment. MRI allows this perfusion differentiation. Thus, in this regard, perfusion MRI is better than 

perfusion SPECT imaging [3], [47], [50], [51]. 

PET myocardial perfusion imaging also allows the absolute quantification of myocardial blood flow and 

offers certain advantages compared with SPECT. PET has better spatial and contrast resolutions and 

accurate attenuation correction (a process which consists on improving the signal based on density of 

tissues). For that reason, image artifacts caused by soft tissue attenuation are not common. In obese 

patients, PET has been suggested as the method of choice because SPECT usually provides false-positive 

results due to non-uniform photon attenuation [2], [36]. The limitation of radionuclide perfusion imaging 
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(such SPECT and PET) is that it does not provide information about coronary anatomy and, therefore, the 

diagnosis of CAD cannot be correctly performed since the location of coronary lesions cannot be known. 

In addition, atherosclerosis at early stages cannot be detected, which is important to the management 

and the prognosis of those patients.  

 

A suitable option to combine morphologic and functional information is the use of Hybrid Imaging such 

PET or SPECT with multidetector CT [52]. Despite that more than one image session are required, the 

combination of these images seems to be a suitable method to determine anatomic stenosis and 

perfusion abnormalities. Despite co-registration of images can be done in a reliable, feasible and fast way 

using software that is currently commercially available, not all the hospitals dispose of these technologies. 

Moreover, the fusion of two image modalities with different spatial and temporal resolutions (as in case 

of CT/PET or CT/SPECT) may lead to errors of superposition.  

The radiation dose in SPECT perfusion imaging is about 5.8mSv whereas in PET is about 1-2mSv. For that 

reason it has been suggested that PET is particularly suitable for hybrid imaging. The hybrid stress-only 

SPECT/CT or PET/CT studies can be performed with a radiation dose lower or similar to invasive 

angiography (i.e. coronary catheterization). The main problem in hybrid imaging with PET is the 

availability of perfusion tracers which requires an on-site cyclotron [2] . 

 

As explained in the previous chapter, the diagnostic performance based on CT/CTP imaging is a suitable 

diagnostic performance for patients with CAD. Nonetheless, adding CTP to a CT examination increases the 

contrast and radiation dose to the patient. For that reason, CTA/CTP should be used with caution in 

patient with renal insufficiency. In the last years, thanks to the technological advances of CT systems, 

their radiation dose has been reduced. In particular, the radiation dose using dual-source CT scanners is 

very low compared to the traditional CT systems even into the submillisievert range [2]. Studies with dual-

source and 320-row CT (multi-slice CT) and for a combined protocol (CT/CTP imaging) have shown 

effective radiation doses between 2.5 and 12.5 mSv, doses that are less or similar to SPECT [2], [3], [38], 

[42], [53]. 

CTP imaging is commonly used and assessed visually or semi-quantitatively [1]. Up to now, perfusion 

analysis of CT images has been done by using manual tools provided by some softwares. Some of the 

parameters to quantify perfusion in each myocardial segment (based on AHA-segment) are: the left 

ventricle myocardial perfusion reserve (LV MPR) [36] and the transmural perfusion ratio (TPR) [3]. The LV 

MPR defined as the percentage increase in baseline-corrected attenuation density (AD) between the rest 

and the stress scan using the rest scan as reference                                 , and the TPR 

defined as mean subendocardial divided by mean subepicardial attenuation.  

A recent study which calculates the LV MPR in each myocardial segment (based on 16-AHA model) and in 

each myocardial layer (endo-, mid- and epi-) shows that, in symptomatic patients without significant 

coronary artery stenosis, the LV MPR is different in the subendocardium and the subepicardium with 

markedly higher perfusion in the subepicardium [36]. 
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The literature shows that some efforts have been made to determine the feasibility of the diagnostic 

performance of CT/CTP Imaging for the study of myocardial perfusion, in comparison with some of the 

image techniques named above [2], [4], [6], [54], [55] . It has been shown that TPR has a good correlation 

with SPECT and invasive Coronary Angiography to detect stenosis and perfusion defects [3]. 
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3. METHODOLOGY 

 

PART 1: DATA ACQUISITION AND PRE-PROCESSING 

 

Data acquisition  

In order to quantify myocardial perfusion, two contrast-enhanced DECT images – one acquired under 

baseline (rest DECT image) and other under hyperemia conditions (stress DECT image) – from 10 patients 

are used. These patients, who were clinically referred for CAD because of chest pain and other 

symptomatology related to this disease, were also subjected to a SPECT examination to analyze 

myocardial perfusion. So, for each patient 3 images are acquired: a CT at rest, a CT at stress and SPECT, 

which will be used for the validation of combined protocol CT/CTP Imaging.  

Perfusion defects are quantified in different myocardial segments according to the 16-AHA-segmentation 

model of the left ventricle. For that reason, its three sections in the short axis view (basal, mid and apical) 

were obtained by using a commercially available software package (AW VolumeShare5 workstation of 

General Electrics Company) (Figure 8). At the end, a total of six images, i.e. three images of the short axis 

view at rest (rest images) and three images of the short axis view at stress (stress images) will be used in 

the clinical tool for perfusion analysis.  

 

Pre-processing  

The first step before left ventricle wall segmentation is the transformation of rest/stress images into HU. 

To convert from the normal units found in CT data to HU, the linear transformation determined below is 

applied: 

                                         

 

The parameters slope and intercept are extracted directly from DICOM files. In the case of CT images, the 

slope parameter is equal to 1 and intercept is equal to -1024, whereas in the case of spectral images 

(iodine-water images) slope parameter is 1 and intercept is 0. Therefore, the program applies this linear 

transformation in all the input images, but iodine-water images will remain equal.   

The second step consists on applying an average filter to the image to remove noise.  
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a)                                                          b) 

 

c)                                                            d)      

 

e)                                                              f)     

 
g)                                                             h) 

 
Figure 8: Long-axis view of the left ventricle with the three lines showing the location of the three 

slices (basal, mid, apical). Images of short  axis view at rest (c,e,g) and at stress (d,f,h). The images c) 

and d) correspond to the basal section, the images e) and f) to the mid -cavity and the images g) and h) 

to the apical section.  

 

PART 2: QUANTIFICATION OF PERFUSION IN EACH MYOCARDIAL SEGMENT 

 

The three main building blocks of the algorithm developed for perfusion quantification are: the 

segmentation of the left ventricle wall from images in the short axis view (basal, mid apical), the AHA 
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segmentation of each section (i.e. the obtention of images with a specific segment) from segmented 

images and the quantification of myocardial perfusion in the 16 AHA-segments.  

The algorithm calculates the amount of blood that reaches each myocardial segment (17- segment AHA 

model excluding the apex, i.e. segment number 17) based on the mean of the HU contained in the 

corresponding segments.  

 

2.1. LEFT VENTRICLE WALL SEGMENTATION 

 

As quantitative analysis of the myocardial perfusion is performed based on the amount of blood reaching 

the left ventricle wall, this specific region should be extracted from each image in the short axis view 

(basal, mid and apical sections).  

The segmentation of left ventricle wall from CTs is performed using binary masks which are images 

represented with matrixes composed of zeros and ones that have the same size as the matrix 

representing the myocardial sections. Once the global mask is obtained, it is multiplied by the original 

image in order to extract the region of interest. As just the coefficients of the global masks corresponding 

to the ventricle wall are ones and the rest are zero, when multiplying the global mask by the original 

image, the result is an image containing the left ventricle wall with the background in black.  

The process to obtain the global mask and the segmentation of the left ventricle wall is performed 

following the next steps: 

1. Cropping the image in order to facilitate the process of obtaining the global mask. 

2.  Selecting three points in order: the first one (point1) on the point situated on the external 

contour of the ventricle wall that separates the anterior and the anteroseptal (or septal, in the 

case of apical section) segments, the second one (point2) in the centre of the lumen and the 

third one (point3) on the point situated on the external contour of the ventricle wall that 

separates the inferior and the inferoseptal (or septal)(Figure 9). 

 

Figure 9: Image crop and point selection  

3. Obtaining a binary mask of the external contour of the left ventricle wall (Mask1) drawn 

according to the external contour of the ventricle. 

4. Obtaining a binary mask of the internal contour of the left ventricle wall (Mask2). 

5. Multiplying the Mask1 by the negative of Mask2 (~Mask2) to get the global mask (Figure10). 

6. Multiplying the global mask by the cropped image.  
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Figure 10: Binary masks needed for left ventricle wall segmentation  

 

By default, the segmentation process is done by Region Growing (which is explained below), an algorithm 

which allows the obtention of the masks in an automatic and rapid way. Nonetheless, in the User 

interface there are also two other methods to do the left ventricle wall segmentation manually. 

 

Masks obtained using Region Growing algorithm 

Region growing method allows the partitioning of an image into similar/homogenous areas through the 

application of homogeneity/similarity criteria such as colour, intensity and/or texture. This approach 

determines segmentation by analyzing neighboring pixels of initial ‘seed points’ selected as the reference 

ones. By comparing each pixel of the neighboring with the reference pixel, based on the 

homogeneity/similarity criteria, the region to be extracted is defined. This process is iterated for each 

boundary pixel in the region and if adjacent regions are found, weak edges are dissolved and strong 

edges are not modified (region-merging algorithm)(Figure 11) [56].  

In this case, Region Growing algorithm should be implemented twice to obtain the two masks needed to 

draw the global mask (i.e. Mask1 and Mask2). Firstly, the user should crop the image keeping just the left 

ventricle inside the square and should select the three points by following the instructions explained in 

the User Interface. Then, for Mask1 the user should put the seed inside the ventricle wall and for Mask2 

inside the lumen of the ventricle (Figure 12). In this way, the software can segment the left ventricle wall 

automatically by doing the corresponding calculations explained above. 

The similarity criterion in this case is the intensity values. Although two thresholds are established by 

default, the intensity values varies a lot between images and sometimes these thresholds need to be 

changed by the user itself. 

  

 

FIGURE 12: Steps to perform Region Growing and obtaining the masks 

Mask1 ~Mask2 Global mask



22 
 

The contours of the Mask1, Mask2 and global mask obtained directly from Region growing are not 

smooth. For that reason some morphological operators are applied on these masks. An erosion is applied 

to both Mask1 and Mask2 in order to remove/smooth the irregularities in the contours. Since the 

contours of the ventricle wall are reduced after erosion, a dilation operation is applied in order to resize 

and enlarge the ventricle wall. So, at the end an opening operation (erosion+dilation) is applied in order 

to improve the global mask (Figure 13).  

  

FIGURE 13: Steps to perform Region Growing and obtaining the masks and the segmented image. 

 

Masks obtained manually  

Automatic segmentation with Region Growing does not always provide suitable results, in particular with 

CT stress images. Since under pharmacologic stress the heart is pumping blood quicker, the contours of 

the objects in the image are usually blurred and this hinders the implementation of Region growing. For 

that reason, the tool provides other alternative methods to do the left ventricle segmentation. 

In these cases Mask1 and Mask2 are obtained when the user traces the external and internal contours, 

respectively, by using the mouse. When the user selects the manual mode1, the contours are defined by 

delineating a line on the contour. When the selects the manual mode2, different points on the contours 

are selected to extract the masks (Figure 14).  Once Mask1 and Mask2 are computed, the global mask is 

obtained following the same methodology as explained before.  

 

 

 

Figure 14: Manually segmentation Images. The first row corresponds to the results obtained from 

using manual mode1 and the second row to the ones extracted from manual mode2. The images 

of the first column are showing the proceedings followed to determine the global masks that are 

in the second column. The images of the third column are the results after segmentation.  

Original global mask Global mask after opening operationGlobal Mask using Region Growing Results from Region Growing

Imfreehand tool Global Mask using imfreehand Results from imfreehand

Impoly tool Global Mask using impoly Results from impoly
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Redefinition of left wall ventricle segmentation 

Papillary muscles or some muscular columns that project from the inner surface of the ventricle wall to 

the lumen (trabeculae carneae) are structures with similar colour compared to ventricle wall. For that 

reason, they usually within the global mask and should be removed. Furthermore, sometimes, regions 

which belong to the ventricle wall are excluded from the global mask and appear in black as part of the 

background.  

The clinical tool allows the exclusion and/or inclusion of regions. In both cases, the user has to draw a 

circumference containing the region to be included or excluded from the segmented image. In this way, a 

mask (ROI Mask) from the part of the image to be added or eliminated is created and used to re-define 

the global mask.  

When a region wants to be excluded the final global mask is obtained by multiplying the Pre-Global Mask 

by the negative ROI Mask (~ ROI Mask). Conversely, when a region wants to be included the logical ‘OR’ 

of the Pre-Global Mask and the ROI mask is calculated to define the final global mask (Figure 15). 

  

 

 

Figure 15: Region exclusion process (in the images on top) and region inclusion process (in the images on bottom) 

 

2.2. AHA-SEGMENTATION AND QUANTITATIVE MEASUREMENTS 

 

As commented before, perfusion analysis is performed on the 16 AHA-segmentation model of the left 

ventricle. To implement this AHA-segmentation, two functions called ‘CreatingMasks’ and 

‘AHAsegmentation’ were developed.  

 

‘CreatingMasks’ function to obtain binary masks of each segment 

On one hand, the inputs parameters of this function are ‘image’, which is the myocardial section (basal, 

mid-cavity or apical); ‘pos’, which is a vector containing the Cartesian coordinates of the points selected 

previously by the user and ‘imagetype’ which is a parameter used to determine the type of myocardial 

section (Basal, mid or apical). The last parameter is needed to provide information about the division in 

Pre-Global Mask ~ROI Mask Global Mask Re-defined Resulting Image

Pre-Global Mask ROI Mask Global Mask Re-defined Resulting Image

Pre-Global Mask 

Pre-Global Mask 
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segments of the corresponding section; in case of basal or mid-cavity the sections are divided in 6 

segments whereas in case of apical section it is divided in 4. On the other hand, this function provides as 

output a matrix whose coefficients are also matrixes describing each mask corresponding to each AHA-

segment.  

The main procedures this function performs to obtain the masks are: 

 

function [AHAmasks] = CreatingMasks(image,imagetype,pos) 

 

 Make a mesh for the mask and the cropped image, with the center in the middle of the lumen 

(point2).  

 Transform the mesh from Cartesian coordinates system (x, y) to polar coordinate system (theta, 

rho) in order to facilitate the AHA segmentation process. 

 Transform polar coordinates from radians to degrees and rotate the thetas 180° to have positive 

angles (from 0 to 360).  

 Transform the Cartesian coordinates of the points selected before (point1, point2 and point3) to 

polar coordinates taking into account that point2 is the center.  

 Create masks.  

 Create the mask for visualization of AHA segmentation 

end 

 

Figure 16 explains the main angles and parameters taken as reference to do the AHA-segmentation. 

Concretely, the polar coordinates of the points selected before (point1, point2 and point3) are the ones 

used as reference.  

In the case of apical section; the angle of point1 is theta1 (which ideally should be 45 because of ventricle 

morphology) and the angle of point3 is theta4 (which ideally should be 315). Giving theta1 and theta4 as 

reference angles, theta2 and theta3 are estimated. Theta3 is defined as theta1 plus 180° (i.e. 225°) 

whereas theta2 is defined as theta4 minus 180° (i.e. 135°).  

In the case of basal and mid sections the reference angles are not situated in exactly the same locations. 

Theta2 and theta3 are also estimated from theta4 and theta1, respectively.  Ideally, theta1 should be 60°, 

theta2 120°, theta3 240° and theta4 300°.  

       

Figure 16: On the left there is the scheme diagram used for apical section segmentation 

and on the right the one used for basal or mid section segmentation. 
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Once knowing the reference angles in apical and basal or mid sections, determining the AHA-masks can 

be performed in a simple way by changing some coefficients of the zero-coefficient matrix from 0 to 1.  

If imagetype is defined as ‘Apical’, four masks are needed (Figure 17). For example, in the case of 

apical anterior mask, all the coefficients of the matrix from theta1 and theta2 and all the rho values (i.e. 

all the radius values) are changed to 1.  In the case of apical septal mask, all the coefficients from theta4 

to 360° and from 0° to theta1 are changed to 1, and so on with the rest of segments. It is important to 

mention that white sections of the masks are defined changing the range of thetas for all the rho values. 

 

Figure 17: Masks for the segmentation of each apical segment with the angles (θ) used to 

paint the white region on the top of each mask. The Mask13 corresponds to the apical 

anterior segment, the Mask14 to the apical septal segment, the Mask15 to the apical inferior 

segment and the Mask16 to the apical lateral segment. 

 

If imagetype is defined as ‘Basal’ or ‘Mid’, six masks are created (Figure 18). In this case, the procedure 

is a little bit complex since the real images of ventricle wall in the short axis view are not as regular as in 

the ideal scenario and they can be slightly rotated. For that reason, the definition of theta which 

separates the basal/mid anteroseptal and basal/mid inferoseptal segments (thetaMid1), and the 

definition of theta which separates the basal/mid anterolateral and basal/mid inferolateral segments 

(thetaMid2) are not trivial. Ideally, thetaMid1 should be 0° or 360° and thetaMid2 should be 180° but this 

does not always occur in practice. 

On one hand, the process to determine thetaMid2 consists on knowing the amount of angles between 

theta2 and theta3 and calculating the angle which is in the center of them. In this way, the white region 

corresponding to the mask of the basal/mid anterolateral segment is defined from theta2 to thetaMid2 

and the one corresponding to the mask of the basal/mid inferolateral segment is defined from thetaMid2 

to theta3. 

On the other hand, the process to determine tethaMid1 is more tedious since the angles included from 

theta4 to theta1 are not continuous (ideally they go from 300° to 360° and from 0° to 60°) as happens in 

the case of thetaMid2 (where the angles go from120° to 240°). Now, the amount of angles between 

theta4 and theta1 is calculated as the total of angles (i.e. 360°) minus theta4 plus theta1 (i.e. 360°-

tetha4+theta1). Then, half the amount of angles between theta4 and theta1 (deltaThetaMid) is calculated 

and added to theta4 in order to define thetaMid1. At this point, if thetaMid1 is higher than 360°, the 

white region of the mask which contains the basal/mid inferoseptal segment is defined by painting two 

regions from theta4 to 360° and from 360° to thetaMid1, and the white region of the mask corresponding 

to the basal/mid anteroseptal segment is defined from thetaMid1 to theta1. Otherwise, if thetaMid1 is 
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lower than 360°, the basal/mid inferoseptal mask is defined from theta4 to thetaMid1 and the basal/mid 

anteroseptal mask is defined as a sum of thetas from thetaMid1 to 360° and from 0° to theta1. Finally, 

the anterior and inferior segments are defined as in the case of apical section (from theta1 to theta2 in 

the case of the basal/mid anterior and from theta3 to theta4 in the case of the basal/mid inferior 

segment).  

 

Figure 18: Masks for the segmentation of each basal/mid segment. The Mask1 belongs to the basal 

anterior segment, the Mask2 to the basal anteroseptal segment, the Mask3 to the basal inferoseptal 

segment, the Mask4 to the basal inferior segment, the Mask5 to the inferolateral segment and the Mask6 

to the basal anterolateral segment. 

 

Finally, each of these masks showed before are multiplied by the global mask in order to obtain the real 

mask corresponding to each segment. In the following Figure (Figure19) there is an example of the 

obtention of the final mask for segmentation of apical anterior segment.  

 

Figure 19: Masks involved in segmentation of apical anterior segment 

 

The AHA segmentation is depicted on each section by using a mask which contains the lines where each 

segment is differentiated. This proceeding in also based on the same idea used before to determine the 

masks for each segment (Figure 20). 

 

Figure 20: Masks for representing AHA segmentation in the basal and apical segments 

 

 Basal section
Mask 1 Mask 2 Mask 3

Mask 4 Mask 5 Mask 6

Global mask Mask13 Final Mask13

Basal-segmentation mask Apical-segmentation mask
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‘AHAsegmentation’ function to the 16-AHA segments separately 

The ‘AHAsegmentation’ function performs the segmentation not only of each AHA-segment but also 

of the subendocardium and the subepicardium parts of each segment, separately, to do the perfusion 

analysis also in these myocardial layers of ventricle wall. In addition, this function also calculates the 

measurements of myocardial perfusion in the entire segments and in the subendocardium and 

subepicardium layers.  

The inputs of this function are: ‘image’, ‘imagetype’, ’pos’ (as in the CreatingMasks function), 

the mask of the internal contour of the ventricle wall (Mask2) and the global mask. The outputs are a 

matrix containing the images of the segmentation of the entire segments, the images of the 

segmentation of the subendocardium of each segment and the images of the segmentation of the 

subepicardium. They are obtained by following the steps mentioned in the next figure (Figure 21): 

                                  

Figure 21: Processes involved in the obtention of AHA-segments and perfusion analysis 

 

Subendocardial and Subepicardial masks 

In order to obtain the subendocardial and subepicardial masks, the global mask is divided into two layers 

of the same width. This is achieved by applying a morphological operator on the global mask, which 

provides its skeleton (see example in Figure 22). After that, the skeleton Image is filled and the white lines 

which do not belong to the mid contour (the mid contour between the external contour and the internal 

contour of the ventricle wall) are removed by applying an erosion. Thus, a mask containing the mid 

contour of the ventricle wall is obtained (Mid mask). 

 

Figure 22: Processes involved in obtaining the Mid mask 

 

Once the Mid mask is obtained, the subendocardial and subepicardial masks can be created in the 

following way. The subendocardial mask is acquired by multiplying the Mid mask and the negative of the 

Obtain 
subendocardial 

ans subepicardial 
masks 

Obtain AHA-
segment masks with 

CreatingMasks 
function 

Calculate 
perfusion 

measurements 

Global mask of Apical section Skeleton of Global mask Skeleton image filled Mid mask
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mask containing the internal contour of the ventricle wall (~ Mask2). The subepicardial mask is obtained 

by multiplying the global mask with the negative of the Mid mask (~ Mid mask) (Figure 23). 

 

 

 

Figure 23: Images on the top are involved in the obtention of Subendocardial 

mask and the images on the bottom in the obtention of Subepicardial mask. 

 

Obtention of AHA-segments  

The process to obtain each myocardial segment, each subendocardial region and each subepicardial 

region separately can be achieved when the masks corresponding to subendocardium, subepicardium 

and the entire segments are obtained (Figure24). On one hand, myocardial segments result from the 

multiplication of the segmented image of left ventricle wall with each myocardial mask obtained using 

CreatingMasks function. On the other hand, subendocardial and subepicardial layers of each 

segment are acquired by multiplying the subendocardial mask or the subepicardial masks (respectively) 

by the segmented image of the ventricle wall.   

 

Figure24: Segmentation of the entire apical anterior segment and 
subendocardium and subepicardium layers. 

 

 

 

Mid mask ~Mask2 Subendocardial mask

Global mask ~Mid mask Subepicardial mask
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Quantification of perfusion  

The quantification of perfusion can be done based on different parameters such the amount of HU or the 

concentration of iodine in each myocardial segment. Using DECT images, perfusion measurements are 

calculated based on the mean of HU units; but using spectral images such iodine-water images, perfusion 

measurements are calculated based on the concentration of iodine in left ventricle wall.  

Despite the input images used in this project are DECT images, the quantification process can be done 

using spectral images as well. Visually, spectral images showing the concentration of iodine are similar to 

DECT images; the unique difference is the contrast between them. In the case of using iodine-water 

spectral images, perfusion measurements from this program would not be in terms of concentration of 

iodine, since the procedure would be based on pixel intensities.  

 

PART 3: IMPLEMENTATION OF THE ALGORITHM IN A USER-INTERFACE OF MATLAB 

 

The previous algorithm is implemented in a user interface developed with MATLAB. It allows clinicians 

and people involved in this field to determine which segments are hypoperfused, by comparing the HU 

measurements obtained from rest images with those obtained from stress images. Moreover, it also 

enables the visualization of perfusion in different segments with a colormap, in order to facilitate the 

distinction of hypoperfused regions visually and to distinguish real lesions from some image artifacts that 

sometimes are more difficult to identify with gray-scale images. The perfusion measurements at rest and 

at stress are shown in two bull’s eye plots as well. In addition, the tool provides the obtention of two type 

of reports (clinical or extensive) showing the perfusion analysis of each patient.  

It is important to point out that the design of user interface has been created working together with 

clinicians and specialist involved in this field of CT/CTP Imaging. So, the tool was developed taking into 

account the actual needs and requirements in the clinical practice and some important aspects such as 

easy usability, simple but attractive design and high accuracy in perfusion analysis.  

The user interface has four different panels where all its functionalities are distributed. The first panel is 

called PATIENT ID, the second one CORONARY ANATOMY, the third one IMAGE ANALYSIS and the last one 

RESULTS.  

 

3.1 PATIENT ID PANEL 
 
The PATIENT ID panel (Figure25) is distributed in two sections: INFORMATION and LOADING IMAGES. 

Firstly, in the INFORMATION section, the user introduces general information about the patient 

(anonymization code, study number), some data of the examination test (heart rate, medication given 

and its dose) and other information required for the process of perfusion analysis. 

Every time a patient is analyzed, the program creates a folder with the same name as the anonymization 

code (for example: the folder ‘VHCTP1’ if the anonymization code is VHCTP1), to save some data required 

for the analysis and the final perfusion results. By default, the program generates the patient’s folder in a 
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folder called ‘CT_Perfusion’, contained in C (‘CT_Perfusion’ folder is created in C only if it does not yet 

exist), if the directory is not specified. Otherwise, if the user specifies a directory, patient’s folder is 

generated in that one.  

 

 

Figure25: PATIENT ID panel composed of two sections: INFORMATION section and LOADING IMAGES section 

 

Once the information section is completed, the user can start with the left ventricle wall segmentation of 

each myocardial section (basal, mid and apical). The segmentation of the left ventricle wall of the three 

sections is done in the LOADING IMAGES section. The process to do segmentation consists of several 

steps: 

- Click the ‘Open File’ button to open a myocardial section which will be shown on the right of the 

interface’s screen.  

- Look at the image and select the type of myocardial section (basal, mid-cavity or apical), the type 

of image depending on the conditions in which the acquisition is done (rest or stress) and if it is 

an standard DECT image or spectral image (Hounsfield Units or Spectral image (iodine)).  

- Choose one of the segmentation methods of the pop-up menu: ‘Automatic’ (Region Growing 

Implementation), ‘Manual mode points’  (based on impoly MATLAB tool) or ‘Manual mode lines’ 

(based on imfreehand MATLAB tool). 

- Change the threshold values of Region Growing if it is needed. 

- Select the ‘Accept’ button to do the cropping of the image in the short axis view, the selection of 

the three points (point1, point2 and point3) and the left ventricle wall segmentation following 

the segmentation method chosen before.  

- Click ‘Load’ button if the image resulting from segmentation is appropriate; otherwise, click 

‘Exclude’ or Include’ buttons to modify the segmented image or ‘Repeat’ button to repeat the 

whole process.  
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If the resulting image is not appropriate, the user can repeat the segmentation process (maybe using 

other segmentation method) by clicking the ‘Repeat’ button or ‘Exclude’ and/or ‘Include’ buttons to 

modify the resulting image by adding and/or eliminating some regions. Otherwise, if the result is suitable, 

the user can click the ‘Load’ button to save the segmented image and other parameters (point 

coordinates, masks, etc) needed afterwards for the perfusion analysis. This data is stored in a .mat file 

and saved in the patient’s folder created before. The .mat file has different names depending on the type 

of image and myocardial section; for example the segmentation is performed in the apical section at rest, 

the name of the .mat file is ‘Apical at rest’.  

The previous procedure should be done for each myocardial section at rest and at stress; therefore, at 

least six .mat files should be contained in a patient’s folder. Following the same example as before, the 

VHCTP1 folder should contain the following files: Basal at rest.mat, Basal at stress.mat, Mid at rest.mat, 

Mid at stress.mat, Apical at rest.mat and Apical at stress.mat. 

Furthermore, if the six .mat files of a specific patient are saved in the patient’s folder, the user can 

directly load these files to continue or repeat the perfusion analysis without doing again the 

segmentation process. It is important to emphasize that the program explains continually the steps the 

user should follow during segmentation proceeding.  

 

3.2 CORONARY ANATOMY PANEL 
 

In this panel the user can specify the degree of stenosis in each segment (in total 18 segments) of the 

main arteries which supply the myocardium. These segments are defined according to the Coronary 

Segmentation Diagram of the Society of Cardiovascular Computed Tomography [57]. As can be seen in 

Figure26, CORONARY ANATOMY panel shows the Diagram of coronary segmentation and a set of 18 pop-

up menus to select the degree of stenosis in each of these segments. 

 

 

Figure26: CORONARY ANATOMY panel. In this example segments 3 and 4 have mild stenosis, segment 14 has severe 
stenosis and segment 18 is not assessable.  
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When deploying the pop-up menu, the user has to select one number from 0 to 6 depending on some 

characteristics regarding to coronary stenosis. By default, all coronary segments are set to 0, which 

means that there is absence of plaque and no luminal stenosis. If the stenosis is minimum (<25% of 

stenosis), the user should put the number 1; if the stenosis is mild (from 25% to 49% of stenosis), the user 

should put the number 2; if it is moderate  (from 50% to 69% of stenosis), the number 3; if it is severe 

(from 70% to 99% of stenosis), the number 4 ; if it is totally occluded, the number 5 and if the segment 

could not be assessed (for whatever reason), the number 6. These details are specified in the user 

interface.  

Then, all this information about coronary stenosis is explained in the report. In that way, the user can 

obtain a written document containing both, the information of coronary stenosis and the results of 

myocardial perfusion which will be assessed afterwards in the following panel.  

 

3.3 IMAGE ANALYSIS PANEL 
 

In the IMAGE ANALYSIS panel, the results from perfusion analysis are shown. On the left region of the 

panel, the three segmented images from the left ventricle wall (basal, mid and apical) under baseline 

conditions and the three segmented images under pharmacologic stress are shown. On the right region 

of the panel, there is a table with all the perfusion measurements calculated in the subendocardium, in 

the subepicardium and in the entire segment. There are two buttons called ‘Myocardial sections’ and 

‘Colormaps’ which allow the standard visualization of each section with AHA-segments and the 

visualization of myocardial sections with a colormap.  

The ‘Myocardial section’ button is associated with a function called ‘MyocardialSections’ which 

does several things: 

 

function MyocardialSections(loadVal,filename2, pathname2,handles) 

 

 Load the .mat files from the patient’s folder created before. 

 Call AHA segmentation function in order to perform perfusion measurements and show them in 

the table of the panel. 

 Create two Bull’s eye plots which are shown in the RESULTS panel, one with the measurements 

of perfusion at rest and the other one with those at stress. 

 Rotate those myocardial sections which are not in the proper orientation according to AHA-

segmentation. 

 Show the myocardial sections (Figure 26). 

 Capture axes where the six images are shown to include these images of myocardial sections in 

the report.  

 Display a wait bar to ensure that the previous process was finished and the ‘Colormaps’ button 

can be selected. 

end  
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Figure27: IMAGE ANALYSIS panel showing the images after clicking the ‘Myocardial sections’ button. 

 

The ‘Colormaps’ button is associated with a function called ‘ColorMaps’. This function is similar to 

‘MyocardialSections’ function but it does not repeat the calculation of perfusion measurements 

and the Bull’s eye plots. The main purpose of this function is showing myocardial sections after applying a 

colormap on them to improve the visualization of perfusion defects and to facilitate the discrimination of 

artifacts from real defects. Next to each image there is the colorbar which defines the range of colors 

with respect to intensity values of the image (Figure 28).  The colorbars are determined taking into 

account the maximum and minimum intensities of images at rest and at stress, separately. In this way, 

the comparison of perfusion defects between segments from images acquired under the same conditions 

(rest or stress) can be done.  In this case, the images with colormaps are also captured and a wait bar is 

displayed before showing all of them.   

 

 

Figure 28: IMAGE ANALYSIS panel showing the images after clicking the ‘Colormaps’ button. 
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3.4 RESULTS PANEL 
 

In the RESULTS panel the two Bull’s eye plots at rest and at stress are shown. The segments of the Bull’s 

eye plots are painted according to perfusion values.  

In this panel there are also 16 pop-up menus to determine the viability of each segment depending on 

the perfusion results. If the segment is healthy (normal), the user should select the number 0; if the 

segment has mild and reversible subendocardial hypoperfusion, the number 1; if the segment has 

significant (transmural) and reversible hypoperfusion, the number 2; if the segment is necrosed, the 

number 3; if the segment contains an image artifact, the number 4 and if the segment cannot be 

assessed, the number 5. By default all the pop-up menus are set to 0.  

 

Moreover, the user can obtain two types of reports: a ‘clinical report’ or an ‘extensive report’. The clinical 

report is just a brief summary which contains basic information of the patient and the exploration, the 

information added from coronary stenosis and the two bull’s eye plots showing the results from 

perfusion analysis. In contrast, the extensive report not only includes the basic information explained 

before in the clinical report but also all the figures created during all the process (i.e. myocardial sections 

with AHA-segmentation and myocardial sections with colormap as well).  These reports are written with 

LATEX, whose scripts are detailed directly from MATLAB (see PART 2  of the Appendix). 

 

In this section there are two buttons: the ‘New Patient’ button, that should be selected after finishing an 

analysis if a new patient is going to be analyzed, and ‘Exit’ button, which should be selected to close the 

User Interface.  

 

 

Figure 29: RESULTS panel  
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4. RESULTS 

 

The well-functioning of the clinical tool will help the diagnosis of IHD and other diseases associated with 

perfusion defects. This Chapter explains its validation. It is carried out by using CT/CTP images from 10 

patients and comparing perfusion values obtained automatically with perfusion values obtained manually 

using  the AW VolumeShare5 workstation of General Electrics (GE) Company. Perfusion results obtained 

from CT/CTP protocol are compared to perfusion defects obtained from SPECT, which is the standard 

technique used to assess perfusion. Thus, the use of combined CT/CTP protocol and possible application 

of this tool in the clinical practice are evaluated. The data acquired from the 10 patients is shown in PART 

1 of the Appendix. Finally, a discussion about the limitations and the future work regarding this clinical 

tool is also given.  

 

PART 1: VALIDATION OF THE CLINICAL TOOL 

 

Perfusion values determined from rest CT images are compared to the values obtained manually. CT 

images at stress are not used because they usually have artifacts. 

The manual quantification of perfusion is performed by placing circular ROIs (region of interest) in the 

corresponding segments of each section and obtaining the mean of HU in each segment using the 

workstation mentioned above. The size of the ROIS is determined according to the extension of each 

segment. It is important to emphasize that manual measurements are evaluated taking into account the 

AHA-segmentation of each segment obtained from the clinical tool, in order to avoid measurements 

errors because of the position of the ROIs. 

Results are shown in two plots which enable the visualization of correlation between the two datasets. In 

the first plot, the automatic and manually HU values (in the ordinate axis) for each AHA segment 

(abscissa) are shown. The second plot is a dispersion diagram of automatic perfusion values (in the 

ordinate axis) versus manually perfusion values (in the abscissa axis); which also contains the regression 

line, the Pearson’s coefficient and the determination coefficient. 

 

Regression is a statistical method used to quantify the relationship between two variables, in this case, 

the HU perfusion values acquired with the automatic method and the ones obtained with the manual 

method. Assuming that the relation between these datasets is linear, linear regression analysis is 

performed. It attempts to model the relationship between these two variables by fitting a linear equation 

to this bi-dimensional distribution data. The method used for fitting the regression line is least-squares, 

which is based on the idea that, the best-fitting line is the one that minimizes the sum of the squares of 

the vertical distances between each point and the straight line.  

Despite that the regression line shows the linear relationship between each point of the dispersion 

diagram, this linear dependence can be better quantified with the coefficient of determination      and 
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the Pearson’s coefficient   . On one hand, the Pearson’s coefficient, which as number between -1 and 1, 

measures the strength and the direction of the linear relationship between the two variables. On the 

other hand, the coefficient of Determination, which is a number between 0 and 1, is used not only to 

denote the strength of the linear association between the variables (as Pearson’s coefficient) but also to 

assess how well the regression line represents the data. It represents the percentage of data that is 

closest to the regression line as well. 

 

       
 

     
Figure 29: Regression line analysis and perfusion values in each of the 16 AHA-segments based on the CT rest 
images of three patients. Results from the VHCTP7 patient in the first row, results from the VHCTP25 patient 
in the second row, and results from the VHCTP27 in the last row.  
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Figure 29 shows plots corresponding to three different patients: VHCTP7, VHCTP25 and VHCTP27. Plots 

on the left represent the regression analysis and plots on the right show the AHA perfusion values in each 

myocardial segment. As can be observed at the plots on the right, the perfusion measurements obtained 

using both methods are quite similar but they are not equal. This is because two reasons: 1) the clinical 

tool provides the mean of HU in the whole segment whereas the workstation provides the mean of HU in 

a ROI inside the segment which does not occupy the entire segment and 2) the ROIs are put manually and 

the mean values vary a lot depending on the position of these ROIs. In order to quantify the relation 

between those values, regression analysis is used (see plots on the left). 

In all three cases the values are close to the regression line and the slope of the lines are positive, which 

means that there is a direct (and not inverse) linear relationship between the two dataset of HU values. 

Pearson’s coefficient values are close to 1 (0.92572, 0.91685 and 0.84075). Therefore, the data of two 

datasets has a strong positive linear correlation, which means that when values of manual dataset 

increase, values of the automatic dataset increase as well (direct linear relationship). Regarding to the 

determination coefficient values, they are also close to 1, which means that the regression line represents 

in a proper way the bi-dimensional distribution and most of the points are close to the line.  

 

To assess the relationship between all values of datasets, the Linear Regression analysis is also carried out 

including the data of all 10 patients (Figure30). In this case, the Pearson’s coefficient is equal to 0.94672 

and the determination coefficient is equal 0.89628. This means that, approximately, the 90% of the total 

variability in the automatic HU values can be explained by the linear relationship between manual HU 

values described by the regression equation. The other 10% of the total variation remains unexplained. 

 

 

Figure 30: Regression line plot with the data of all the patients included in the validation process 
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In conclusion, there is a close and linear relationship between manual and automatic values. This means 

that the clinical tool developed in this project properly quantifies the perfusion values.  

 

PART 2: MEDICAL APPLICABILITY OF CLINICAL TOOL 

 

In this part of the validation process, the 10 patients are firstly analyzed by using the clinical tool based on 

CT/CTP protocol and, afterwards, the results are compared with those obtained from perfusion SPECT 

imaging.  

 

2.1 MYOCARDIAL PERFUSION ANALYSIS 
 

 The assessment of myocardial perfusion values does not always reflect directly perfusion defects. The 

presence of artifacts and the inhomogeneous distribution of contrast through the myocardium make the 

process tedious.  For that reason, myocardial perfusion analysis requires several stages and proceedings:  

1. Visual comparison of CT images in the short axis view obtained at rest with the CT images 

obtained under pharmacologic stress. 

2. Comparison of HU values at rest. 

3. Comparison of the HU values at stress.  

4. Comparison of the difference from HU units at stress and at rest in each of the 16 AHA-

segments, based on the maximum contrast absorption. This is calculated as follows: 

 

                 
         

      
 

 

where     is the difference of HU value of a segment (i.e., HU value at stress – HU value at 

rest) and         is the maximum difference of HU. It is calculated as a percentage.  

5. Visual distinction of artifacts from real perfusion defects. 

6. Comparison of the images of short axis view with colormap. 

 

There are also some considerations that should be taken into account when identifying perfusion defects: 

1. If there is not an increase of HU at stress, compared to rest, or it is very low (compared to other 

segments of the section), the segment is suspected from ischemia.  

2. If perfusion value in a segment is very low at rest and at stress, compared to the other segments 

of the section, the segment is suspected from necrosis. 

3.  If perfusion is low in the subepicardium and improves in the subendocardium, in this region may 

be an artifact; since perfusion defects always start from the subendocardium and spreads 

towards the subepicardium. 
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4. If a segment shows a perfusion defect at rest and the perfusion is suitable at stress, an artifact 

might be in this segment. 

5. It is important to take into account that contrast is not always distributed in a homogeneous way 

through the myocardium, for that reason, original images should be observed before starting the 

process to see how the contrast spreads in each section. Thus, false perfusion defects would be 

avoided.  

 

Patient 1: VHCTP7 

Figure 31 corresponds to the images in the short axis view of the first patient that is analyzed. The first 

row are the sections basal, mid and apical at rest and the second row are the sections basal, mid and 

apical at stress. Figure 32 corresponds to the same images but with the AHA-segmentation performed 

with the clinical tool. Figure 33 shows the left ventricle wall painted with a colormap and the Figure 34, 

the two bull’s eye plots at rest and at stress showing the perfusion measurements (HU values)  

 

 

  

Figure 31: Short axis view of the images corresponding to patient VHCTP7. Each row shows 
the basal, mid and apical sections at rest (top) and at stress (bottom). 
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Figure 32: Sections with AHA-segmentation from patient VHCTP7 obtained in the IMAGE 
ANALYSIS panel of the clinical tool. 

 
 

 

Figure 33: Myocardial sections of patient VHCTP7 with colormap. 
 

 

Figure 34: Bull’s eye plots showing HU vales at rest and at stress.  
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Before performing perfusion analysis, the increment of HU values at stress versus rest is calculated as 

explained above. Results for the patient VHCTP7 are shown in the Table1. 

 

VHCTP7 

Seg 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

           95 79 82 64 63 75 88 100 66 77 79 73 71 48 73 43 

Table 1: Differences of HU values between the stress and rest values based on the maximum absorption of contrast. 

 

 

From the previous figures and perfusion measurements, we can conclude that patient VHCTP7 has 

subendocardial ischemia in segments 3, 4 and 5 from the basal section; in the segments 9, 10 and 12 

from the mid section and transmural hypoperfusion in the segments 14, 15 and 16 from the apical 

section. 

The colormap images show that segments 3, 4 and 5 have low perfusion in the subendocardial layer 

compared to the subepicardial layer. Subendocardial hypoperfusion is mainly produced in segment 4 but 

it is slightly extended to segments 3 and 5. Although segment 6 also contains a small region in the 

subendocardium that has hypoperfusion, it is minimal, and for that reason this segment is not associated 

with hypoperfusion. These findings can be seen in the original images but they are better visualized in the 

images with colormaps. In segments 9, 10 and 12 of the mid-cavity, subendocardial hypoperfusion 

defects are identified in the original and colormap images.  

Finally, regarding to the apical section, there is transmural ischemia in segments 14, 15 and 16 and 

necrosis in segment 13. The anterior basal segment is associated with necrosis because perfusion values 

at rest and at stress are very low compared to the other segments that are under normal conditions. 

Segments 14 and 16 have transmural ischemia because the HU values at stress increase very little (48 and 

43% based on maximum absorption) compared to the ones at rest (in the subendocardium and the 

subepicardium). With respect to segment 15, although HU values at stress are higher than the ones at 

rest, a small section of this segment shows hypoperfusion in the original and colormaps images.  

In Table2, perfusion defects identified by CT/CTP protocol are compared to SPECT results. As can be seen 

from this table, the results are quite similar. There are 9 segments diagnosed as positive by the two 

methods, 5 segments diagnosed as negative, a segment defined with hypoperfusion by SPECT and not by 

CT/CTP protocol and, finally, a perfusion defect identified by CT/CTP analysis and not by SPECT. 

 
VHCTP7 

Seg 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

SPECT   I I I    I I I  I I I I 

CTP   I I I    I I  I N I I I 

 
Table 2: Result comparison from CT/CTP protocol (CTP) and SPECT. Perfusion defects are specified in each myocardial 
section following the next abbreviations: “I” means ischemia, “N” means necrosis, if nothing is specified the segment 
is normal and if there is a “-“ means that the segment is excluded because an artifact is present in the segment 
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Patient 2: VHCTP25 

In this case the contrast is not distributed homogeneously through the myocardium. In the basal section 

at rest, segments 1, 2 and 6 are brighter than segments 3, 4 and 5. In the case of the mid-cavity section at 

rest, something similar occurs.  For that reason; segments 3, 4, 5, 9, 10 and 11, are not considered to 

have a perfusion defect.  

There is a transmural defect in segment 7 because perfusion values at stress are low in the 

subendocardium and the subepicardium. Moreover, despite that HU values at rest and at stress 

corresponding to segment 5 are correct, in the original and colormap images hypoperfusion appears. For 

that reason, subendocardial ischemia is associated with this segment. 

In this case the comparison with SPECT differs in segment 5 and 7 considered to suffer from ischemia by 

the CT/CTP protocol and not by SPECT. There is an artifact between segments 13 and 14 of the apical 

section at rest, but it is not a perfusion defect because although HU values in this region are lower, at 

stress HU values are higher. Therefore, segments 13 and 14 are excluded from the analysis. 

 

VHCTP25 

Seg 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

           43 76 79 94 76 57 21 100 76 89 69 67 61 99 99 56 

Table 3: Differences of HU values between the stress and rest values based on the maximum absorption of contrast. 

 

 
 
 

 

 
 

Figure 35: Short axis view of the images corresponding to patient VHCTP25. Each row shows 
the basal, mid and apical sections at rest (top) and at stress (bottom). 
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Figure 36: Sections with AHA-segmentation from the patient VHCTP25 

 
 

 
Figure 37: Myocardial sections of patient VHCTP25 with colormap. 

 
 

 
Figure 38: Bull’s eye plots showing HU vales at rest and at stress.  
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2.2 RESULTS COMPARISON OF CT/CTP PROTOCOL AND SPECT 
 

After doing the previous procedure for the 10 patients, the perfusion defects identified by CT/CTP 

protocol are compared to the ones determined from SPECT, which is one of the standard techniques to 

analyze perfusion. Segments containing artifacts are excluded from this analysis. At the end, 148 

segments are included in this analysis. In Table 4, all the results obtained from perfusion analysis are 

group in the following way: 

 The total of positive perfusion defects in CTP (CTP+) and SPECT (SPECT+) are depicted in the first 

row and the first column of Table 4 (True positives). 

 The total of positive perfusion defects in CTP (CTP+) and negative perfusion defects in SPECT 

(SPECT-) are located in the first row and the second column (False positives). 

 The total of negative perfusion defects in CTP (CTP-) and positive perfusion defects in SPECT 

(SPECT+) are wrote down in the second row and the first column (False negatives). 

 The total of negative perfusion defects in CTP (CTP-) and SPECT (SPECT-) are noted in the second 

row and the second column (True negatives). 

 

 SPECT+ SPECT- 

CTP+ 21 23 

CTP- 12 92 

Table 4: Results comparison from SPECT and CT/CTP protocol 

 

Sensitivity, specificity, positive predictive value and negative predictive value are calculated to evaluate 

CT/CTP protocol based on SPECT. These measurements are calculated using the following formulas: 

 

            
              

                              
  

  

     
              

 

             
              

                              
  

  

     
       

 

                                
              

                              
  

  

     
               

 

                                 
              

                              
  

  

     
               

 

On one hand, the sensitivity is equal to 0.64 which means that CT/CTP protocol detects 64% of segments 

with hypoperfusion while 36% of hypoperfused segments go undetected. Regarding to the specificity, it is 

equal to 0.80 which means that 80% of healthy segments are correctly reported as test negative (true 

negatives) but 20% of health segments are incorrectly identified as test positive (false positives). 
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On the other hand PPV is 0.48 whereas NPV is 0.88. In other words, this means that given a myocardial 

segment reported as positive (with CT/CTP protocol) it has the 48% of probability of being hypoperfused, 

and given a segment reported as negative it has the 88% of probability of being healthy. 

 

PART 3: DISCUSSION REGARDING THE CLINICAL TOOL 

 

In this section, a discussion about some of the limitations and future works regarding this clinical tool is 

given. The main improvements that may be included in the future development of the clinical tool are: 1) 

calculating more parameters to analyze and quantify myocardial perfusion, 2) including a better colormap 

of Bull’s eye plots, 3) calculating iodine based on concentration, and not on pixel values, in the case of 

using spectral images as inputs and 4) adding an algorithm to quantify the blood flow in the main 

coronary arteries to assess stenosis.  

 

In some studies the determination of perfusion defects is performed by calculating parameters such as 

the Transmural perfusion ratio or the left ventricle myocardial perfusion reserve (as mentioned before in 

Chapter 2). Adding the calculation of these parameters would be good to assess perfusion in a different 

way. Besides, this would enable the determination of the best parameters to identify and quantify 

perfusion in the myocardium. 

The current colormap of Bull’s eye plots is based on the mean of HU values in each myocardial segment. 

In this way, each segment is painted in one color. A colormap of the Bull’s eye, obtained from all the HU 

values of each pixel of each section, would facilitate the visualization of perfusion defects in the 

myocardium.  

The analysis of iodine images is performed based on intensity pixels of spectral images and not on the 

concentration of iodine. The quantification of myocardial perfusion using iodine concentration would be 

useful to compare these results with HU values. This comparison would provide information about which 

parameter is better to quantify myocardial perfusion.   

The development of an algorithm to quantify the amount of blood (or contrast) in the main coronary 

arteries, would allow the identification of stenosis. Besides, the determination of the degree of stenosis 

would be also calculated by comparing the amount of HU in each segment of the coronary arteries. In this 

way, the correlation between coronary stenosis and perfusion defects may be assessed.  

 

Finally, it is important to emphasize that the number of patients used for the validation is not quite large. 

The analysis of more patients would be needed to better assess the utility and feasibility of this clinical 

tool. 
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5. CONCLUSIONS 

 

Quantification of myocardial perfusion is needed, daily, in the clinical practice to diagnose diseases 

associated with hypoperfusion defects such as in IHD. The clinical tool developed in this project allows the 

direct and automatic quantification of myocardial perfusion in the left ventricle. This clinical would 

provide great advantage in automatic regional analysis of hypoperfusion, because this procedure is 

currently performed by using manual approaches. 

First, the data acquisition process is quicker and more accurate than the one performed with manual 

tools. Detection of perfusion defects with manual tools is based on the location of a ROI on the segments. 

Because of that, this manual procedure may lead to high variability and low accuracy. Quantification of 

myocardial perfusion strongly depends, in these cases, on the individual who is analyzing the segments 

and on the position of the ROI.  

Second, this clinical tool provides several approaches to identify perfusion defects; not only HU 

measurements in the entire segment, in the subendocardium and in the subepicardium, but also, with 

images of the short axis view displayed with a colormap to better identify and discriminate perfusion 

defects from artifacts. Some artifacts and very mild perfusion defects can be better determined with 

colormap images than with gray-scale images.  

 

The clinical tool was validated by comparing the perfusion measurements obtained automatically with 

perfusion values obtained manually, based on a linear regression analysis. Determination coefficient and 

Pearson’s coefficient are also calculated and they are 0.95 and 0.90, respectively.  These values show that 

a strong linear correlation exists between manual and automatic measurements. 

With respect to the results obtained when comparing CTP/CT protocol to SPECT; the sensitivity of CT/CTP 

protocol is, approximately, 0.64 whereas the specificity is 0.80. The PPV is 0.48 whereas the NPV is 0.88.  

On one hand, the values of sensitivity and specificity mean that 64% of diseased segments are reported 

as positive and the 80% of healthy segments are reported as negative. On the other hand, regarding to 

the PPV and NPV values, results show that given a myocardial segment reported as positive it has the 48% 

of probability of being hypoperfused, and given a segment reported as negative it has the 88% of 

probability of being healthy. 

 

Although this clinical tool is suitable for quantifying myocardial perfusion, the results obtained from the 

comparison of CT/CTP protocol with SPECT are not quite good. The validation of CT/CTP protocol should 

be better assessed, including a higher number of patients, to better evaluate the clinical application of 

this tool for diagnosis of IHD. 
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APPENDIX 

 

PART 1: DATA USED FOR VALIDATION 

 
In the case of each patient, the table on top contains the automatic and manual measurements and the 

tables on bottom contain the results of perfusion defects obtained from CT/CTP protocol or SPECT. 

  
Data from patient VHCTP7: 
 
 VHCTP7  

Seg 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

M 79 88 83 72 73 74 72 84 104 70 82 65 37 66 69 73 

Ct 78 93 89 81 75 69 72 89 109 77 84 72 52 81 71 81 

 
VHCTP7 

Seg 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

SPECT   I I I    I I I  I I I I 

CTP   I I I    I I  I N I I I 

 
Data from patient VHCTP11: 
 
VHCTP11 

Seg 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

M 96 107 97 66 80 102 89 112 109 53 89 97 70 101 63 99 

Ct 100 107 96 75 79 96 92 108 108 64 85 99 86 100 72 95 

 
 
VHCTP11 

Seg 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

SPECT  I  N    I  N   I I - I 

CTP I I  N  I    N   I I - I 

 
 
Data from patient VHCTP25: 
 
VHCTP25 
Seg 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

M 87 110 84 64 66 107 95 108 101 66 73 100 78 80 73 98 

Ct 87 111 99 64 67 103 93 112 103 68 76 100 77 83 76 91 

 
 
VHCTP25 
Seg 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

SPECT             - -   

CTP     I  I      - -   

 
 
 
 

VHCTP7 SPECT+ SPECT- 

TAC+ 9 1 

TAC- 1 5 

VHCTP11 SPECT+ SPECT- 

TAC+ 6 2 

TAC- 1 6 

VHCTP25 SPECT+ SPECT- 

TAC+ 0 2 

TAC- 0 12 
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Data from patient VHCTP22: 
 
VHCTP22 

Seg 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

M 80 108 126 79 78 87 74 119 117 88 81 76 81 106 80 87 

Ct 88 108 124 86 79 91 73 116 113 93 83 81 82 105 81 90 

 
VHCTP22 
Seg 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

SPECT   I I     I I   I I I I 

CTP I  I   I           

 
 
Data from patient VHCTP27: 
 
VHCTP27 

Seg 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

M 92 119 83 92 103 99 75 107 112 94 117 93 70 129 95 93 

Ct 100 116 87 89 103 102 88 117 117 105 117 95 91 135 95 97 

 
VHCTP27 
Seg 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

SPECT - I      I         

CTP - I  I    I      I   

 
 
Data from patient VHCTP8: 
 
VHCTP8 

Seg 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

M 88 136 111 90 119 96 94 121 88 92 101 82 87 118 92 90 

Ct 97 109 108 91 118 97 94 119 88 92 103 83 84 107 99 91 

 
VHCTP8 
Seg 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

SPECT     -      -      

CTP     -      -   I   

 
 
Data from patient VHCTP17: 
 
VHCTP17 

Seg 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

M 102 100 115 115 92 91 101 100 110 105 101 95 87 115 106 104 

Ct 96 105 115 108 95 92 98 105 115 112 101 98 90 120 110 105 

 
VHCTP17 

Seg 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

SPECT   - -         I I I - 

CTP   - -  I        I I - 

 
 

VHCTP22 SPECT+ SPECT- 

TAC+ 1 2 

TAC- 7 6 

VHCTP27 SPECT+ SPECT- 

TAC+ 2 2 

TAC- 0 11 

VHCTP8 SPECT+ SPECT- 

TAC+ 0 1 

TAC- 0 13 

VHCTP17 SPECT+ SPECT- 

TAC+ 2 1 

TAC- 1 9 
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Data from patient VHCTP18: 
 
VHCTP18 

Seg 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

M 77 85 103 85 97 96 75 110 106 94 100 81 75 98 93 92 

Ct 81 94 101 90 100 97 76 107 105 95 107 81 75 100 100 92 

 
 
VHCTP18 

Seg 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

SPECT    I I       -     

CTP            -     

 
 
Data from patient VHCTP15: 
 
VHCTP15 

Seg 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

M 111 126 121 100 107 100 104 125 124 105 108 99 107 132 107 107 

Ct 117 116 117 100 106 101 107 121 124 112 108 100 108 130 111 110 

 
VHCTP15 

Seg 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

SPECT  -   -      I      

CTP  - I I - I I  I I I   I   

 
 
 
Data from patient VHCTP16: 
 
VHCTP6 

Seg 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

M 78 101 104 87 93 65 73 104 90 97 86 74 83 94 92 75 

Ct 75 103 101 89 90 68 75 93 92 97 100 77 77 94 87 75 

 
 
VHCTP6 

Seg 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

SPECT                 

CTP   I I I     I I      

 

 

 

PART 2: CLINICAL AND EXTENSIVE REPORTS 

The following pages are the extensive and the clinical report (respectively) of patient  VHCTP7, obtained 

from User Interface. 

VHCTP18 SPECT+ SPECT- 

TAC+ 0 0 

TAC- 2 13 

VHCTP15 SPECT+ SPECT- 

TAC+ 1 7 

TAC- 0 6 

VHCTP6 SPECT+ SPECT- 

TAC+ 0 5 

TAC- 0 11 



Análisis de paciente con sospecha de Cardiopatía

Isquémica

1. Información previa

Número de estudio: 1
Anonymization Code: VHCTP7

2. Datos de la exploración

Se realiza TAC de estres con Dipiridamol , administrandose una dosis
total de - mg. Finalmente, se administran - mg de Eu�lina para antagonizar
el efecto.
Basalmente, el paciente presenta una tension arterial de - / - y una frecuencia
cardiaca de - lpm. Tras la administracion de Dipiridamol , se consigue una
tension arterial de - / - y una frecuencia cardiaca de - lpm. ( -% FCM).

3. Estenosis de arterias coronarias principales

No se observa ningún signo de estenosis en las arterias coronarias princi-
pales.

1



Figura 1: Diagrama de segmentación coronaria de la Society of Cardiovascu-
lar Computed Tomography

4. Imágenes del estudio de la perfusión

4.1. Imágenes con la Segmentación AHA

(a) Corte basal (b) Corte medio (c) Corte apical

Figura 2: Imágenes obtenidas en reposo
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(a) Corte basal (b) Corte medio (c) Corte apical

Figura 3: Imágenes obtenidas bajo estrés farmacológico

4.2. Imágenes con Colormap

(a) Corte basal (b) Corte medio (c) Corte apical

Figura 4: Imágenes obtenidas en reposo

(a) Corte basal (b) Corte medio (c) Corte apical

Figura 5: Imágenes obtenidas bajo estrés farmacológico
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4.3. Figuras Bullseye

(a) Reposo (b) Estrés

Figura 6: Cuanti�cación en Unidades Houns�eld de la perfusión en cada
segmento del miocardio

4.4. Conclusiones sobre la perfusión miocárdica

Los segmentos 3 4 5 14 15 16 tienen hipoperfusión subendocárdica o ligera
reversible. Los segmentos 9 10 tienen hipoperfusión signi�cativa transmural
reversible. En el segmento 13 hay hipoperfusión no reversible.

5. Comentarios

Los defectos en los segmentos 3, 4, 5, 9 y 10 se pueden obserbar muy bien
en cada corte sin colormap también. Prácticamente toda la región apical tiene
hipoperfusión a pesar de que una sección entre la parte inferior y la lateral
parece que capta más contraste. El segmento 6 parece estar hipoperfundido
pero es por la distribución del contraste, no por un defecto.
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