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Summary 
Towards Quantitative Cardiac Imaging 
 
The goal of this study was to determine whether cardiac function 
parameters can be determined accurately and precisely enough for cardiac 
imaging methods 3D echocardiography (3DE) and cardiac MRI (CMR) to 
support patient treatment quantitatively. Both methods are very useful in 
clinical practice, but real success hinges on the ability to use their results 
interchangeably, something that is not possible up to now. 
 
Literature research revealed that earlier studies tried to compare both 
methods, but used heterogeneous groups, instead of paired data of single 
individuals. This only provides information about population averages. 
 
This report used a healthy male volunteer and acquired multiple datasets 
with both methods. These were analyzed multiple times by two observers 
with four different dedicated software packages. Also, twenty patients 
were analyzed the same way. 
 
CMR turns out to be more reproducible and less variable than 3DE. CMR 
produces significantly larger LV volumes (factor 1.4 for EDV and 1.2 for ESV) 
and EF (factor 1.2) than 3DE, which is supported by literature. This 
observation cannot be fully explained at this point. Both methods are 
influenced by the choice of software package and the skills of the observer, 
and 3DE is also influenced by the quality of the hands-on clinical process 
image acquisition. To use the quantitative information interchangeably, 
the methods need to be calibrated. Careless application of these numbers 
in clinical practice is not advisable. 
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Chapter 1 
The Why and How of Cardiac Imaging 
 
The heart in health and disease 
The heart is a muscular organ that is responsible for pumping blood 
through the human body by repeated contractions. The function of the 
right side of the heart is to collect de-oxygenated blood coming  from 
the body in the right atrium, via superior and inferior vena cava, and 
pump it from the right ventricle, into the lungs (see figure 1).  
The left side collects oxygenated blood from the lungs into the left 
atrium. From the left atrium the blood moves to the left ventricle which 
pumps it out to the body (via the aorta). On both sides, the ventricles are 
thicker and stronger than the atria, with the muscle surrounding the left 
ventricle being even thicker than that of the right ventricle due to the 
larger force needed to pump the blood through the systemic circulation. 
The oxygen and nutrients present in the blood provide energy to vital 
tissues in our body, through a large network of large and small arteries 
and capillaries. After the nutrients and oxygen are extracted, veins 
transport the blood and several waste products away from the 
tissues.  
 
Several events can cause disease or malfunction to the heart, as 
with all biological tissues. Heart diseases can be divided in two 
main categories. Firstly, congenital heart diseases are either 
hereditary or contracted in the womb during organogenesis, the 
development of the organs. Secondly, acquired heart diseases 
may occur during normal life. Most of these are triggered when 
blood vessels get clogged by lipids or other deposits on the 
vessel wall, a process that is called atherosclerosis. There are 
several circumstances, called risk factors, that impact the chance 
that a person will get heart failure at some point in their life.  
The first group of risk factors is detrimental habits: smoking, 
unhealthy food, alcohol abuse, stress and insufficient exercise all 
cause an increased risk for heart failure. Second is a group of 
treatable and evitable risk factors, such as heightened 

Fig. 1– Anatomy of the heart with its four 
chambers, two ventricles and two atria, and the 
major blood vessels. 
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 cholesterol, diabetes mellitus, overweight and high blood pressure.  
The final factors are unavoidably tied to an individual, its age, gender 
and genetic predisposition to one of the risk factors from the previous 
groups. Since the 1970’s, heart diseases have been the main cause of 
death in Western civilization (see insert 1). 
 
Cardiology and Cardiac Imaging 
Cardiology (from the Greek word kardia meaning ‘heart’) is the medical 
profession that deals with detecting, diagnosing and treating diseases 
related to the heart. Note that most interventional action and surgeries 
are performed by cardiac surgeons, while cardiologists focus on the 
medical treatment of heart diseases.  
For a cardiologist, the first method to detect whether a patient has 
heart problems is to take anamneses from the patient, in other words, 
to ask questions regarding their complaints in such a way to detect the 
underlying pathology. Patients with suspected heart problems will 
have to undergo additional testing to support the anamneses of the 
cardiologist and form a diagnosis; for example, a measurement of their 
heart rate (by stethoscope) , along with the patient’s blood pressure 
(blood pressure cuff) and an electrocardiogram (ECG). Even though the 
ECG is a graphical representation of the electric activity of the heart, all 
these detection methods do not provide a visual impression of the 
state the heart is in.  
On several occasions, the cardiologist needs further evidence in 
making a definitive diagnosis, and to this end various imaging 
modalities can be used. 
 
Beyond visual assessment 
Most cardiologists will be able to visually assess the condition of the 
patient based on their initial qualitative analysis of the presented data, 
both ‘traditional’ measurements such as echocardiogram (ECG) and 
imaging datasets. Although qualitative assessment of imaging 
datasets is easy and fast, error margins will be higher compared to 
quantitative analysis.  
 
Quantitative analysis can put multiple aspects of the dataset into a 
perspective that would not be possible with only qualitative means.  

INSERT 1: Heart disease versus cancer
 
Heart disease has been the leading cause of 
death in the Western world for decades. The 
year 2008 marked the first year in which 
more people died of cancer than to heart 
disease, although this was already true for 
men since 2005. The main reason for this 
trend is that cancer mortality rates drop 
much slower than those for heart disease. 
Since the eighties it is much less likely to die 
from heart disease than before, because of 
better treatment, even though risk factors 
have increased for many people due to bad 
lifestyle habits and little exercise, among 
others.  
 

 
 
In the mean time, the share of cancer 
mortality has been steadily increasing due 
to general aging of the population. This 
counters the risk of actually dying from 
cancer, which has decreased as well as that 
of heart disease, because of better medical 
treatment. 
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Quantitative analysis allows for a more precise definition of various levels 
or values for physiological parameters. It allows for comparison between 
separate moments in time where the same patient is concerned, for 
example to monitor treatment progress.  
 
Also, comparison between multiple patients can be made to predict 
severity of deviations from population normal values. Essential to this is 
that these normal values are accurate and fairly precise. However, this has 
proven to be quite difficult, as humans can be very different from each 
other, which causes normal values for large groups to have accordingly 
large margins.  
Nevertheless, as medicine is typically an empirical profession, most normal 
values that are published will be have large error margins: when 
parameters are discussed that are of interest to cardiologists, most of these 
parameters have been established by averaging the results of large groups 
of people. Insert 2 lists some of the most important parameters in 
cardiology and their currently accepted normal values. 
 
Goal: Using quantitative cardiac function 
A large percentage of heart patients will show significantly degraded 
cardiac function values caused by impaired cardiac performance as a result 
of their specific pathology. Treatment of these patient, albeit surgery or 
medicine, should result in an increased performance over time. Depending 
on the severity or stage of the disease and the treatment method, this 
increase in cardiac performance might be easily seen if it is a 
significant increase or not at all if it is small. 
 
To be able to accurately follow a trend in function values during a 
sustained period of treatment, quantification of the cardiac function 
values is mandatory. In addition to this, it may lead to the 
interchangeability of cardiac function examinations from different 
imaging modalities. That may be an invaluable asset; currently it will 
for example not be possible to give every heart patient a cardiac MRI 
examination, if only because of the low availability of MRI scanners for 
this type of examination. 

PROJECT GOAL: 
 
“To determine whether cardiac 
function parameters can be 
determined accurately and 
precisely enough for 3DE and CMR 
to support patient treatment 
quantitatively.” 
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Before quantitative trend analysis can be implemented however, the 
accuracy and precision of each imaging method have to be known.  
 
The goal of this report is therefore to determine whether cardiac 
function parameters can be determined accurately and precisely 
enough for echocardiography and cardiac MRI, so these parameters 
can support the quantitative trend analysis of a patient during and/or 
after treatment.  
Two methods, 3D echocardiography (3DE) and cardiac MRI (CMR), will 
be chosen, because the former is currently the workhorse for most 
cardiology departments and the latter offers a very comprehensive 
package for cardiac imaging other than function analysis as well. Also, 
both methods do not rely on X-Ray or gamma radiation, which would 
hinder the use of volunteers. This choice will be addressed in more 
detail in chapter 2 and 3.  
 
Contents of this report 
The rest of this report will cover the steps undertaken to reach the 
project goal. Chapter 2 will focus on the cardiac imaging methods that 
are available to examine patients. 
The third chapter will address the aspects of why cardiac function is so 
important, which parameters will initially be used for the comparison 
and why these specific parameters.  
Chapter 4 contains early literature results on comparable studies, 
chapter 5 shows the results of two experiments conducted for this 
study and the final chapter will discuss the outcome and possible 
future research goals. 
 
 
  

 
INSERT 2: Frequently used cardiologic 
parameters 
 
Heart rate (HR) 
Normal 60-100 beats/min 
  
Body surface area (BSA)  
Normal men 1.9 m2 

Normal women 1.6 m2 

 
Cardiac Output at rest  (CO) 
Normal 4-7 liter/min  
 
Systolic Arterial Blood Pressure (SBP) 
Normal 100-140 mmHg 
 
Diastolic Arterial Blood Pressure (DBP) 
Normal 60-90 mmHg  
 
End diastolic volume in mL (EDV) 
Normal 121-242 ml 
 
End systolic volume in mL (ESV) 
Normal 62 – 120 ml 
 
Stroke volume (SV, equal to EDV-ESV) 
Normal 100-140 ml  
 
Ejection Fraction (EF, equal to SV/EDV) 
Normal 0.55-0.70 
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Chapter 2 
Cardiac Imaging methods 
 
A variety of choices 
 
Cardiac catheterization 
Traditionally, an important imaging tool is cardiac catheterization, 
performed to visualize the heart and its coronary arteries. A catheter is 
inserted from an artery in the thigh (femoral artery) into the heart. There, it 
can be used to inject a contrast agent that is made visible on X-Ray, this is 
called angiography (see figure 2). 
 
Angiography may reveal which of the coronary arteries, which are 
responsible for oxygenation of the heart itself, suffers from atherosclerosis. 
Then, the catheter can be used for angioplasty (to widen the blood vessel 
using a small balloon on the tip of the catheter) or even stenting the blood 
vessel. A stent is a cylindrical shape that supports the inner blood vessel 
wall to keep the lumen (the part of the blood vessel through which the 
blood flows) open. For a short history of catheterization, see insert 3.  
Catheterization benefits from very good resolution, both spatially and 
temporally, and good contrast as well. However, its drawbacks are that is 
very invasive for the patient and carries a significant radiation dose for the 
patient. 
 
Echocardiography 
The second imaging modality is echocardiography, also called cardiac 
ultrasound or simply echo (see figure 3). This tool is based on the 
propagation of sound waves in the MHz range (which makes them 
inaudible to the human ear) through the human body. Upon reaching a 
transition between two tissue types, the sound waves will be partially 
reflected back to the body’s surface, where they can be detected by the 
same device, a transducer, that emitted the sound waves, and be 
converted into images. This process uses the properties of piezoelectric 
materials.  
 

Fig. 2– Typical 
catheterization angiogram

Fig. 3– Typical 2D 
echocardiogram 

Fig. 4– Typical 3D 
echocardiogram 
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Since it was first used in hospitals, cardiac ultrasound has been a very 
popular method to image cardiac anatomy and function, and blood 
flow through the heart. In addition to the ‘standard’ measurements 
where the transducer is placed on the chest of the patient, called 
transthoracic echocardiography (TTE), sometimes it is preferable to 
view the heart from opposite directions. 
 In this case, an ultrasound transducer can be inserted through the 
mouth of the patient into the throat (the esophagus), to produce a 
transesophageal echocardiogram (TEE). Although not a pleasant 
procedure for the patient, increased image quality and diagnostic 
possibilities because of lack of interference from the patients ribs, 
make TEE a useful addition to the imaging arsenal.  
Another tool is stress echocardiography, where stress is induced by 
letting the patient exercise or administering a stress drug, while an 
stress echo exam is performed. This may show heart wall 
abnormalities as the increased oxygen demand cannot be met and 
causes ischemia (oxygen shortage). 
 
One of the most recent developments is the use of three-dimensional 
(3D) image acquisition techniques as an addition to the two-
dimensional (2D) methods that gave echocardiography its current 
status. The transducer not only sends and receives sound waves in one 
line of piezo-elements, but uses an 2D array of elements. In this way, 
3D spatial data can be gathered as a function of time, effectively 
yielding 4D datasets (see figure 4 and Appendix D for more 
information).  
This is a very promising development that could lead to a better 
insight into heart diseases, as it enables viewing the heart chambers in 
proportion. Earlier, judging heart dimensions was difficult because 
only one ‘slice’ could be viewed simultaneously. It remains a question 
whether or not 3D echocardiography will substitute 2D as standard 
imaging method.  
 
Benefits of echocardiography are that is a bedside method and easy to 
use. Its resolution is quite good, although depth resolution is average. 
The method’s contrast is poor however, providing few tissue 
distinguishing options. 

INSERT 3: History of catheterization
 
1711 Stephen Hales Placed catheter into  
right and left ventricles of a living horse.  
  
1929 Werner Forssmann Inserted a 
catheter into his own venous system and 
guided the catheter by fluoroscopy into his 
right atrium. 
 
1953 Sven-Ivar Seldinger Percutaneous 
(through the skin) access of the artery or 
vein used for angiography. 
 
1958 Charles Dotter Invented occlusive 
aortography that involved the transient 
occlusion of the aorta and subsequent 
injection of a small amount of radiographic 
contrast agent into the aortic root and 
serial x-rays to visualize the coronary 
arteries. 
 
1958 Mason Sones Accidentally entered 
the patient's right coronary artery. Before 
the catheter could be removed, 30cc of 
contrast agent had been injected; the first 
selective coronary arteriogram. 
 
1964 Charles Dotter and Melvin Judkins 
Use of a balloon-tipped catheter for the 
treatment of atherosclerotic vascular 
disease. 
 
1977 Andreas Gruentzig First successful 
percutaneous coronary angioplasty (PTCA), 
the procedure now known as dottering. 
 
00’s Development of stents that release 
therapeutic agents over time to decrease 
reoccurrence of stenosis. 
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Magnetic Resonance Imaging 
Magnetic Resonance Imaging (MRI) is an imaging technique 
that is able to visualize both structure and function of the 
heart, like echocardiography. It uses a powerful magnetic 
field to align the nuclear magnetization of (usually) 
hydrogen atoms in water in the body. Radiofrequency fields 
are then used to systematically alter the alignment of this 
magnetization, causing the hydrogen nuclei to produce a 
rotating magnetic field detectable by the scanner. 
Additional magnetic fields can be used to manipulate this 
field and the resulting signals can be reconstructed to an 
image of the body. 
 
The main advantage of MRI is that it provides better contrast 
between the different soft tissues of the body than echo and 
CT do, making it especially useful in several fields, including 
cardiovascular studies. Another advantage is that MRI is very 
versatile, so different magnetic field switching sequences 
can produce very different contrast options, which can be 
very useful to investigate different pathologies. Figure 5 
shows several cardiovascular MRI applications, Appendix E 
contains more details about the examination. 
 
MRI also has a few drawbacks: it is not a bedside method 
and compared to echo it is expensive, slow and complicated 
to use (and sometimes to interpret). Also, some patients may 
experience claustrophobia in the confines of the scanner 
tube and especially for heart patients it is unfortunate that 
pacemakers and analogous devices are counter indicative 
because of the magnetic field, which may cause them to 
heat and/or fail. 
 
Computed Tomography 
Computed Tomography (CT) is an imaging method in which a 3D image of 
the inside of the human body is reconstructed from a large series of helical 
X-ray images acquired during rotation of the X-ray tube and simultaneous 
movement of the patient table. 

 
Cardiac 

Function Analysis 
Assessment of wall 

motion, volumes, ejection 
fraction and mass 

 
 

 
Flow Quantification 

 
Calculation of flow profile 

through main arteries 

 
 

 
MRA 

 Angiography in 3D. 
Displays the vascular tree 
to check for obstructions 

 
 

 
Viability analysis  

 
Contrast agent shows 

infarcted tissue 

 
 

 
Fig. 5 – Frequently used cardiac MRI applications. Each 

method uses another acquisition sequence. 
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CT produces a volume of data which can be manipulated, through a 
process known as windowing, in order to demonstrate various 
structures based on their ability to attenuate the X-ray beam (see 
figure 6). 
 
Although historically the images generated were in the axial or 
transverse plane (orthogonal to the long axis of the body), modern 
scanners allow this volume of data to be reformatted in various planes 
or as volumetric representations of structures. 
CT is the gold standard for trauma examinations as it provides 
excellent contrast between the skeleton and soft tissue and very fast 
imaging. Also, coronary arteries can be visualized very well. 
One of the newest developments, is a ‘dual source’ scanner, which 
enables the use of two different X-Ray energy levels to improve soft 
tissue contrast. This might improve the usefulness of CT for cardiac 
function examinations, because up to now the endocardial border can 
be segmented with difficulty. One of the main drawbacks for CT is the 
radiation dose, that can be considerable in some cases. And while 
scanning is typically very fast, the temporal resolution is not good, 
simply because making multiple acquisitions would make the 
radiation dose even larger. 
 
 
 
 
 
 
 
 
 

Nuclear Imaging techniques 
Several nuclear imaging methods can be employed to image heart 
function with a gamma camera. Single photon emission computed 
tomography (SPECT) uses gamma rays to provide true 3D information.  
 

Fig. 6– Typical Cardiac CT 
functional image 

Fig. 7 – Typical gated 
SPECT image 
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Table 1 – Comprehensive overview of the strengths and weaknesses of all relevant 
cardiac imaging techniques, based on seven different characteristics (see Appendix A). 
Typical spatial resolutions for cardiac function examinations are between brackets in 
the spatial resolution column. 

Modality Spatial 
resolution 

Temporal 
resolution 

Contrast Availability Versatility Risk and 
Safety 

Cost

 
Cardiac 

catheterization 

++ 
Very high 

resolution, 
but 2D 

 
(0.2 mm) 

- 
timing is 

essential, only 
one loop per 

contrast-
bolus 

+ 
Generally very 
good, unless 
arteries cross 

each other 

+ 
Almost all 
hospitals 

- 
Only for 

imaging of 
blood vessels 

-- 
Invasive and 
dangerous, 

radiation 
dose 

- 
expensive 

system and 
procedure

 
Echocardiography 

(3D) 

+ 
High 

resolution, 3D 
 

(0.4 mm) 

+ 
Live viewing 

possible, 
frame rate 

limited 

- 
Poor contrast, 
tricks possible 
to enhance it 

+ 
Almost all 
hospitals 

+ 
Versatile and 

easy to 
operate 

+ 
minimal 
patient 

burden, no 
radiation 

+ 
Relatively 

cheap 

 
Cardiac CT 

++ 
Very high 

resolution, 3D 
 

(0.4 mm) 

= 
limited in 

most systems, 
better in 

future 

+ 
Good contrast 

between 
tissues 

- 
lots of 

scanners, but 
not equipped 

for cardiac 

+ 
Imaging of 
coronaries, 

function 

= 
Radiation 
dose, but 

quick 

- 
expensive 

system 

 
Cardiac MRI 

+ 
Good 

resolution, 3D 
 
 
 

(1.5 mm) 

+ 
Depending 

on sequence 
can be very 

good 

++ 
Excellent 
contrast 
between 

tissues 

- 
lots of 

scanners, but 
not equipped 

for cardiac 

++ 
Extremely 
versatile, 
however 

difficult to 
operate 

+ 
No 

radiation, 
but strong 
magnetic 

field 

- 
expensive 

system 

 
Nuclear Imaging 

 

- 
Low 

resolution 
 

(5 mm) 

= 
Average 

+ 
Specific, semi-
quantitative 

measurement

+ 
Almost all 
hospitals 

- 
Only for 
global 

function 

- 
Radiation 

dose 

= 
Moderate 

costs 
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Myocardial perfusion imaging (MPI), also called multi-gated 
acquisition (MUGA) is a form of SPECT imaging, used for the diagnosis 
of ischemic heart disease. The underlying principle is that under 
conditions of stress, diseased myocardium (heart muscle cells) receives 
less blood flow than normal myocardium. A radiopharmaceutical 
specifically tagged for the myocardium is administered, after which 
the heart rate is raised to induce myocardial stress, either by exercise 
or pharmacologically with a drug such as dobutamine (see figure 7).  
 
SPECT imaging performed after stress reveals the distribution of the 
radiopharmaceutical, and therefore the relative blood flow to the 
different regions of the myocardium. Diagnosis is made by comparing 
stress images to a further set of images obtained at rest. SPECT 
methods have demonstrated to have an accuracy similar (or better) 
than other non-invasive tests, including stress echocardiography. 
Drawbacks of nuclear imaging methods are the radiation dose patients 
are exposed to and the low spatial and temporal resolution of the 
methods. 
 
Table 1 offers a comprehensive overview of all important cardiac 
imaging modalities that were mentioned in this chapter, and their 
respective properties, both advantages and drawbacks. 
While not all properties of the imaging methods are compared, the 
quick, easy and cheap echocardiography (either 2D or 3D) holds up 
well. Cardiac MRI and CT currently have their separate applications, CT 
wins at speed and imaging of coronaries, while MRI can measure flow 
and viability. Cardiac catheterization is an outsider because it is the 
only invasive method in the list and not risk free. Nuclear methods are 
very popular and have a unique specificity for myocardial imaging and 
ejection fraction measurements, but offer few other imaging 
possibilities. 
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Chapter 3 
Parameters to quantify heart function 
 
A question of tissue oxygenation 
One of the most frequently performed examinations in cardiology is to 
determine left ventricular (LV) systolic function. Since the first invasive 
determination of cardiac output as a measure of LV function in 1971, there 
has been an enormous amount of effort to replicate this measurement in a 
noninvasive fashion. The development of several measures are all attempts 
to estimate cardiac output. Why is this cardiac output so important? 
 
The answer to this question begins with the problem that there is no 
definitive, easy way to determine whether all vital organs receive enough 
oxygenated blood. This is one of the key challenges of medicine, because a 
parameter has to be found that indicates whether tissue oxygenation is 
sufficient. As long as lung function is normal, cardiac output has become 
the most likely candidate, as it is a measure for the amount of blood that is 
pumped into the body every minute. Although there is no guarantee that 
the blood volume debit measured with cardiac output contains enough 
oxygen or that it actually reaches all organs, this is still less ambiguous 
than other measures like heart rate or blood pressure, and therefore a 
better predictor. 
The vast majority of all publications on heart function concentrates on the 
left ventricle of the heart. It is this left ventricle that pumps all blood into 
the body, oxygenated blood that is received from the lungs, and is 
therefore first and foremost responsible that enough blood reaches the 
organs. This is why most studies currently focus on LV performance.  
 
Although there are many ways to evaluate the LV, no single measure can 
adequately describe the functional status of the heart, commonly multiple 
parallel, and often simultaneous, techniques are employed, each with its 
own advantages and disadvantages. Furthermore, there are specific 
clinical conditions in which a certain measure is more useful than others. 
Understanding the factors that affect each individual technique will enable 
the cardiologist to better ascertain the actual degree of cardiac function. 
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Fractional Shortening 
Most cardiac function parameters rely on two moments in the heart 
cycle: end-diastole (ED), defined as the phase of the heart cycle during 
which the heart is fully relaxed and end-systole (ES), defined as the 
phase in which the heart is fully contracted. 
One of the first echocardiographic measurements of LV function was 
the Fractional Shortening (FS) ratio (see insert 4). Although calculation 
is fast, simple, and fairly reproducible, it has several significant 
shortcomings. FS is dependent on contractility of the ventricle, heart 
rate and loading of the heart (blood supply to the atria and clearance 
from the ventricles). More importantly, after 2D echocardiography 
became widely used, which enabled the rapid visualization of global 
and regional heart wall thickening, it became obvious that FS could 
grossly overestimate LV function. Other methods were proposed that 
solved one or more of its drawbacks, but the main problem remained 
that it was only a one-dimensional method. 
 
Ejection fraction methods 
With 2D imaging of the heart, it became possible to measure global LV 
function while still taking into account regional abnormalities.  The 
ability to rapidly and noninvasively determine an ejection fraction (EF), 
coupled with the ability to evaluate structure and function of the heart 
valves, helped echocardiography into becoming the most widely used 
modality for heart function assessment today. Unlike FS, wall motion 
abnormalities could be easily detected while measuring and taken into 
account when determining overall global systolic function. 
 
EF has been shown to strongly correlate with patient survival, even 
better than other predictors such as the number of diseased coronary 
arteries. EF may be the most prognostic variable measured besides the 
age of the patient. This has lead to left ventricular EF not only having 
implications as a prognosis, but guiding therapeutic decision making 
as well. For instance, drug therapy initiation, biventricular pacing and 
defibrillator implantation are partly based on the results of EF 
measurements.  

 

  %
 
 

  100  %   

  %
 

  100  %  

INSERT 4: Common function parameters
 
Fractional Shortening (FS) 

Using the ED and ES diameter (in mm) of 
the left ventricle. 
 
Ejection Fraction (EF) 

Using the ED and ES volume (in ml) of the 
left ventricle 
 
Both parameters can be noted as a 
percentage or as a real fraction, e.g. 0.65 or 
65%. 

INSERT 5 : About heart mass
 
One of the most prognostic but often 
overlooked characteristics of the heart is its 
mass. The development of hypertrophy 
(enlargement and thickening of the heart 
muscle) represents an attempt to 
compensate for abnormal loading 
conditions: insufficient inflow of blood 
from the lungs/body to the atria resulted in 
a deteriorated cardiac output that needs to 
be compensated. For every gain in wall 
thickness, the ventricle decreases its wall 
stress by a factor of twice that number. 
Although it would seem that more muscle 
would be better than less muscle, this is 
not always the case. 
 
Software to calculate heart mass or 
ventricular mass is also available, although 
not yet in all software, so this parameter 
could not be used in this study. 
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Besides estimating the EF visually, several methods exist for quantitative 
determination.  The most common technique used in 2D 
echocardiography is the biplane Simpson method (see insert 6). It is very 
important for this method that the endocardial border, the interface 
between the myocardium (heart muscle) and the blood in the heart cavity, 
is defined adequately by manually drawing a contour. 
 
Another method is Teichholz, which is designed to calculate the left 
ventricular mass (see insert 5) which uses an empirical formula that 
converts the measured length into left ventricular volume (and an ejection 
fraction).  
Currently however, the best technique to measure volumes and EF by 
echocardiography is 3D imaging. Acquisition in 3D minimizes several 
potential errors with 2D measurements, as one or both views may be 
geometrically foreshortened. Furthermore, the assumption that both the 
two- and four-chamber views are orthogonal is not always true, therefore 
the method does not anticipate any deviation in morphology. Imaging in 
3D minimizes these effects, thus minimizing measurement errors as well as 
inter-observer variability. The volume dataset acquired with 3D echo can 
be analyzed using contour detection algorithms that produce a full 
ventricular volume. Often this volume is not only calculated for end-systole 
and end-diastole, but also for the rest of the heart cycle, providing 
additional information about the contraction of the heart. 
Most of these methods are also found in one form or another in the 
analysis of datasets from other imaging modalities. 
 
The limitations of Ejection Fraction 
A major confounder for EF determination is the inability or inaccuracy to 
detect, and thus measure, the endocardial border. Even ‘loss’ of a partial 
segment of the heart wall can substantially affect EF determination. 
Although advancements in contrast agents may diminish this problem, for 
the moment it is very real, especially for echocardiography.  
Although the EF has many advantages over previously used measures of 
LV function, it still suffers from being load dependent. This makes serial 
studies more difficult to assess. Absolute ventricular volumes are now 
commonly used to track myocardial remodeling and reverse remodeling, 
as the EF ratio is often not sensitive enough to detect changes.  
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Two common situations in which loading conditions cause the 
EF to fail to reflect the true state of the ventricle are aortic 
stenosis (the clotting and resulting hardening of the aortic wall) 
and chronic mitral regurgitation (leaking of the mitral valve 
causing blood to flow back into the left ventricle). In cases of 
severe aortic stenosis, the EF is very low, but it improves with 
removal of the outflow obstruction. This represents a severe 
mismatch that falsely attenuates true LV function; the heart is 
functioning but not enough blood is reaching the organs.  
 
Mitral regurgitation, on the other hand, represents a case of 
chronic low afterload that falsely supports (augments) EF when, 
in truth, irreversible damage has already occurred to the heart 
muscle cells. Blood pressure may be normal, but the enlarged 
left atrium acts as a pressure reservoir, or sink, unloading the LV. 
Both situations are not enough to stop using the EF, but 
attention has to be paid to other parameters, most directly the 
LV volumes. Heart mass (see insert 5) can also be used. 
 
Current medical practice has mostly assigned dichotomous rules 
for the EF values of individual methods. For example, when a 
value of 0.50 is considered turning point, values lower than that 
will be considered ‘low’, while values of 0.50 and higher will be 
normal. For several methods, the numbers even differ, so there 
is no direct interchangeability possible between the results of 
imaging methods. This can change with a direct comparison 
between methods, as will be done in the next chapters.  

  INSERT 6:  EF measuring methods
 
Simpson 
Divides the LV into a 
series of stacked disks. 
The disks are of known 
thickness, and 
summation of the area 
of the disks times the 
disk thickness leads to 
diastolic and systolic 
volumes 
 

 

Teichholz 
LV inner diameter (LVID) 
is measured in one or 
two imaging planes, 
during end-systole and 
end-diastole. Added 
with septum (IVS) and 
posterior wall  (PW) 
thickness, values are 
entered in empirical 
formula: 
 
LVmass    LVID   IVS   PS 3 ‐ LVID3 
 
Full Volume Edge detection 
Only useable with 3D 
datasets, this method 
may employ several 
types of contour 
detection algorithms to 
produce a continuous 
ventricular volume 
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Chapter 4 
Findings from literature 
 
A Hampered comparison 
T o find out which approach would be best suited to determine the 
accuracy and precision of both 3D echocardiography (3DE) and cardiac 
MRI (CMR), current literature was surveyed for similar studies. It turned out 
multiple studies had performed comparisons between CMR and 3DE, 
sometimes also including CT or Nuclear Imaging.  
 
Heterogeneous patient groups 
Almost all of the papers in literature tried to compare two or more 
methods with a group of patients that was often categorized 
retrospectively. This leads to a number of patients having severe 
conditions, while other patients are younger and healthier. Some studies 
even included healthy volunteers in the same group. Also, the ratio of men 
and women was often not comparable. Since studies have indicated that 
the female heart is often smaller than the male heart, especially the end-
diastolic volume, this may give distorted information when ratios are not 
constant between studies.  
A study could therefore benefit from a patient group composed with 
similar age, gender (or at least a known ratio and the possibility to stratify 
this) and disease conditions, to establish normal values for cardiac function 
within such a group. Ideally, a very large population would be selected, so 
that results could be stratified along each of the aforementioned 
properties, for statistically convincing results. 
 
Group versus individual patient 
No matter how well defined a patient group, individual patients will differ 
from each other and so the overall results will smooth out when a whole 
group is averaged. This can be seen from figure 8, where results from ten 
studies in literature were compared. It is therefore preferable to compare 
the results from each imaging method for the individual patient instead of 
a group. Not only can incidental differences between the methods be 
observed, but it also gives a sense of  ‘where’ the patient is in terms of the 
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range of normal values. Additionally, it may 
give insight to whether the analysis result is 
valid, because a comparison with another 
method for a single patient should produce a 
smaller difference than the normal values for 
a group of patients. 
 
Single or multiple analysis 
Most of the studies in literature perform one 
examination per patient, which is highly 
preferable in clinical settings. However, 
doing multiple examinations on one patient 
may give information about the 
reproducibility of the acquisition and also the 
parameters or settings with which the best 
results are produced. To simplify the problem 
somewhat, healthy volunteers can be 
measured multiple times and some results may be extrapolated 
towards patients. This circumvents the larger than normal (perhaps 
unethical) burdens for the patients. 
 
Standardized image acquisition and analysis (software) 
Most of the studies used commercial packages for 3DE analysis from 
one of two possible vendors. This means all images will receive a more 
or less standardized analysis to produce results as much reproducible 
as possible. CMR however, turns out to still rely on several packages 
that accompany the MRI scanner itself. In some cases, private software 
is used and sometimes a commercial package. It is therefore by no 
means valid to directly relate CMR results for one patient from one 
study to the next, although it remains possible on a group level (see 
Appendix C for more details). A useful study would be to compare 
several software packages for CMR as well as the two major 3DE 
packages and see if discrepancies are discovered between the two. 
 
Another challenge is presented in which person actually performs the 
analysis of cardiac images. Currently, MRI scanners in hospitals are 
often owned and operated by the Radiology department, while 

INSERT 7: Precision and accuracy
 
Accuracy indicates proximity to the true 
value, precision to the repeatability or 
reproducibility of the measurement 

 
Ideally a measurement device is both 
accurate and precise, with measurements 
all close to and tightly clustered around the 
known value. The accuracy and precision of 
a measurement process is usually 
established by repeatedly measuring some 
traceable reference standard (calibration). 

Fig. 8 Typical ejection fraction values including reported standard 
deviations from ten previous, recent studies reported in literature (see 

Appendix B for more details). 

1        2        3          4        5          6       7        8        9       10
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cardiac ultrasound machines are dedicated for the Cardiology department. 
CMR data is either analyzed by specialized personnel, by the 
cardiologist/radiologist or by the technician. Datasets from 3DE however, 
are mostly analyzed by the cardiology sonographers. This means that by 
definition two different people will analyze the data separately, and the 
results may suffer from inter-observer variability. Standardization of 
analysis protocols is therefore a priority. 
 
No real gold standard 
The final aspect that emerged from previous studies is that CMR is 
considered to be the gold standard. This is partly based on the 
shortcomings of the other methods with regards to spatial and temporal 
resolution and contrast, as well as the property of CMR to produce images 
without geometric distortion and errors that results from that. However, 
CMR is not that readily available yet, due to the costs of MRI scanners in 
general and the above average length of a cardiac examination in 
particular, so as far as standards go, it is certain not a standard that is 
omnipresent. 
 
Inclusion or exclusion of the papillary muscles 
The papillary muscles of the heart serve to limit the movements of the 
mitral and tricuspid valves. The muscles contract to tighten the chordae 
tendineae. They brace the valves against the high pressure, preventing 
regurgitation of ventricular blood back into the atrial cavities (see figure 9).  
The studies in literature are not consistent in including or excluding these 
structures that, although they are small, could make some difference in the 
actual blood volume inside the left ventricle. 
 
To conclude, analysis of these studies yielded some valuable suggestions 
and conclusions as to how to set up an adequate study method to come 
up with the real accuracy and precision of the imaging methods. The next 
chapter will describe these studies. 

  
Fig. 9 – schematic representation of the 

papillary muscles and the chordae 
tendinae of the heart. 
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Table 2 - Cardiac  function parameter and error margins results for 
one healthy subject analyzed with four different software packages. 
The relative error is given as a percentage between brackets. 
Ejection fraction values are given as 0.xx fractions, to avoid 
confusion. 

  

3DE 

Qlab Tomtec 

EF   0.60± 0.04 (6.0%) 0.52± 0.02 (4.5%)

EDV (ml) 130.9± 7.2 (5.5%) 141.3± 7.1 (5.0%)

ESV (ml) 52.8± 3.9 (7.4%) 67.4± 3.9 (5.7%)
 

  

CMR 

Tomtec CAAS 

EF   0.67± 0.01 (1.3%) 0.64± 0.01 (1.5%)

EDV (ml) 181.9± 1.4 (0.8%) 209.9± 5.8 (2.8%)

ESV (ml) 59.3± 1.5 (2.6%) 75.6± 1.6 (2.1%)

Chapter 5 
The pursuit of results 
 
Volunteer study 
The goal of this first study was to compare the 
cardiac function parameters calculated with CMR 
and 3DE. To determine the intrinsic accuracy and 
precision (reproducibility) and the interobserver 
variability, the heart of one healthy person was 
studied several times with CMR and real time 3DE 
using a standardized protocol.  
These datasets were then analyzed by two different 
observers. Multiple software packages were used 
for the analysis. To determine the amount of 
variability caused by each software package, every 
dataset was analyzed several times by each 
observer.  
For the analysis of the MRI and ultrasound data sets, 
several different software packages are used (see 
Appendix L for more information): 

 Philips QLAB (3DE); 
 Tomtec 4D-LV Analysis (3DE). 
 PieMedical CAAS MRV (CMR, Appendix M); 
 Tomtec 4D-LV Analysis MR (CMR, Appendix N); 

 
Table 2 shows the average LV volumes and EF that were found for 
each of the four methods, including the standard deviation of the 
method and relative error. Results were similar for both observers (see 
Appendix R for raw data). The 3DE EDV values were similar for Qlab 
and Tomtec respectively, while the CMR datasets showed higher EDV 
values for Tomtec and even higher for CAAS. ESV values were closer 
together, with CAAS again having significantly higher values than the 
other three software packages.   
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EF values were higher for the CMR datasets as a result of the very high EDV 
values, but much less pronounced, which shows that EF as a parameter is 
not unequivocally correct.   
 
Statistical variance analysis was performed on these averages and 
showed that the differences in EDV and EF were significant: the 3DE 
data had significantly lower values than the CMR data, but within the 
same CMR data the Tomtec MR package also gave significantly lower 
results than the CAAS package. 
Error margins were around 6% for both of the 3DE packages and only 
2% for the CMR packages, which indicates that the results may not be 
accurate but especially the CMR analysis is precise.  
To establish which aspect of the imaging chain is responsible for the 
difference between both the imaging methods and the software 
packages, a multivariate analysis was performed. 
Because all data is from a single patient, these differences can be assigned 
to dissimilarity in either: 

 Image/data acquisition (quality and reproducibility) 
 Effect of multiple analyses or learning curve 
 Skills of the observer (inter-observer variability) 
 Software package used for the analysis (accuracy and precision) 

 
Statistical ANOVA multivariate analysis (at 99% confidence interval) of 
the data using these four parameters was performed.  It turned out 
that CMR results are only significantly influenced by the software 
package and the observer. Results from 3DE datasets however, are 
significantly influenced by the software package and the data 
acquisition. Influence of the observer could not be statistically 
determined at the confidence level of 99%, but it showed to be 
significant at the 95% level. 
 
 
 
 
 
 

RESULT: 
 
“CMR results are only influenced 
by the choice of software package 
and the skills of the observer. 
 
3DE results are influenced by 
image acquisition, choice of 
software package and the skills of 
the observer.” 

RESULT: 
 
“CMR produces higher cardiac 
function values than 3DE. It is also 
a more reproducible and less 
variable method than 3DE. There 
is no guarantee however, that 
CMR is more accurate than 3DE.” 
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Fig. 10 (A) EDV results from the group of 20 patients (CMR 
datasets 3-20 were useable), with CMR EDV  being significantly 
higher in every instance. (B) ESV values were also higher for 
CMR (C) As result, EF was mostly higher in CMR, but not in 
every instance. 

Patient study 
The second study was performed on 20 patients 
with comparable mild cardiac problems, no 
arrhythmia or wall motion failures were allowed to 
be included.  Patient age was on average 53, 
ranging from 26-73. Fourteen men and six women 
were included, which is a representative sample of 
the typical gender distribution of cardiology 
populations.  
All patients received a CMR examination during a 
period of six months (see Appendix F and G) and 
all underwent a 3DE examination on one date. The 
time between the two examinations was 
unavoidable, but random. 
One CMR dataset was acquired and analyzed, and 
three 3DE datasets were acquired and analyzed to 
check if the acquisition dependence that was 
found in the volunteers could be reproduced. All 
3DE datasets were analyzed three times by two 
observers, all CMR data was analyzed once by both 
observers. Only CAAS and Tomtec echo were used 
due to data formatting reasons. 
 
Results from the patient study are shown in figure 
10 (see Appendix S for raw data). For all patients, 
EDV and ESV were significantly higher for CMR 
than for 3DE, which as macro-result corresponds 
to current literature.  The EF was also higher for 
CMR, in agreement with literature, although more 
pronounced. 
 
Intrinsic precision/reproducibility was much better 
than the group results from literature; which 
indicates that the current method is very useful to 
determine precision for this type of comparison 
between two methods. CMR has a better precision 
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than 3DE, even with fewer measurements, which makes it a very 
reproducible method. 
Concerning accuracy of the cardiac function parameters, these studies 
have made clear that the two methods cannot be directly interchanged, a 
calibration per software package is needed to allow the results to be 
compared (see figure 11). At the moment it is unclear which of the two 
methods is closest to the true value.  
 
Interpreting the results 
Although the studies were set up very carefully and the setting was 
identical to a normal clinical setting, some factors could have had a 
contribution to the cardiac function parameters of the two methods being 
dissimilar. The next section will discuss these possibilities, divided in 
several categories. 
 
Differences in cardiac function values between the methods 
Both studies showed differences in left ventricular volumes between 
3DE and CMR, with CMR having significantly larger volumes. The end-
diastolic volumes were relatively even larger than the end-systolic 
volumes (on average 28% for EDV versus 12% for ESV) . One obvious 
explanation for this effect is that the absolute error may be similar, but 
since ESV is a smaller number by definition, the relative error is larger. 
However, when analyzing datasets from both methods, one recurring 
aspect is that the end-systolic endocardial border is less well resolved 
because of the contraction of the heart wall and ambiguity leads to 
additional error. This error can be probably only be diminished by 
consequent contour segmentation. It does however not explain the 
absolute difference in LV volume between CMR and 3DE. 
 
3DE acquisition is not standardized enough 
In the patient study, three 3DE datasets were acquired per patient, to 
check if any significant errors would be introduced by (slight) 
unintentional deviations in acquisition protocols, such as shifted 
positions or movement artifacts, should these occur. As it turns out, a 
couple of datasets actually produced significantly different results than 
the other two from the same patient and were therefore discarded. 
When such a thing would have occurred having acquired only one 

DISCUSSION: 
 
“ESV may contribute relatively 
much to the variability of the 
measurements.” 

DISCUSSION: 
 
“3DE acquisition is a source of 
possible incorrect datasets, data 
must always be verified.”  
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Fig. 11 – Overview of ratio between CMR and 
3DE cardiac function parameters for 17 
patients. Patients 1,2 and 16 from figure 10 
were excluded due to lack of data (1,2) or the 
nature of an outlier (16)  Averages are 1.43 for 
EDV, 1.21 for ESV and 1.18 for EF. These values 
could be used as a rough calibration. 

dataset, it would be impossible to know for sure if it was correct or 
not. Therefore, 3DE acquisition protocols need to be very strict and 
the data needs to be verified right after acquisition for a possible 
repeated measurement.  
 
Methodological discrepancies 
There are a few methodological discrepancies between the two 
methods that may have affected the results in either method in 
unknown ways. First, the CMR datasets have a slice thickness that is six 
times that of the in-plane resolution, which could limit contour 
detection.  Control measurements with smaller slices could illuminate 
this (see Appendix K for more details).  
Also, when acquiring a CMR dataset, the subject is supine, while in 
3DE acquisition the subject is leaning on his side (the left lateral 
decubitus position). This could be solved by doing 3DE acquisition in 
supine position as well.  
The third dissimilarity is that CMR requires longer breath holds than 
3DE, perhaps introducing a heart rate variability in patients with 
insufficient stamina. This may also introduce another problem as CMR 
is less a real-time measurement than 3DE and shifts may occur with 
motion or the inconsistent contraction of the heart. Finally, the frame 
rate of the two methods is not the same. CMR frame rate can be 
adjusted easily and should be approximately matched to the 3DE 
frame rate, which is 13-17 frames per cycle, around 20 frames per 
second because not the whole cycle is included. 
 
Differences between analysis algorithms 
An explanation for part of the CMR and 3DE differences could be in 
the different contour detection algorithms, which is largely beyond 
control of the user. Even though the philosophy behind the 
algorithms may be similar (for example with both Tomtec packages), 
the image contrast is so different, that it is difficult to compare the 
algorithms to the last detail. Image fusion could be a solution here, 
but there is no tool yet that provides this for 3DE data in combination 
with CMR (fusion of CMR with CT is possible). 
The second algorithm related difference is the inclusion of papillary 
muscles. In 3DE they are not even visible, so they are always included 
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in the volume. For CMR, they may be included or excluded, and this should 
be done consequently. A similar aspect is the partial or whole inclusion of 
the volume that is between the mitral annulus and the valve, that points 
inwards into the ventricle. Some algorithms count the whole volume, 
while Tomtec makes an appropriate indentation. The same holds true for 
the left ventricular outflow tract, which should not be included completely 
in the volume. 
 
Physiological variances 
The last set are the physiological changes that can occur during and in 
between measurements. In case of the patient study, there was a delay 
between the CMR and 3DE acquisition, which could have caused some 
differences in performance. However, as all 3DE datasets showed lower 
volumes, this would really be a coincidence. Also, the volunteer(s) 
underwent both methods almost directly back-to-back, and the effect was 
also visible there. When the subject’s heart rate changes, LV volumes could 
change as well because the stroke volume may or may not change as a 
result of this. Change of heart rate could also be caused by anxiety for the 
CMR examination. Many subjects experience this at the start of the 
examination in the small surroundings of the scanner tube and the loud 
noises, but the heart rate drops most of the times after a few minutes. 
Monitoring it can be an easy way to verify comparable results and this will 
most likely not be the main reason for the differences. 
 
Conclusions 
There are possible sources of error in the present two studies. However, 
none of these explanations diminish the main findings, as CMR is clearly a 
more reproducible and less variable method than 3DE. CMR produces 
significantly larger LV volumes and EF than 3DE, which is supported by 
literature, but cannot be fully explained at this point. Both methods are 
influenced by the choice of software package and the skills of the observer, 
and 3DE is also influenced by the quality of the image acquisition.  
 
Apart from trying to minimize some of the possible sources of error in 
future efforts, there are a few other strategies that can be tried to better 
understand or explain why the differences in cardiac function parameters 
exist.  These will be discussed in the next, final, chapter.  
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 Chapter 6 
Future efforts 
 
Several of the aspects discussed in the previous chapter can be taken 
into account when designing new examinations or future studies. 
 

1. Strict protocols for all image analysis software 
 Systematic endocardial border detection 
 Papillary muscle in/exclusion 
 Mitral valve exclusion 
 Left ventricular outflow tract exclusion 

2. Strict protocol for all 3DE image acquisition, possibly 
acquisition of three datasets 

3. Investigation into physiological effects on scanning 
 Supine 3DE image acquisition 
 Control heart rate / CMR anxiety 
 Standardize time between measurements, 

preferably as short as possible 
4. Investigation of the effect of CMR slice thickness 
5. Investigation of the effect of CMR frame rate (20-25 vs 50-60) 

 
Besides these ‘learning points’ from the current studies, there are 
other options to try in order to solve the differences between the two 
methods. 
 
Including a third modality 
At this time most of literature has 3DE underestimating LV volumes, 
and calling CMR the gold standard. This study confirms at least that 
the volumes are indeed different, but it is not clear if any of both 
methods is accurate. Including a third modality into the equation will 
not solve this problem, but it may give a stronger indication as to 
which method is actually more likely to be true/accurate. 
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Including a third software package to each modality 
Since the software package being used influences the results significantly, 
software-induced errors may be identified by adding a third package to 
each modality to analyze the data. Of course, this will not handle modality-
related sources of error. For example, papillary muscles will still have to be 
included in 3DE, as it is impossible to segment these structures out of the 
volume. 
 
Including three or more observers per study 
The observers found comparable results up to now, but adding other, 
experienced observers (sonographers and MR technicians) may indicate 
where personal estimations of analysis settings add to the observed 
differences between the methods. 
 
Stroke volume flow quantification (QFlow) measurements to double 
check volumes 
In CMR, flow quantification is an often used examination to calculate the 
amount of blood flow through an artery during a heartbeat. Aortic flow 
measurements are widely used. An imaging slice is placed orthogonal to 
the aortic flow direction (see figure 12), and a special acquisition sequence 
is used (phase contrast) to assess the flow through the slice. 
 When the aortic area is selected, and the area is integrated over time, the 
flow speed can be calculated and from this the total volume of blood. In 
case of the aorta, this should be equal to the stroke volume, except of 
course when mitral regurgitation occurs.  
The result from this measurement could be used to double-check the EDV 
and ESV values, as their differences is by definition the stroke volume. Of 
course, this QFlow measurement has its own inaccuracy, so it is not clear if 
this method will work, but is it worth a try. 
 
 
 
 
 
 
 
 

Fig. 12 – Typical flow quantification experiment, with 
a slice positioned at the ascending aorta. To calculate 

stroke volume, the slice should be positioned here, 
before any bifurcations. The stroke volume can be 
calculated from the flow curve by integrating the 

volume under the curve.
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Design a heart phantom to calibrate the software 
Performing a phantom study to calibrate the software is quite a logical 
next step. However, it turns out that all software was calibrated using 
mostly simple cylindrical-shaped phantoms. It is no wonder that under 
these conditions, the results match each other. The challenges in 
segmentation between these rudimentary phantoms and a living, 
breathing patient are legion: 

 Heart shape of the patient is not geometrically well-defined 
compared to a cylinder; 

 Tissue contrast is not optimal compared to the black-white 
contrast of a phantom; often the phantom is composed of a 
material that mimics human tissue; 

 Movement artifacts are absent, because the phantom is fixed; 
 Acquisition artifacts are absent, because there is no 

breathing, no ribs in front of the transducer and no blood 
flow interfering with the magnetization signal. 

 
It can be a challenge to construct a phantom that can be used to 
compare the imaging methods, while incorporating a more advanced 
volumetric shape, more realistic environments (movement, flow). 
Such a multimodality phantom could then be used to calibrate the 
imaging method, or the software packages, depending on the 
outcome. 
 
All these learning points and new options could be integrated in 
future efforts to conclusively determine if and why any differences 
between the imaging methods really exist. 
 
This report concludes with the hope that resolving the differences will 
enable accurate and precise quantitative analysis of cardiac imaging 
datasets for these basic parameters and perhaps more advanced ones 
in the future. 




