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Summary
The assessment of ischemic heart disease (IHD) often focuses on the detection of
dysfunctional but viable myocardium which may improve in function following
revascularization. Dysfunctional but viable myocardium is identified by distinct
characteristics with regards to function, perfusion and viability. Therefore, in
Paper I we developed a method for quantitative polar representation of left ventricular myocardial function, perfusion and viability using single photon emission
computed tomography (SPECT) and cardiac magnetic resonance (CMR). Polar representation of these parameters was feasible, and the quantitative method
agreed with visual assessment.
Paper II showed that wall thickening decreases with increasing infarct transmurality. However, the variation in wall thickening was large, and importantly,
influenced more so by the function of adjacent myocardium than by infarct transmurality. This underscores the difficulty of using resting function alone to accurately assess myocardial infarction in revascularized IHD.
In Paper III we assessed the relationship between left ventricular ejection fraction (LVEF) and infarct size and found that LVEF cannot be used to estimate
infarct size, and vice versa. However, the study showed that LVEF can be used
to estimate a maximum predicted infarct size, and that infarct size can be used to
estimate a maximum predicted LVEF. These results emphasize the importance of
direct infarct imaging by CMR when attempting to estimate the size of infarction
in patients with IHD.
Paper IV was designed to assess the time course of recovery of myocardial
perfusion and function after revascularization. The recovery of perfusion was
found to occur in the first month, while the recovery of function was delayed in
segments with non-transmural infarction.
In summary, the presented studies emphasize the importance of direct infarct
imaging by CMR for the accurate identification of infarction in the assessment of
dysfunctional myocardium. Neither regional nor global myocardial function have
a close correlation to infarction, but the presence of non-transmural infarction is
a marker for delayed recovery of function following revascularization.
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Populärvetenskaplig
sammanfattning
En hjärtinfarkt definieras som celldöd i hjärtmuskeln, och om celldöden är omfattande, orsakar den en oåterkallelig nedsättning i hjärtats pumpfunktion. Pumpfunktionen kan även vara långvarigt nedsatt p.g.a. att hjärtat inte får tillräckligt
med blod. Man kan då förbättra pumpfunktionen genom att återställa blodtillförseln
med en operation. För att kunna hitta områden i hjärtat med nedsatt funktion
men levande hjärtmuskel (”dysfunctional but viable myocardium”) är det nödvändigt att bedöma tre egenskaper: (1) hjärtats pumpfunktion, (2) dess genomblödning (perfusion) och (3) huruvida cellerna lever eller ej.
Delarbete I beskriver utvecklingen av en ny metod för att objektivt mäta dessa
tre egenskaper med hjälp av funktionsbilder och infarktbilder från magnetisk resonanstomografi (MR) och bilder av perfusion från SPECT (en metod för att
avbilda hjärtmuskelns genomblödning med en radioaktiv isotop som injiceras i
blodet). Metoden implementerades och mätresultaten visade god överensstämmelse med visuell bedömning.
Delarbete II visar att pumpfunktionen i ett område beror mer på funktionen
i omgivande hjärtmuskel än på utbredningen av infarkt i området. Delarbete III
visar att hjärtats totala pumpfunktion varierar påtagligt i förhållande till den totala
infarktstorleken, men att det föreligger en maximalt förväntad pumpfunktion i
förhållande till infarktstorlek. Dessa arbeten visar att det varken går att påvisa
eller utesluta förekomsten av infarkt genom att endast värdera pumpfunktionen.
Delarbete IV visar att även om perfusionen ökar tidigt efter en operation så
kan funktionsåterhämtningen i levande hjärtmuskel vara fördröjd i områden i
nära anslutning till infarkt. Detta ökar vår förståelse för återhämtningsförloppet
efter en operation.
Varken regional eller total pumpfunktion korrelerar starkt till infarkt, men
områden som delvis drabbats av infarkt uppvisar fördröjd funktionsåterhämtning
efter operation. Sammanfattningsvis visar avhandlingen på vikten av att direkt
avbilda infarkt med MR för att kunna bedöma möjligheten till funktionsåterhämtning i hjärtmuskel efter operation.
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Chapter 1

Introduction
1.1

Ischemic heart disease

Ischemic heart disease (IHD) is the primary cause of left ventricular dysfunction
leading to heart failure in Europe.1 The number of patients who develop heart
failure has been increasing exponentially. In the United States, it was recently estimated that 550,000 new cases of chronic heart failure are identified each year,
yielding 970,000 hospitalizations per year and a total of 4.9 million patients.2
Furthermore, it is estimated that 70% of heart failure can be attributed to coronary artery disease (CAD).3 Taken together, IHD is the leading cause of morbidity and mortality in the Western world,4 and it is rapidly increasing in developing
countries.5

1.1.1 Pathophysiology
The ischemic cascade
An understanding of ischemic heart disease (IHD) involves an understanding of
the sequence of pathophysiological events that occur during ischemia. This temporal sequence of events is illustrated in Figure 1.1 and is called the ischemic
cascade .6
Ischemia is defined as an imbalance between myocardial oxygen supply and
demand. If myocardium is affected by severe enough ischemia for a sufficient
duration of time then the ultimate consequence is irreversible cell death. This is
represented by infarction, seen at the right extreme of the ischemic cascade. However, before infarction develops, there are several physiological states of myocardial
dysfunction which can be reversed if the ischemia is alleviated.
The term non-viable myocardium will hereby be used to describe myocard-
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F IGURE 1.1 The ischemic cascade, illustrating the sequence of
pathophysiological events in relation to the duration of ischemia.

ium which has been irreversibly damaged by infarction. The terms viability and
viable myocardium have been used extensively in the literature to selectively describe reversibly dysfunctional myocardium while excluding normally functioning
myocardium which also is alive.7 However, the term viable will herein be used to
describe all myocardium − normal and dysfunctional − which is not irreversibly
damaged.8 The term dysfunctional but viable myocardium will instead be used
to selectively describe myocardium with intact cell membranes and which is in
a state of potentially reversible dysfunction. Dysfunction in this setting refers to
reduced systolic function at rest. Thus, the ischemic cascade describes the different pathophysiological events which occur during ischemia and the evolution of
dysfunctional but viable myocardium, and ultimately infarction.
The first event in the ischemic cascade is a reduction in perfusion. Reduced
perfusion may be caused either by progressive stenosis due to the development of
atherosclerotic plaque, or acute occlusion due to thrombosis at the site of a plaque
rupture.9
If the reduction in perfusion is severe enough to cause ischemia, this initially
results in impaired myocardial relaxation, otherwise known as diastolic dysfunction. Relaxation is the energy-dependent phase of the contractile cycle in the
cardiac myocyte, and it is limited by the supply of energy from adenosine triphosphate (ATP). ATP is necessary during relaxation in order to pump Ca++ from the
cytosol back into the sarcoplasmatic reticulum through ATP-dependent Ca++
channels.10 Hence, when ischemia reduces the supply of ATP, then relaxation is
the first process to be influenced.
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Furthermore, as ischemia persists, reduced amounts of creatine phosphate11
and the free energy hydrolysis of ATP12 both contribute to the continued reduction in the amount of ATP. Thus, the accumulated ATP debt further impacts
on the ATP-dependent transport of Ca++ and contraction is impaired. Systolic
dysfunction is the result of this compromised contraction in addition to compromised relaxation.
Further ATP debt effects the ATP-dependent Na+ /K+ pump in the cell membrane.13 Disturbances in depolarization, repolarization and ultimately failure to
sustain the membrane potential can be observed as changes in the electrocardiogram (ECG).
The accumulation of metabolites eventually leads to the development of chest
pain, possibly due to the accumulation of adenosine.14 Finally, if ischemia persists
long enough, the result is irreversible cell rupture and necrosis which starts at the
endocardium and progresses as a wavefront of necrosis − infarction − towards
the epicardium.15
In summary, the ischemic cascade describes a sequence of physiological observations which are involved in the development of dysfunctional but viable myocardium. However, subtypes of dysfunctional but viable myocardium can readily
be identified based on unique combinations of physiological characteristics and
their appropriate treatment. Notably, accurate classification by necessity includes
assessment of both perfusion, function and viability. It is not possible to accurately classify dysfunctional but viable myocardium from a pathophysiological
perspective if any one of these three physiological characteristics is left out of an
assessment.
Dysfunctional but viable myocardium
Dysfunctional but viable myocardium can be categorized into subtypes based on
important differences with regards to presence or absence of compromised perfusion, function, cellular integrity and need for revascularization. The characteristics of different categories of ischemically compromised myocardium are summarized in Table 1.1.
Stress induced ischemia. Stress induced ischemia is characterized by viable
myocardium which has normal perfusion and function at rest, but where perfusion and function are compromised at stress. Stress represents an increased
oxygen demand which typically can be achieved by for example physical exertion,
increased sympathetic discharge leading to increased heart rate, increased blood
pressure and increased wall tension.17 Stress can also be induced pharmacologically. Patients exhibiting stress induced ischemia will benefit from revascularization, particularly those with a large extent of stress induced ischemia.18
One should be aware that this definition of stress induced ischemia represents
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TABLE 1.1
Physiological characteristics used to define different categories of
ischemically compromised myocardium.
Function
rest
stress

Perfusion
rest
stress

Cell
death

Need for
revasc.

Normal

norm

norm

norm

norm

no

no

Stress induced
ischemia

norm

↓

norm

↓

no

yes

Stunning

↓

↓

norm

norm

no

no

Repetitive
stunning

↓

↓

norm

↓

no∗

yes

Hibernation

↓

↓

↓

↓

no∗

yes

Infarction

↓

↓

↓

↓

yes

no

∗

Repetitive stunning or hibernation may induce cellular morphological changes which are
characterized by both adaptive and degenerative features,16 but not widespread necrosis as is
seen in myocardial infarction. norm = normal, revasc. = revascularization

a simplified definition which is presented for purposes of comparison. It should
be acknowledged that situations may occur where the duration of stress induced
ischemia is short enough to only induce a reduction in perfusion, but not sufficient enough to induce a reduction in systolic function. Likewise, situations may
occur where the duration of ischemia due to stress may be sufficient to induce a
prolonged but ultimately reversible reduction in function. This case of prolonged
resting dysfunction will now be discussed.
Stunned myocardium. Stunned myocardium is characterized by a prolonged
postischemic reduction in function in the presence of normal perfusion and the
absence of infarction.19 The classic definition of stunning stems from observations of a prolonged but reversible reduction in systolic function following successful restoration of perfusion in the setting of experimental occlusion and reperfusion,20 and later, acute occlusion and reperfusion in the clinical setting of ST-
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elevation myocardial infarction.21, 22 In these settings, rest and stress perfusion
will both have been restored to normal and the observed reduction in function
will spontaneously resolve with time. Therefore, it is not necessary per se to
revascularize stunned myocardium according to this classical definition.
There are, however, situations where stunning occurs as a result of stress induced ischemia and would thereby require revascularization. Such scenarios will
be discussed shortly.
The cellular mechanisms governing stunning have not been completely elucidated. Dominant views include the influence of oxidant stress from reactive
oxygen species, as well as disturbances in calcium homeostasis.23, 24
Repetitive stunning. Reduced function at rest is an important part of the definition of dysfunctional but viable myocardium, including stunning. As discussed
above, stress induced ischemia of sufficient severity and duration may induce a reduction in function which persists despite the return of normal resting perfusion.
This has been observed in both experimental animals25 and patients with effort
angina.26 These patients have stress induced ischemia and if they are not revascularized, the risk of stunning is repeatedly present whenever these patients are
subjected to sufficient stress. Furthermore, such repetitive stunning cumulatively
induces a greater reduction in postischemic resting function than one episode
alone.27, 28 In summary, myocardium exhibiting repetitive stunning is repeatedly
stunned by stress induced ischemia and should therefore be revascularized.
Hibernating myocardium. Hibernating myocardium is defined as "a state
of persistently impaired myocardial and left ventricular function at rest due to reduced coronary blood flow that can be partially or completely restored to normal
if the myocardial oxygen supply/demand relationship is favorably altered, either
by improving blood flow and/or by reducing demand."29 Thus, hibernating myocardium is characterized by a chronic reduction in resting function as an adaptation to reduced resting perfusion in the absence of infarction. Clinical studies have
shown that myocardium with reduced function and perfusion at rest may regain
function following improvement in resting perfusion by revascularization.30–35
The ultrastructural and histological morphology of hibernating myocardium
has been studied using transmural needle biopsies taken at the time of open heart
surgery. In summary, the features include signs of atrophy, most notably in the
contractile myofibrils and signs of degeneration and possibly dedifferentiation,
most notably in the interstitial space.16 The severity of interstitial fibrosis has been
shown to increase with increased duration of the clinical ischemia.36 Also, the
amount of myocytes with excess glycogen is exponentially related to the time required for functional recovery following revascularization.37 Importantly though,
non-invasive assessment of changes in perfusion and metabolism cannot distinguish between myocardium of mild or severe histological degeneration.38
Controversy exists regarding whether hibernating myocardium with reduced
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resting function and perfusion readily exists, or if the more common mechanism
for resting dysfunction is normal resting perfusion which is repeatedly stunned
due to a reduced coronary flow reserve.16
An experimental model of hibernation in swine sustained for one month has
shown normal resting perfusion in 34% of dysfunctional but viable myocardium.39 However, studies of patients with chronic IHD have shown normal resting perfusion in approximately 90% of dysfunctional but viable myocardium.40, 41
These clinical data support the notion that dysfunctional but viable myocardium
is predominantly comprised of repetitive stunning. By comparison, a review of
26 studies comprising 372 patients undergoing quantitative assessment of resting myocardial blood flow in dysfunctional but viable myocardium showed that
49% of the patients were found to have significantly reduced resting perfusion in
dysfunctional but viable myocardium compared to normal myocardium.16 Furthermore, others have identified hibernating myocardium in >20% of the left
ventricle (LV) in as many as 30-40% of patients with IHD and an LV ejection
fraction (EF) ≤30%.42, 43 It is possible that these differences in findings regarding
the prevalence of hibernating myocardium reflect differences in patient selection
criteria in these reports.
Also, the findings of serially assessed improvement in resting perfusion and
function following revascularization30–35 support the notion that dysfunctional
but viable myocardium with reduced resting perfusion does exist. These data favor
the concept that hibernating myocardium with some degree of reduced resting
perfusion is a considerable component of dysfunctional but viable myocardium.
Importantly for the clinician, dysfunctional but viable myocardium due to either repetitive stunning or hibernating myocardium both show reduced perfusion
at stress. Reduced resting perfusion appears to be less prevalent in dysfunctional
but viable myocardium but can nonetheless exist. Furthermore, it is likely that
both hibernation and repetitive stunning may coexist in the same patient and
even the same region of myocardium.44 This implies a downregulation in function as an adaptation to reduced resting perfusion, but also an exacerbation of the
compromise in function and perfusion at stress. Hence, the exact differentiation
between hibernation and repetitive stunning may be of lesser clinical importance.
The identification of dysfunctional but viable myocardium in need of revascularization − regardless of subtype − is of paramount importance.45

1.1.2 Treatment
Dysfunctional but viable myocardium in the form of both repetitive stunning and
hibernating myocardium is characterized by a reduced coronary flow reserve. This
coronary flow reserve can be treated by medication and/or surgical46 or percutaneous47 revascularization.
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Medical treatment includes the use of angiotensin converting enzyme inhibitors,48  -blockers,49 angiotensin II inhibitors50 and/or amiodarone.51 Despite advances in medication, however, heart failure has been shown to have a
considerable 1 year mortality of 38% and 5 year mortality of >70%.52
Surgical revascularization has previously been associated with high periprocedural morbidity and mortality.53 However, surgery has nonetheless proven to
result in improved survival compared to medical treatment.54

1.2

Cardiac imaging techniques

There are a number of techniques which make it possible to generate images of
the heart without having to open the chest. These cardiac imaging techniques
vary considerably with regards to the basic principles governing how the images
are generated. Importantly, these principles dictate the particular advantages and
limitations of the technique with regards to the assessment of cardiac anatomy
and physiology.
This section on cardiac imaging techniques focuses on giving a general overview of the principles governing the most commonly used imaging modalities in
cardiac imaging with a particular focus on magnetic resonance imaging (MRI) and
single photon emission computed tomography (SPECT). A summary of selected
properties of the respective cardiac imaging techniques is presented in Table 1.2.

1.2.1 Echocardiography
Images from the reflection of ultrasound
Echocardiography is a technique that generates images of the heart based on the
transmission, reflection and detection of inaudible high frequency sound in human tissue.55 Echocardiography was discovered in 1953 by the cardiologist Inge
Edler and physicist Hellmuth Hertz from Lund University and for which they
were awarded the Lasker Award in 1977.
The reflection of ultrasound in human tissue is determined by what is called
acoustic impedance which is a product of the velocity of sound in the tissue
and the density of the tissue. Boundaries between tissues that differ in acoustic
impedance, such as the blood and myocardium, generate echoes that are visible as
contours in the resulting image.
Doppler principle
In addition to generating anatomical images, echocardiography also makes use of
the Doppler principle to measure velocities. The Doppler principle states that the
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TABLE 1.2
Properties of different cardiac imaging techniques
Basic
principle

Ionizing
radiation

Spatial
resolution
(mm) ∗

Temporal
resolution
(ms) ∗

Echo

reflected
sound

no

1×2×2

20

X-ray

external energy
transmission

yes

0.25×0.25

6

CT

external energy
transmission

yes

0.6×0.6×0.6

170

SPECT

energy emission from
injected tracer

yes

10×10×10

70

PET

energy emission from
injected tracer

yes

5×5×5

70

MRI

external stimulation
of tissue which then
emits energy

no

1.2×1.2×8

30

∗ Values represent typical parameters for clinical assessment of cardiac function, anatomy
or perfusion using state-of-the art equipment. See text for details regarding the respective
techniques.

reflection of sound from a moving object results in a shift in frequency of that
sound. This frequency shift is proportional to the velocity of the moving object.
In echocardiography, the Doppler principle can be used to measure the velocity
of either the blood or myocardial tissue.
Transducer
Echocardiographic images are generated by applying a transducer directly to the
area of interest. The transducer acts as a simultaneous ultrasound transmitter and
detector. Images of anatomy and/or Doppler derived velocities can be imaged in
real-time in one, two or three spatial dimensions over time.
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Contrast echocardiography
Inert gas-filled microbubbles can be administered by intravenous infusion in order to manipulate the acoustic impedance of the blood and myocardium.56 Microbubbles can be used to improve visualization of the blood pool or to visualize
ischemia-induced changes in blood flow in the myocardium.

Resolution
The spatial resolution in ultrasound is different in different directions. In 2D
imaging, the transducer transmits and detects ultrasound linearly along scan lines
that are distributed like a fan beam. The spatial resolution along the scan lines −
the axial resolution − is limited by the depth of the ultrasound pulses. This depth
varies with the frequency used. The axial resolution in transthoracic echocardiography is typically 1 mm or less when using frequencies around 5 MHz. The
spatial resolution between the scan lines − the lateral resolution − depends on the
shape of the fan beam, the ultrasound frequency and the depth. The lateral resolution in echocardiography at the depth of the heart is typically a few millimeters.
The slice thickness varies similarly to the lateral resolution and is also typically a
few millimeters at the depth of the heart.
The speed with which images can be acquired − the temporal resolution − is
an important parameter in cardiac imaging since it has implications for the detection of rapid physiological events. Real-time 2D echocardiography is theoretically
limited by the speed of sound and can readily achieve a temporal resolution of
one image every 3 ms. For purposes of data storage and physiological relevance,
clinical imaging is typically undertaken at one image every 10-30 ms.

Technical strengths and limitations
The strengths of the echocardiographic technique include safety, cost, widespread
availability and bedside portability. The spatial resolution is very good and the
temporal resolution is excellent.
However, it is impossible to acquire images of sufficient quality in up to 25%
of patients. This is due to anatomy and acoustic properties. Ultrasound is not
transmitted adequately through either air in the lungs or bone. Finally, the position of the echocardiographic imaging plane is maintained manually and this can
introduce errors when attempting to image a structure repeatedly over time.
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1.2.2 X-ray fluoroscopy
Real-time X-ray movies
X-ray fluoroscopy is the use of X-rays to image the human body in real time. The
most common application of X-ray fluoroscopy in cardiac imaging is coronary
angiography. X-rays and their potential for medical imaging were discovered by
the German physicist Wilhelm Conrad Röntgen in 1895. Röntgen was awarded
the 1901 Nobel Prize in Physics for his discovery. An X-ray is a form of ionizing
electromagnetic radiation. Sufficient X-ray exposure can cause radiation burning
of the skin or the induction of cancer through damaging effects on human DNA.
An X-ray fluoroscope is composed of a source of X-ray transmission and a
detector. Images are generated based on the contrast between x-rays that reach
the detector and those that are absorbed or scattered − attenuated − by dense
tissues such as bone.
Coronary angiography
Coronary angiography using X-ray fluoroscopy is an invasive procedure. An iodinated contrast medium which attenuates X-rays is injected into the blood. Coronary angiography is the reference standard for assessment of stenosis or narrowing
of interior the coronary arteries.
At the time of coronary angiography, it is also possible to perform additional invasive assessment of the coronary arteries. Different catheters with either
a miniaturized ultrasound transducer tip, a pressure sensitive tip or a Doppler
flow wire can be threaded into the coronary arteries. Intravascular ultrasound
(IVUS) can provide valuable information regarding thickening of the arterial
wall which otherwise cannot be appreciated by assessment of the coronary lumen
alone. Changes in flow or pressure over a stenosis can be assessed at both rest and
pharmacologically induced hyperemia. Importantly, if a flow limiting stenosis is
identified at coronary angiography, revascularization by implantation of a stent
using balloon angioplasty can be performed, otherwise known as percutaneous
coronary intervention (PCI).
Resolution
The spatial resolution of invasive coronary angiography depends on the distance
between the X-ray source, the object being imaged, and the detector. In clinical
application the spatial resolution is typically 0.25x0.25 mm. X-ray fluoroscopic
images are projection images and therefore, they have no slice thickness in the
traditional sense of the term. It takes 6 ms to acquire an image using x-ray flu-
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oroscopy. However, for purposes of reducing radiation exposure, coronary angiography is typically performed with the acquisition of one image every 80 ms.
Technical strengths and limitations
X-ray fluoroscopic invasive coronary angiography has unsurpassed image contrast
combined with excellent spatial and temporal resolution. Because it is invasive it
offers unique additional possibilities for invasive assessment of stenotic flow and
pressure as well as vessel wall imaging.
However, invasive coronary angiography involves the use of ionizing radiation, is a very costly procedure and has a mortality rate of approximately 1 in
1000 procedures.57 Notably, the contrast medium can cause complications such
as life threatening acute allergic reactions or kidney damage, particularly in patients with pre-existing reduced kidney function. Importantly, X-ray fluoroscopy
as such is a two dimensional projection imaging technique which can only image
the arterial lumen.

1.2.3 Computed Tomography
Image slices from a rotating X-ray source and detector
Computed tomography (CT) uses X-ray images taken around a single axis of rotation to generate multiple slices − tomographic images − of the human body.58
Cardiac CT can be used to assess cardiac anatomy, systolic function, perfusion,
viability, coronary artery calcification and to perform noninvasive coronary angiography. CT was invented in 1972 by the English electrical engineer Godfrey
Hounsfield. Hounsfield and the American physicist Allan Cormack shared the
1979 Nobel Prize in Medicine or Physiology for their discovery.
Similar to an X-ray fluoroscope, a CT scanner has an X-ray source and one
or more detectors. The CT scanner differs in that the source and detector are
mounted vertically and opposing each other inside a doughnut-shaped shell − a
gantry. The patient lies on a table which is automatically fed through the middle
of the gantry while the source and detector rotate around the patient, thereby
acquiring the image data. Electron beam CT (EBCT) is a less common subtype of
CT where the X-ray source is rotated electromagnetically instead of mechanically.
Hounsfield units. The source of signal in a CT images is the tissue attenuation of X-rays which is proportional to the density of the tissue. The attenuation
is displayed using an absolute scale ranging from -1024 to +3071 Hounsfield units
(HU). Water has an attenuation of 0 HU, while air has -1000 HU and bone +400
HU.
ECG. A prerequisite for cardiac CT is the simultaneous acquisition of CT
image data and ECG data. In this way, image data acquired during different
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sequential heart beats can be reconstructed to one set of images that were all
acquired at the same phase of the cardiac cycle. Furthermore, the amount of Xray exposure can prospectively be modulated in relation to the ECG for purposes
of minimizing radiation exposure.
Contrast enhanced CT
CT uses the same iodinated contrast medium that is used for other X-ray modalities. The contrast medium is used to enhance the blood pool which is necessary
for imaging the coronary arteries, distinguishing the cavities of the heart from the
myocardium, and also for assessment of the myocardium as such.
Resolution
Number of channels. An important characteristics of a cardiac CT scanner is
the number of detectors or channels. A greater number of channels has made
it possible to image with a slice thickness which is equivalent to the in-plane
resolution. Acquisition of isotropic voxels in this fashion makes it possible to
reformat three dimensional image stacks in any plane with preserved in-plane
resolution. As of 2005, the clinically available state-of-the art CT scanners have
64 channels and yield an effective spatial resolution of 0.6×0.6×0.6 mm.59
Rotation time. The speed of the rotation of the source and detector is called
the gantry rotation time. The rotation time dictates the temporal resolution of
CT. The time to acquire a CT image is roughly half of the rotation time since
the reconstruction of one image requires data from just over 180◦ of rotational
transmission. The current 64 channel CT scanners have a rotation time of 330
ms and thereby a temporal resolution of approximately 170 ms.
Time resolved ECG-gated cardiac CT images can be reconstructed using a
sliding window. This is typically performed when reconstructing images for assessment of LV volumes and EF. The sliding window approach makes it possible
to reconstruct images every 125 ms or less. However, each image which is reconstructed represents information from a duration of acquisition equal to the true
temporal resolution, typically 170 ms or more.
Technical strengths and limitations
Cardiac CT has the advantage of being an imaging modality that is accessible
at a reasonable cost and with a short study duration. CT has excellent spatial
resolution and provides images with signal intensities that are quantifiable on an
absolute scale (HU).
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Cardiac CT has a relatively poor temporal resolution and is limited by its use
of ionizing radiation. Successful imaging is difficult in patients with arrhythmias
or severe obesity.

1.2.4 Myocardial perfusion single photon emission
computed tomography
Imaging the emission of photons from an injected radioactive
substance
Myocardial perfusion SPECT (MPS) is a nuclear medicine technique for imaging
the perfusion of the myocardium by intravenous injection of a radioactive tracer
and subsequent tomographic imaging with a gamma camera .60 Myocardial perfusion can be assessed by MPS both under resting conditions and under exercise
or pharmacological stress.
Gamma camera, gamma rays, X-rays and photons
The gamma camera, or scintillation camera, is essentially a photon detector and it
was originally invented in 1957 by the American electrical engineer and biophysicist Hal Anger. As previously mentioned, CT relies on an external X-ray source
which is transmitted through the body and detected on the other side. By contrast, SPECT relies on the injection of a radioactive tracer which emits photons
− gamma radiation − from inside the body for detection by the gamma camera.
Gamma rays and X-rays are both terms used to describe electromagnetic radiation
of overlapping wavelengths, and both are called photons. The distinction between
the terms depends on the source and not the wavelength. X-rays are generated by
energetic electron processes and gamma rays are generated by transitions within
atomic nuclei.
Radioactive tracers
The radioactive tracer is the sole source of signal in SPECT images. The biological
properties of the radioactive tracer determine where the tracer is deposited or
distributed in the body, and thereby what structures or functions are imaged. For
this reason, proper interpretation of SPECT images requires knowledge of the
radioactive tracer which has been used, and an understanding of its biological
properties.
MPS is typically undertaken using one of three different radioactive tracers: 201 thallium thallous chloride (201 Tl), 99m technetium 2-methoxy-isobutylisonitrile (99m Tc-MIBI) or 99m technetium 1,2-bis[bis(2-ethoxyethyl) phosphino]
ethane (99m Tc-tetrofosmin). Both 201 Tl and 99m Tc tracers are readily extracted
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from the blood by cardiac myocytes. This extraction rate is linearly related to
blood flow. Their myocardial distribution therefore reflects a function of both the
number of myocytes and tissue perfusion.
An additional biological quality of importance is the redistribution of the
tracer following injection. 201 Tl is a potassium analogue and is readily redistributed into the blood stream whereas the 99m Tc tracers are both nearly irreversibly extracted from the blood stream during the first minutes following intravenous injection.
The redistribution of 201 Tl makes it possible to perform viability assessment
with 201 Tl by imaging immediately at rest and upon subsequent redistribution.
Resting perfusion defects which show 201 Tl uptake upon late redistribution are
thereby considered hypoperfused but viable. 201 Tl injection can also be undertaken by imaging after stress, redistribution and reinjection. Stress and redistribution images are taken for the assessment of ischemia, and images taken following
reinjection are assessed for viability.61

Stress
Epicardial coronary artery stenosis does not always induce limitations in flow under resting conditions. Therefore, assessment during exercise or pharmacological
stress is routinely performed. The non-redistributing quality of 99m Tc tracers
make it possible to inject the tracer at the time of peak stress which is undertaken
outside the gamma camera. Imaging can then be undertaken in the gamma camera a short time later. Conveniently, the distribution of the tracer will be the same
at the time of imaging as it was as the time of injection during peak stress. The
duration between exercise and imaging is more crucial for 201 Tl, considering that
it is more readily redistributed.
Exercise stress is ideally undertaken since it mimics the physiological circumstances under which patients experience ischemic symptoms. However, exercise
stress may not always be practically possible in patients with reduced mobility. In
these cases, pharmacological stress in MPS imaging is routinely undertaken using intravenous infusion of either a vasodilator such as adenosine or its precursor
dipyridamole, or the less commonly used  1-receptor agonist dobutamine with
or without the addition of atropine. Exercise stress induces a twofold increase in
myocardial blood flow. By comparison, the use of a vasodilator induces a fourfold increase in blood flow in normal myocardium. Myocardium perfused by a
stenotic artery may not be capable of adequate vasodilation whereby a relatively
lesser increase in blood flow upon vasodilation can be visualized as a perfusion
defect.
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Resolution

Similar to CT, SPECT involves the reconstruction of image slices from data acquired from multiple angles covering 360◦ around the body. In SPECT, one or
more gamma camera detector heads are rotated around the patient in order to acquire data for reconstruction of image slices. The gamma camera uses a physical
filter − a collimator − to only detect photons which hit the detector at a 90◦ angle. A SPECT camera detector head is typically 40×40 cm. This makes it possible
to acquire data covering the entire heart during a single rotation around the body.
However, the speed of rotation is considerably slower than for CT. A typical MPS
acquisition uses two detectors mounted at a 90◦ angle to simultaneously perform
50 seconds of acquisition repeated 32 times over 5.6 degree intervals. This yields
a total acquisition time of over 26 minutes.
The spatial resolution in SPECT is limited by physical properties of photons
traveling through tissue. When a photon is emitted from an atom as a result of
radioactive decay it travels in a straight path. Photon attenuation can occur along
this path in the form of either absorption or scatter. Scatter changes the course
and affects the energy of the photon. Scattered photons which are detected by
the gamma camera are falsely attributed to a position from which they did not
originate. The accuracy for the spatial position of photons detected by SPECT
is limited to 10 mm. The effective spatial resolution is therefore 10×10×10
mm, and this is typically reconstructed and displayed with a digital resolution of
5×5×5 mm. Aside from the physical limitations of SPECT, MPS images represent an averaged picture from 20+ minutes of free breathing with a beating heart.
Blurring from such physiological movement also contributes to the limitation of
the spatial resolution of MPS.
As mentioned, the temporal resolution of MPS is on the order of 20 minutes
for non-time-resolved images used to assess myocardial perfusion. However, MPS
images can also be used to assess LV end-diastolic volume (EDV), end-systolic
volume (ESV), stroke volume (SV) and EF. This is performed via automated detection of the contours of the LV using time resolved images from ECG gated
acquisition, otherwise called gated MPS. This contour detection does not require
the same image quality as is required by the assessment of perfusion. Hence ECGgated acquisition is routinely performed and yields robust and automatic quantification of LV volumes and EF. The temporal resolution of these images is a
trade-off between signal and noise. Typically, gated acquisition allows sufficient
border detection when using images reconstructed at 1/8 or 1/16 of the cardiac
cycle, yielding a temporal resolution at a heart rate of 60 beats per minute of 125
or 62.5 ms, respectively.
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Technical strengths and limitations
MPS is a technique that is routinely used for the clinical assessment of myocardial perfusion and LV function. Relative perfusion can be assessed visually and
quantitatively. Gated MPS is readily used to assess LV volumes and EF.
MPS has a limited spatial and temporal resolution and can be prone to artifacts. Due to the limited spatial resolution, accurate assessment of perfusion may
be hampered by regional reduction in wall thickness or regional function.62, 63 In
particular, attenuation poses a problem in obese patients. Promising recent advances have shown that attenuation correction based on combined acquisition of
CT images offers improved visual and quantitative accuracy.64

1.2.5 Positron emission tomography
Imaging using positron emitting isotopes
Positron emission tomography (PET) is a nuclear medicine imaging technique
which can be used to quantitatively assess myocardial perfusion and metabolism.
PET was developed in 1973 by a team led by Edward J. Hoffman and Michael
Phelps at Washington University in St. Louis, Missouri, USA.
PET is similar to SPECT in that both involve detection of a radioactive tracer
which typically is injected into the blood stream. However, PET differs from
SPECT in two important ways.
Firstly, the radioactive tracers used in SPECT emit single photons, while the
radioactive tracers used in PET are isotopes which decay by emitting a positron.
The emitted positron travels up to a couple millimeters and then collides with
an electron in a process that is called annihilation. The annihilation generates
two photons which are emitted in 180◦ opposite directions. The detection of
the positron emitting isotope is indirectly achieved by simultaneous or coincident
detection of the two photons by a detector ring which surrounds the object being
studied. The detector ring typically has 500 detectors distributed over 360◦ . Photons which are detected at the same time are thereby known to have been emitted
from a source along a straight line between the two locations of simultaneous detection. The information about coincident detection along many lines in space
are used to reconstruct an image.
Secondly, PET imaging is typically undertaken with a separate scan for transmission in order to apply attenuation correction. Also, with coincidence detection
of two photons, the probability of attenuation along the line between the two detectors is uniform. Attenuation correction therefore makes it possible to assess
tracer amounts quantitatively.
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Radioactive tracers
PET imaging is typically undertaken with radioactive isotopes such as 11 C, 13 N,
15
O, 18 F and 82 Rb. These isotopes can either be chemically incorporated into
biologically relevant compounds which are administered intravenously, or the isotope can be injected as such. PET myocardial perfusion is typically undertaken
using 13 N-ammonia or 82 Rb whereby myocardial blood flow can be quantified
in ml/g/min. PET assessment of myocardial metabolism is undertaken using the
glucose analogue 18 F-fluorodeoxyglucose (18 FDG) and glucose utilization can be
quantified as g/min per g of myocardium.
Resolution
The spatial resolution in PET is mainly limited by the size of the individual detectors in the detector ring. This typically yields an effective resolution of 5×5×5
mm which typically is reconstructed and displayed with a digital resolution of
2.5×2.5×2.5 mm.
The PET detector in modern scanners cover at least 15 cm in the feet-head
direction. As with SPECT, this makes it possible to acquire image data from the
entire heart simultaneously without moving the table. The duration of acquisition for one table position covering the entire heart is typically 5-20 minutes
depending on the tracer. PET imaging is undertaken in free breathing and perfusion or metabolism is typically displayed as images representing the average of
all movement due to breathing and cardiac pumping. In this sense, PET has a
similar temporal resolution when compared to SPECT. Furthermore, ECG-gated
acquisition make it possible to reconstruct time-resolved images for quantification of ventricular volumes and EF using similar methods and yielding the same
temporal resolution as for SPECT.
Technical strengths and limitations
PET is considered the reference standard for non-invasive quantitative assessment
of absolute myocardial blood flow and metabolism. This quantitative capability
is attributed to accurate attenuation correction. Although relative perfusion can
be assessed using other imaging modalities, PET is the only technique which has
a tracer which can be used to assess myocardial glucose utilization (18 FDG).
Moreover, there are a broad range of positron emitting isotopes which can be
chemically incorporated into compounds with physiologically relevant properties.
An advantage with PET is therefore the potential to develop tracers dedicated to
detection of well-defined molecular mechanisms. This has been termed molecular
imaging and future development in this field is anticipated.
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Additional developments include the integration of CT into combined PETCT scanners. This integration offers the possibility of improved attenuation correction and the simultaneous acquisition of anatomical and functional images in
addition to the cardiac diagnostic capabilities of CT.
Limitations for PET imaging include the limited spatial and temporal resolution, ionizing radiation, availability and cost. Availability and cost are influenced
by the need to have a cyclotron for production of the majority of positron emitting isotopes. Furthermore, PET involves the use of ionizing radiation and the
half lives for cyclotron produced isotopes ranges between 10 min for 13 N and
110 min for 18 F. These half lives limit the distance of transport from a cyclotron
facility.

1.2.6 Magnetic resonance imaging
Using a magnet and radio waves to image protons
Magnetic Resonance Imaging (MRI) uses a strong magnet and radio waves to
manipulate the magnetic field associated with hydrogen nuclei (protons) and to
measure a signal from which images can be generated. The physics behind MRI
has generated several Nobel prizes. Most recently, the American chemist Paul
Lauterbur and the English physicist Sir Peter Mansfield shared the 2003 Nobel
Prize in Medicine and Physiology for their discoveries in the 1970’s concerning
MRI.
An MRI scanner has three main components necessary for generating images:
a magnet, radio frequency (RF) coils, and a gradient system. Similar to CT and
PET scanners, the MRI scanner itself typically looks like a doughnut.
The magnet. The magnet is typically superconducting and consists of metal
wire wrapped around the hole in the doughnut-shaped gantry. The wiring is
continuously cooled with liquid Helium to −270◦ C to retain its superconducting
state. An electrical current is applied through the wire, thereby generating a very
strong magnetic field. The strength of the magnetic field in clinical MRI scanners
typically ranges between 0.1 and 3 Tesla (T). Signal-to-noise (SNR) increases with
increasing field strength. However, higher SNR at higher field strengths is also
partially counterbalanced by the introduction of other limitations. The current
standard for cardiac MRI is 1.5T. By comparison, a household refrigerator magnet
has a magnetic field strength of 0.01 T and the earth’s magnetic field has a strength
of approximately 0.00005 T or 50 T.
From quantum physics, it can be shown that certain nuclei such as hydrogen possess a so-called spin resulting in a magnetic moment. Magnetic moments
from an ensemble of protons are randomly oriented in space in the absence of an
external magnetic field. When the human body is introduced into a strong mag-
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netic field, the magnetic moments from protons in the body − spins − become
aligned with the magnetic field. The spins are approximately evenly distributed
in direction, with or against the main magnetic field. There is, however, a slight
imbalance of a few more spins per million which point in the direction of the
main magnetic field. It is this very small naturally occurring imbalance which is
the basis for generating signal in MRI. We will revisit this concept shortly. Furthermore, the spins also begin to rotate − precess − around an axis parallel to the
magnetic field. The frequency of this rotation or precession is called the Larmor
frequency. The Larmor frequency is different for protons in different molecules
and increases linearly with the strength of the magnetic field. Hydrogen in water,
for which the Larmor frequency is 42.6 MHz at a magnetic field strength of 1T,
is the most abundant atomic nucleus in the human body and hence water forms
the basis for MR imaging.
So far, we have hydrogen spins in a magnetic field precessing at a given frequency with a small imbalance in one direction. The small imbalance results in
a net magnetic vector in the direction of the magnetic field. This net magnetic
vector is very small in comparison to the main magnetic field vector. It is virtually
impossible to detect when oriented in the same direction as the main magnetic
field. However, it is possible to detect this small magnetic vector if it is manipulated so that the direction of the vector deviates at an angle from the direction of
the main magnetic field.
The radio frequency coils. RF coils can be used to achieve this desired angular deviation from the magnetic field. An RF coil is another word for an antenna.
The RF coil can be used to transmit energy in the form of RF pulses into the
body while it is inside the MRI scanner. This transmission of RF pulses is performed with a transmitter coil. It is important to note that the RF pulse only
affects a given spin if it is transmitted at the precession frequency, the Larmor
frequency. Hence, spins associated with water protons in a 1T magnetic field can
be selectively manipulated by RF pulses which are transmitted at a frequency of
42.6 MHz. The RF pulse and the spin precession are thereby in resonance. This
is the resonance which is the source of the term magnetic resonance imaging.
The transmission of RF pulses causes the small net magnetic vector described
above to deviate at an angle from the direction of the main magnetic field. The
component of the net magnetization vector which is oriented perpendicular to
the main magnetic field generates a signal current which can be detected by an
antenna − an RF receiver coil. This signal which is detected by the receiver coil
is proportional to the number of protons being studied. In the case of hydrogen
in the human body, the signal is practically proportional to the water content in
the tissue.
In summary, the signal in MRI is detected by the receiver coil. The signal is
generated by spins rotating at their Larmor frequency, which have been deflected

19

Martin Ugander

at an angle from the main magnetic field by an RF pulse generated by the transmitter coil. This explains the source of the signal, but it does not explain how
MRI can be used to spatially locate the signal and generate images representing
only tissue in a defined slice through the body.
The gradient system. A gradient system is used to spatially locate the signal
in MRI. The gradient system is composed of gradient coils which can generate
linear variations − gradients − in the main magnetic field. An MRI gradient is
typically 1% of the main magnetic field strength. As previously stated, the Larmor
frequency is linearly proportional to the magnetic field strength. Thus, a gradient
in the magnetic field will result in different resonance frequencies for water protons at different positions in the magnetic field. A slice selective gradient can then
be applied by the gradient coils so that an RF pulse with a given frequency only
excites the protons resonating at a given frequency in a given slice. The imaging
plane can be positioned and angled arbitrarily in all three spatial dimensions.
The gradient system is thus used in combination with the transmission of RF
pulses to define the slice from which signal is generated. After slice selection, the
gradient system is also used to encode the signal in the x and y direction. A gradient in the y direction can be applied prior to signal detection to induce differences
in spin frequency, causing a phase shift which remains during the detection of the
signal. The creation of this phase shift in the y direction is termed phase encoding. Furthermore, a gradient can be applied during the signal sampling to induce
differences in frequency in the x direction, a procedure known as frequency encoding. Phase and frequency encoding in this manner can be used to spatially
localize the unique position of the signal in both the x and y direction within the
selected slice.
The raw signal data is acquired in the frequency domain, or k-space. In
k-space, signal information is encoded using phase and frequency information.
When a signal is sampled, the information which is measured is typically comprised of one line of raw data, a line in k-space. The raw data image is generated
through sequential and repeated acquisition of a sufficient amount of lines in kspace. The number of lines which are acquired in combination with the number
of sampling points in the sampled signal determines the spatial resolution in the
final image. Finally, the raw data in k-space can be transformed into an anatomical
image using a mathematical operation called Fourier transformation.
In summary, an image is acquired by applying gradients and RF pulses for
slice selection, phase-encoding and frequency encoding. The timing schedule
describing this process is known as a pulse sequence. The different characteristics
of a pulse sequence can be manipulated in the scanner software by the user to
achieve desired image characteristics.
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T1 and T2 relaxation
The signal in MRI has been described above as being generated by hydrogen nuclei in water. Moreover, there are two principally different and important aspects
of the MR signal which are called T1 relaxation and T2 relaxation.
It has previously been mentioned that an RF pulse is used to deviate the net
magnetic vector at an angle from the main magnetic field. Let us visualize the
magnetic vector as an arrow pointing along the vertical axis in a diagram with a
vertical and a horizontal axis. The vertical axis represents the direction of the main
magnetic field. In the case of an RF pulse which induces a 90◦ angle of deviation,
or flip angle, the magnetic vector will be flipped horizontally. After the 90◦ RF
pulse, the magnetic vector will be subject to relaxation.
Relaxation can be described as a simultaneously occurring two-component
process. The horizontal or transverse component of the net magnetic vector will
decrease and its vertical or longitudinal component will increase back in the vertical direction. The increase of the vertical component is called T1 relaxation and
the decrease of the horizontal component is called T2 relaxation. T1 is a constant
which is defined as the time it takes to regain 63% of the original magnetization
in the vertical direction. T2 is defined as the time it takes to decrease to 37%
of its value immediately after the RF pulse. T1 in human tissue varies between
300−1500 ms and T2 varies between 50−500 ms. An exception from these values is free water, which is associated with significantly higher values of both T1
and T2.
The T1 and T2 relaxation properties of different tissues vary considerably. It is
therefore possible to acquire images which are either T1-weighted or T2-weighted
in order to differentiate between different tissues.
Contrast enhanced MR
Both T1 and T2 can be manipulated through the use of MR contrast agents.
Contrast agents are not necessary for imaging of cardiac function. However,
an intravenously administered MR contrast agent is used for contrast enhanced
MR angiography and the assessment of myocardial perfusion and infarction. The
most common clinically used cardiac MR contrast agent is the element gadolinium (Gd) coupled to the carrier molecule diethylenetriamine penta-acetic acid
(DTPA).
The presence of Gd in tissue dramatically shortens T1. Importantly, it is not
Gd per se which emits a signal. Rather, Gd has a T1-shortening effect on the protons in its immediate surroundings. Also, the distribution of the Gd in the body
is determined by the biological properties of the carrier molecule. DTPA is a
molecule which freely distributes into the extracellular space throughout the body
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and is excreted via the kidneys. Importantly, Gd-DTPA is not taken up intracellularly. Also, allergic reactions to Gd-DTPA are extremely rare and Gd-DTPA can
readily be administered to patients with kidney failure without damaging effects.
Function
Cardiac function is assessed by MRI using time-resolved, or cine, imaging. Imaging can be performed either in real time or by synchronizing image data acquisition with the ECG. The current clinical routine for cine cardiac MRI is to perform
retrospectively ECG-gated image acquisition during a breath hold.
Retrospective ECG-gating involves continuous and simultaneous acquisition
of ECG and image data. The process is in principle identical to ECG-gating performed in MPS. Cine cardiac MRI typically requires 5 s of breath hold acquisition
to acquire sufficient image data to generate images of a single heart beat in one
slice. Cine image acquisition typically involves imaging three consecutive slices
during a breath hold of approximately 15 s.
ECG. The strong magnetic field in MRI distorts the ECG, sometimes making it difficult to automatically detect the R wave. Vectorcardiography (VCG)
is readily used since it provides a reliable ECG signal when the patient is in the
scanner. The terms VCG and ECG are used synonymously in this sense.
Recent developments have been made whereby it is possible to acquire information on cardiac phase directly from the raw image data. This technique is
called self-gating and has been shown to produce results which are indistinguishable from ECG-gated images.65, 66
Furthermore, it has been shown that simultaneous respiratory and cardiac
self-gating can be achieved using the same principle of extracting information on
movement from raw image data.67 These developments show promise in eliminating the need for breath hold acquisition with an ECG signal of sufficient quality for gating. However, they have not yet been implemented in clinical scanners
from all major manufacturers. Importantly, all forms of gated acquisition require
a regular cardiac rhythm. Arrythmias therefore pose a problem.
Single slice real time imaging without gating can be performed using a technique called k-t BLAST. Single slice k-t BLAST can be performed with an acceptable spatial resolution and a temporal resolution of 27 ms,68 and can also be
used to perform 3D cine imaging of the entire LV in one breath hold. The k-t
BLAST technique shows promise for real time imaging. However, the technique
awaits implementation and evaluation in clinical scanners.
Sequences. The sequence currently used in clinical routine for assessing cardiac function using cine MRI is a steady state free precession (SSFP) sequence.
The signal in SSFP images can be said to reflect the ratio between T2 and T1. An
SSFP sequence generates images in which the blood appears bright and the myo-
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cardium appears dark grey. No contrast agent is necessary to achieve excellent
contrast between blood and myocardium.
It is also possible to assess regional myocardial function using a grid tag sequence. In grid tag imaging, the signal in the tissue is intentionally nulled in
a grid pattern throughout the image. This grid-patterned signal nulling is performed at the start of the cardiac cycle. Images can then be acquired throughout
the cardiac cycle whereby the deformation of the myocardium can be appreciated
as deformation of the grid. Additional techniques for assessing regional myocardial function have been developed and will be discussed in brief later on.
Perfusion
Myocardial perfusion can be assessed using MRI by imaging the myocardium sequentially during the simultaneous intravenous injection of an MR contrast agent
such as Gd-DTPA. Typically, 3-8 short axis slices are imaged once per cardiac cycle
during the first pass of the contrast agent through the LV myocardium. Normally
perfused myocardium increases rapidly in signal intensity as the contrast agent
enters the myocardium. Hypoperfused myocardium may appear hypoenhanced
due to the delayed arrival of contrast in myocardium that is perfused by a coronary artery with a flow-limiting stenosis. The time it takes for the myocardium to
enhance during first pass imaging can be assessed visually or quantitatively as the
upslope of the signal intensity over time.
Infarction
MRI can be used to image myocardial infarction by commencing imaging 10-20
minutes after the injection of an extracellular contrast agent such as Gd-DTPA.
The technique is called delayed enhancement because of the delay between contrast injection and imaging.
Contrast physiology. Intravenously injected Gd-DTPA is distributed according to its distribution volume in different tissues. Gd-DTPA in blood is distributed in the plasma which comprises approximately 50% of the volume. In
normal myocardium, Gd-DTPA is distributed in the extracellular space which
comprises 20% of the volume. Acute infarction is defined by the irreversible
rupture of the myocyte cell membrane. Upon rupture, the extracellular space in
infarcted myocardium becomes contiguous with the intracellular space prior to
the rupture of the cell membrane. Gd-DTPA in acute infarction is distributed
in this extracellular space which comprises 80-90% of the volume.69 A similarly
increased extracellular space is also found in the fibrotic scar tissue of chronic
infarction. The considerable difference in distribution volume of Gd-DTPA in
viable and non-viable myocardium thereby make it possible to acquire MR images
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with sharp contrast between these two. Following injection, it takes approximately
20 minutes before the distribution volume of Gd-DTPA in infarction reaches a
steady state.70
Sequences. The pulse sequence used for infarct imaging is a T1-weighted
inversion recovery sequence.71 The pulse sequence is adjusted so that viable myocardium appears black and infarcted myocardium appears white. The blood pool
appears grey with these same pulse sequence settings. Acute infarction and chronic
infarction both appear bright − hyperenhanced − when imaged with this pulse
sequence.
Importantly, acute and chronic infarction can be differentiated from each
other by imaging using a pulse sequence which enhances edema.72 This sequence
is a T2-weighted inversion recovery sequence and it must be undertaken prior
to contrast injection. Edema in acute infarction can be imaged starting the day
after infarction. Chronic infarctions older than three months show no signs of
edema.73
Flow and velocity encoding
Flow quantification using MRI is highly accurate and is routinely used to quantify
flow in the great vessels for measurement of stroke volume, cardiac output, shunt
and for direct and indirect quantification of valvular regurgitation.
Flow is generally quantified by first selecting an imaging plane perpendicular
to the vessel of interest. The images are then acquired with a pulse sequence
which permits velocity encoding of the image. The velocity encoded information
in MRI is analogous to velocity information from Doppler in echocardiography.
When using velocity encoded MRI, the result of the MRI scan is two sets
of images for each time point in the cardiac cycle. One is an anatomical image
and the other is an image where the signal intensity in each pixel is directly proportional to the through-plane velocity. The average velocity in a vessel is hence
quantified by measuring the average signal intensity for each pixel in the cross
section of the vessel, and then multiplying by a known constant. The flow is calculated by multiplying the mean velocity by the cross-sectional area of the vessel.
This flow data can be used to graph flow versus time. The area under the flow
versus time curve for one cardiac cycle is the stroke volume.
Velocity encoded flow quantification by MRI is very robust in large vessels.
However, measurement in smaller vessels such as the coronary arteries or the coronary sinus can be challenging. The movement of the vessels and the limited spatial
and temporal resolution introduce uncertainties into such measurements.
Velocity encoding can also be used to measure velocities in more than one
direction and in tissues other than blood. In-plane velocity encoded quantification of the velocities of myocardial movement have been used to calculate two-

24

Dysfunctional but viable myocardium - IHD assessed by MRI & SPECT

dimensional myocardial strain. The potential of such measures to quantitatively
assess regional myocardial function are currently being evaluated.74
Coronary angiography
Magnetic resonance imaging can be used to perform coronary angiography. The
duration of image acquisition must currently exceed the duration of a breath hold
in order to achieve sufficient spatial resolution. Therefore, imaging is typically
undertaken during free breathing. Image acquisition is only performed in endexpiration with the help of a navigator echo. A navigator echo is used to acquire
one-dimensional images over the diaphragm in order to determine its position
throughout the respiratory cycle.
MR coronary angiography can be performed without intravenous contrast
using two principally different sequences. The most common approach uses a
bright blood SSFP sequence.75 However, it is also possible to use a black blood
sequence for assessment of the thickness of the coronary artery vessel wall.76
Resolution
MR imaging involves a trade off between spatial resolution, temporal resolution
and the duration of image acquisition. For example, ex vivo imaging of the nonmoving heart can in theory be undertaken with image acquisition durations of
hours and a spatial resolution of 0.1×0.1×0.1 mm. By comparison, MR coronary angiography in patients typically requires up to 20 minutes of free-breathing
image acquisition to achieve a spatial resolution of 1×1×1 mm for a data set with
a temporal resolution of approximately 100 ms.
Five seconds of breath hold imaging of LV function with an SSFP sequence
typically yields a single slice with a spatial resolution of 1.2×1.2×8 mm and a
temporal resolution of 30 ms. A temporal resolution of 15 ms can readily be
achieved by doubling the duration of image acquisition to a 10 s breath hold.
However, this is not done in clinical routine since a 30 ms temporal resolution
is more than physiologically adequate for the clinical assessment of regional and
global LV function.
Technical strengths and limitations
MRI is a versatile technique for assessing cardiac anatomy and physiology. It has
no known harmful effects on the human body and can be undertaken repeatedly
in the same subject without considerations of exposure to ionizing radiation. MRI
is used to acquire images of a wide range of soft tissue contrasts without restraints
regarding positioning of the imaging plane. MRI is the reference standard for in
vivo determination of LV volumes, EF, flow quantification in large vessels and
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infarct size. The technology as such is constantly undergoing development and
there is no reason to believe that these developments have reached a plateau.
However, MRI has some important limitations. Patients with pacemakers
are currently not routinely scanned because of several risk aspects, including the
potential for the RF pulses or the imaging gradients to induce currents in the
pacemaker leads. Exceptions have been made and patients with pacemakers have
successfully been scanned after thoroughly weighing the risks and potential benefits of the investigation.
All ferromagnetic implants pose at a minimum a problem in that they cause
localized imaging artifacts. There is also a risk that an MRI examination may
induce movement in or heating of an implant. Sternal wires and coronary stents
fortunately only cause localized artifacts and are otherwise safe to image.
Claustrophobia is a significant concern which stands in the way of imaging in
between 2-5% of patients, more than half of which can be successfully scanned
under light sedation.77

1.3

Non-invasive imaging in the assessment of
ischemic heart disease

There exists considerable overlap between the ability to assess different anatomical
and physiology aspects of IHD using different cardiac imaging modalities. Certain modalities are particularly favorable for the assessment of specific parameters.
This section will present an overview of the relative utility of different modalities
for these different assessments with a focus on MRI and SPECT. A summary of
these properties is presented in Table 1.3.

1.3.1 Myocardial function
MRI is considered the reference standard for assessment of global and regional
function.78 This section will cover the assessment of systolic myocardial function.
Diastolic function can also be assessed but this will not be covered.
Global function. MRI measures LV volumes accurately without the use of
geometric assumptions,79, 80 and with an excellent interstudy reproducibility81–84
which is superior to 2D echocardiography.85 Assessment of LV volumes by 3D
echocardiography has shown a very close correlation and minimal mean bias when
compared to MRI.86 When compared to LV volumes and EF by MRI, an excellent correlation has been found for gated SPECT,87–96 gated PET97–101 and
gated CT.96, 102, 103 However, measurements of LV volumes with gated SPECT
and gated PET have been shown to have a considerable variability, whereas CT
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TABLE 1.3
Relative utility∗ for assessing different physiological parameters
with different cardiac imaging modalities
Function

Perfusion

Viability

Coronary
stenosis

Cost

Echo

+++

++

++

+

$

X-ray

+

-

-

++++

$$$$

CT

++

+

+

+++

$$

SPECT

++

+++

++

-

$$

PET

++

++++

+++

-

$$$

MRI

++++

++

++++

++

$$

∗

Relative utility is a composite suggestion based on relative merits of resolution, validation,
reproducibility and diagnostic accuracy.
+ denote a relative scale where greater number of + indicate greater utility.
$ indicate increasing costs.

has been shown to have a lesser variability than both SPECT and 2D echocardiography when compared to MRI.96
Regional function. Wall thickening by MRI can readily be used to assess
regional function104, 105 with good agreement between visual and quantitative assessment.106 Echocardiography is used to visually assess regional systolic function107 and additional techniques such as M-mode and myocardial Doppler imaging are also available.108 Similarly, X-ray fluoroscopy has been used to invasively
assess regional function.109 Furthermore, regional function can also be assessed
by gated SPECT,87–89, 91 PET100, 101 and CT103 with good agreement compared
to MRI. Wall thickening has been shown to be better than wall motion for the
assessment of regional systolic function.110 For example, assessment of regional
function by X-ray fluoroscopy shows a gradient in normal wall motion from the
base to the apex111 which is not present for wall thickening by MRI.105
Regional function may also be assessed by measuring strain in the myocardium. Quantification of strain can be performed in any direction using MRI grid
tagging112 or MRI velocity encoded imaging.74 Notably, strain from grid tagging
has been shown to be more sensitive for detecting regional dysfunction compared
to wall thickening.113 Also, echocardiography can be used to assess strain rate,
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although limited to assessment in the direction of the scan lines using myocardial
doppler imaging.114

1.3.2 Detection of coronary artery disease
Perfusion
MPS. The importance of assessing perfusion in the detection of CAD is paramount. Numerous studies have shown that the risk of cardiac events increases
with the extent and severity of perfusion defects assessed by MPS.115 Furthermore, the number of lives saved due to treatment with revascularization compared to medical treatment increases with the amount of ischemic myocardium
identified by MPS.116
Pooled analysis of 79 studies (8964 patients) using MPS to detect CAD by
invasive angiography showed a weighted mean sensitivity of 86% and specificity
of 74%.8 Of patients with normal MPS studies, only those with a high suspicion
for CAD are referred for invasive coronary angiography. Therefore, the relatively
low specificity for MPS may reflect such a referral bias. The percentage of normal
MPS studies in a population with a low likelihood of CAD is called the normalcy
rate. Normalcy is thereby a better descriptor of the performance of a test in a population without disease. The normalcy rate for MPS in 10 studies (543 patients)
was 89%.8
PET. PET is considered the reference standard for assessing myocardial perfusion and it accurately identifies reduced perfusion due to stenosis in animals117
and patients.118 However, due to the limited availability and high cost of PET,
MPS is performed in a far higher volume in clinical practice.
Echocardiography. Perfusion may also be assessed using myocardial contrast
echocardiography (MCE) using microbubbles.119 Experienced centers have reported an excellent agreement between MPS and MCE for detecting perfusion
abnormalities, yielding a comparable accuracy for detecting CAD.120, 121 By comparison, others have shown a 62% head-to-head agreement between MPS and
MCE which improved to 82% when excluding attenuation artifacts.122
MRI. MRI has an emerging role in the assessment of perfusion. Quantitative
analysis of first pass contrast kinetics has been used to identify stenosis by invasive
coronary angiography and has been shown to correspond to perfusion by PET123
and perfusion by microspheres.124 Visual assessment of perfusion for detection
of stenosis has shown a sensitivity of 91-93% and a specificity of 62-75%.125, 126
The results of a multicenter multivendor trial including head-to-head comparison
with MPS are anticipated in the near future.
CT. CT has been used to assess myocardial perfusion, showing similar results
when compared to MPS.127 Perfusion defects appear as regions of hypoenhance-
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ment immediately following contrast injection. The kinetics of the contrast cannot be repeatedly imaged without considerable radiation exposure and this is a
limitation. Nonetheless, CT imaging performed at rest immediately following
contrast injection as part of a CT coronary angiography protocol has shown a
sensitivity of 50% and specificity of 92% to detect perfusion defects which are
visible at stress using MRI.128
In summary, the overwhelming majority of clinical evidence for accuracy and
prognostic information from perfusion assessment has been undertaken using
MPS. PET is the reference standard and both MRI and echocardiography are
promising techniques which have not yet been fully established in routine clinical
practice.
Myocardial function at stress
Both MRI and echocardiography can readily be used to assess systolic function
during stress. In accordance with the ischemic cascade, a reduction in regional
myocardial function at stress is a sign of ischemia and indicative of the presence
of CAD. Also, assessment of global function following stress is often routinely
performed using MPS.
Echocardiography. Pooled analysis of 15 exercise stress echocardiography
studies (1849 patients) shows a weighted sensitivity of 84% and specificity of
82% for detection of CAD.129 Dobutamine stress echocardiography showed a
sensitivity of 80% and specificity of 84% in 28 studies (2246 patients).129
MRI. Ten studies (654 patients) using dobutamine stress MRI show a sensitivity and specificity of 89% and 84%.126, 129 In head-to-head comparison with
echocardiography, MRI has shown a better sensitivity and specificity.130 Furthermore, MRI has shown better image quality and an accuracy that is not sensitive to
image quality, as opposed to echocardiography.131 Head-to-head comparison between dobutamine stress assessment of function and adenosine stress assessment
of perfusion has been undertaken using MRI. This study has shown that functional assessment using dobutamine has similar sensitivity but better specificity
compared to adenosine perfusion.126
MPS. Assessment of EF using gated SPECT in addition to perfusion gives
added information in the diagnosis of CAD. Gated SPECT reduces the number
false positive tests from 14% to 3%,132 the number of inconclusive tests is reduced from 31% to 10%, and the normalcy rate improves from 74% to 93%.133
Furthermore, pooled data show that cardiac event rate increases exponentially as
post stress EF by gated SPECT decreases.134
In summary, stress induced systolic dysfunction occurs later in the ischemic
cascade compared to reduced perfusion. Despite this, detection of stress induced
systolic dysfunction appears equally sensitive and more specific than detection
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of reduced perfusion for the identification of significant coronary stenosis. MRI
is the reference standard for assessment of myocardial function at stress whereas
echocardiography is more readily utilized in clinical routine, mostly due to increased availability and lesser cost.
Coronary stenosis
X-ray fluoroscopy is the invasive reference standard for the assessment of coronary
artery stenosis. Moreover, non-invasive imaging with both CT and MRI can be
used to assess coronary anatomy and stenosis.
When attempting non-invasive imaging of the coronary arteries with either
CT or MRI, it should be kept in mind that coronary arteries move throughout
the cardiac cycle and ideally require imaging with a temporal resolution of <33
ms as is readily achieved with X-ray fluoroscopy. It has been shown that there is a
common period of <1 mm movement of all coronary arteries in late diastole.135
The duration of this period ranges between 66-330 ms and is on average 187
ms. This indicates that although a temporal resolution of 170 ms is sufficient
for imaging most patients’ coronary arteries, there are still many patients where
blurring due to movement will pose a problem.
CT. Despite the challenges posed by limitations in spatial and temporal resolution, CT coronary angiography has shown promise. Recent studies using 16
channel scanners have shown sensitivities between 82-95% and specificities between 86-98%. The recently introduced 64 channel scanners have shown a sensitivity of 94-95% and specificity of 86-97% with 0-12% segments excluded from
analysis.59, 136 Notably, the negative predicted value was 98% for both studies,
indicating the potential for using CT to accurately exclude stenosis in patients
with a low likelihood for CAD. Limitations include the inability to assess arterial
segments which are calcified or exhibit insufficient image quality due to vessel
motion artifacts, and the inability to perform multiple examinations in the same
individual due to radiation exposure.
Furthermore, coronary artery calcification as measured by CT has been studied extensively and shown to provide incremental information for risk stratification of patients with suspected CAD.137 Head-to-head comparison with MPS
shows both an increased likelihood of ischemia with increasing calcium score, and
significant calcification in the presence of normal MPS findings.138
MRI. Data from 28 studies (903 patients) comparing MRI with invasive angiography show a sensitivity of 72%, specificity of 87%, and up to 30% uninterpretable segments.75, 139 Furthermore, black blood MR coronary angiography
has been used to identify increased coronary artery wall thickness in patients with
preserved coronary artery lumen diameter and non-significant CAD.76
In summary, CT currently outperforms MR coronary angiography with re-
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gards to diagnostic accuracy for non-invasive identification of coronary stenosis.
Both CT and MRI are currently undergoing continued technical development
and further improvements in both technical and diagnostic performance are anticipated.

1.3.3 Myocardial viability
An important challenge in the identification of dysfunctional but viable myocardium is in the determination of myocardial viability. Several non-invasive imaging
techniques offer this possibility and they include 201 Tl and 99m Tc tracers used for
MPS, 18 FDG PET, dobutamine stress echocardiography, dobutamine stress MRI
and DE MRI.
A comprehensive review of non-MRI techniques for viability assessment was
undertaken for 105 studies of just over 3000 patients. In these studies, regional
functional improvement following revascularization occurred in 53% of the evaluated segments which were identified as dysfunctional but viable prior to intervention. The overall mean weighted sensitivity and specificity of the techniques
was 84% and 69% for identification of regional functional improvement after
revascularization.140 Furthermore, pooled data has highlighted the prognostic
importance of viability testing by showing that patients with significant viability
which were revascularized showed a greater than 50% reduction in cardiac event
rate compared to both those which were treated medically and those without viability who were either treated medically or with revascularization.141
PET. Some argue that 18 FDG PET should be the reference standard for assessment of myocardial viability.142 This standpoint is justifiable considering the
extensive evidence in the literature. PET has been shown to predict recovery of regional function following revascularization.143 Pooled analysis from six PET studies showed an average increase of 11% LVEF in patients with dysfunctional but
viable myocardium compared to a decrease in 2% LVEF for those who did not.144
Twenty studies (598 patients) showed a mean sensitivity of 93% and specificity of
58% for predicting functional recovery following revascularization.140 Furthermore, PET has shown that patients with dysfunctional but viable myocardium
which undergo early revascularization show a lower preoperative mortality, greater
improvement in post-operative LVEF and higher event free survival compared to
those which undergo late revascularization.145 Also, PET was performed in 67
patients that were initially scheduled to undergo heart transplantation, revascularization or medical therapy. The results of the PET viability scan altered treatment
in 46% of patients, thereby illustrating the effect of PET upon clinical decision
making.146
Echocardiography. Stress echocardiography using low dose dobutamine can
be used to evaluate the viability of myocardium which is dysfunctional at rest. The
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presence of a significant amount of dysfunctional myocardium which improves in
regional function upon stimulation with low dose dobutamine has been shown to
predict a lesser cardiac event rate and greater improvement in myocardial function
following revascularization compared to patients with little or no dysfunctional
but viable myocardium.147
Myocardial contrast echocardiography has been applied to identify hibernating myocardium with promising initial results.148 Also, MCE alone has shown
a similarly high sensitivity and low specificity as for MPS. However, when MCE
is combined with stress echocardiography it provides improved diagnostic performance.149
MPS. Pooled comparison of 11 studies (325 patients) with a head-to-head
comparison of 201 Tl, 99m Tc and 18 FDG versus stress echocardiography for the
detection of dysfunctional but viable myocardium has shown that nuclear techniques have a higher sensitivity (90% vs. 74%) but a lower specificity (57% vs.
78%) compared to stress echocardiography.140 Also, gated SPECT has shown to
improve the detection of dysfunctional but viable myocardium.150 Furthermore,
low dose dobutamine has also been combined with gated SPECT to assess contractile reserve and thereby improve the accuracy of detecting dysfunctional but
viable myocardium which will improve in function following revascularization.151
MRI. Improvement in regional function assessed by low dose dobutamine
stress MRI has shown a close agreement with viability by PET152 and a sensitivity
of 89% and specificity of 94% for predicting improvement in function following
revascularization.153 Moreover, assessment using grid tagging and dobutamine
has shown a similarly high sensitivity of 89% and specificity of 93% for predicting
functional improvement after revascularization.154
DE MRI has emerged as a powerful tool for accurate and high resolution
assessment of myocardial viability.155 The technique has been validated showing excellent agreement with histology in animals.156–158 These data demonstrate
the ability of DE MRI to differentiate between viable and non-viable myocardium independent of wall motion, reperfusion status or infarct age. Studies in
humans have shown infarct transmurality to be predictive of recovery of regional
function following acute infarction,159, 160 revascularization161–164 and  -blocker
therapy.165 Human studies have demonstrated excellent repeatability166 and good
agreement with both 18 FDG PET,162, 167, 168 MPS169–171 and MCE.172 The assessment of infarct size by MPS, however, can both overestimate170 and underestimate169 infarct size by DE MRI. Importantly, one study showed that 47% of
subendocardial infarcts identified by DE MRI were missed by MPS,169 and this
is likely attributable to the limited resolution in MPS. Also, DE MRI can be used
to definitively assess viability in patients with suspected attenuation artifacts by
MPS.173 The spatial resolution in DE MRI is on the order of 5-10 times greater
than MPS and can resolve small peri-procedural infarctions not detected by other
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techniques.174, 175
Studies comparing low dose dobutamine stress and DE MRI have shown conflicting results. Two studies have shown similar or better results for DE MRI
compared to low dose dobutamine when it comes to predicting functional recovery following revascularization.176, 177 However, other studies have shown that
contractile reserve with dobutamine is superior to DE MRI for predicting functional recovery,178 and may add information particularly regarding the potential
for functional recovery of segments with intermediate infarct transmurality.179
Thus, the relative contributions of contractile reserve and viability by DE MRI to
functional recovery and prognostic benefit following revascularization are worthy
of further study.180
CT. The concept of delayed contrast enhancement of infarcted myocardium
which is the established terminology for infarct imaging using MRI was first described using CT in 1980 by Higgins and coworkers.181 However, the first study
in humans to compare infarct size by delayed contrast enhancement CT and MRI
was recently performed and showed excellent agreement.182
In summary, DE MRI has developed as the reference standard for assessment
of the transmurality and extent of infarction. It offers advantages of increased spatial resolution over alternative techniques. In particular, DE MRI is an imaging
technique whereby non-viable infarction is imaged directly through an increased
tissue distribution volume of contrast in non-viable tissue, as opposed to relying
on the absence of signal or subjective analysis of regional function as with nuclear
and echocardiographic techniques, respectively. Meta-analysis has shown a lower
cardiac event rate for patients with dysfunctional but viable myocardium which
are treated with revascularization compared to medical treatment.45 A major limitation of that study was the potential for selection bias due to the retrospective
and non-randomized design of the study. The results of two ongoing prospectively randomized trials (STICH and UK Heart) are eagerly awaited as they are
needed to clarify the prognostic value of viability assessment.183
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Aims
The general aim of this thesis was to further elucidate the pathophysiology of
dysfunctional but viable myocardium in patients with IHD.
Dysfunctional but viable myocardium consists of subgroups defined by distinct characteristics with regards to function, perfusion and viability.
Therefore, we sought to quantitatively compare these parameters and assess to
what degree regional function reflects regional infarction, to what degree global
function reflects total infarct size, and to determine the time course for recovery
of function and perfusion following revascularization in relation to viability.
The specific aim for each paper was:
I. To develop a method for side-by-side quantitative assessment of myocardial
function, perfusion and viability from MRI and SPECT.
II. To study the relationship between regional function and infarct transmurality.
III. To study the relationship between global function (LVEF) and infarct size
and determine a maximum predicted LVEF in relation to infarct size.
IV. To study the time course of quantitative changes in regional perfusion and
function following revascularization in relation to the presence of infarction.
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Materials and Methods
3.1

Study populations

All protocols and procedures were approved by the ethics committee for human
research at Lund University, Sweden. All subjects were recruited at Lund University Hospital. All subjects in Paper I, Paper II and Paper IV provided written
informed consent, while the ethics committee provided a waiver of individual
consent for the clinical patients in Paper III.
Paper I
Paper I studied prospectively recruited patients with a history of CAD who were
scheduled for first time elective CABG. Exclusion criteria for all subjects were
absence of sinus rhythm, claustrophobia or contraindications for MRI.
Paper II
For Paper II, inclusion criteria for patients included either elective first time CABG
or first time ST-elevation acute myocardial infarction treated with acute PCI. All
patients were imaged six months after revascularization of all stenosed vessels. Inclusion criteria for controls included the absence of a history of cardiovascular or
systemic disease, blood pressure less than 140/90 mmHg and a normal electrocardiogram.
Paper III
For Paper III, patient inclusion was retrospectively undertaken through review of
reports for all patients clinically referred for viability assessment using DE-MRI at
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our institution between January 2000 and December 2004. Patients were referred
for known or suspected ischemic heart disease or other forms of cardiomyopathy.
Patients were only considered if the report from their study included quantification of LVEF, LVM and the volume of infarction. For the purpose of this study,
patients were classified as either having IHD, normal findings, or other forms of
non-ischemic cardiomyopathy (CM) based both on the information in the referral and the conclusions of the CMR report. Normals were defined as those
exhibiting normal functional and morphological results at CMR. Classification
into IHD or CM was made according to the CMR report when the report gave a
definitive diagnosis using established criteria.184
Paper IV
Inclusion criteria for Paper IV were clinical selection for first time elective revascularization by CABG or PCI. Patients were imaged with cardiac MRI and rest/stress
SPECT prior to revascularization and one and six months after revascularization.
Exclusion criteria were valvular surgery in adjunct to revascularization, acute coronary syndrome during the course of the study, New York Heart Association functional class IV, absence of sinus rhythm, claustrophobia or contraindications for
MRI.

3.2

Assessment of perfusion using myocardial SPECT

3.2.1 Myocardial perfusion SPECT imaging
MPS was performed in Paper I and Paper IV using the same protocol. Rest and
stress imaging were performed on separate days, 30 minutes after intravenous
injection of a body weight adjusted dose (500-700 MBq) of 99m Tc-tetrofosmin.
Stress imaging was undertaken using either pharmacological or exercise stress.
Pharmacological stress employed 5 mg/ml adenosine infused at a rate of 140
g/kg/min for 3 minutes before tracer injection, and continued for 2 minutes
following injection. Exercise stress was performed using a bicycle ergometer with
a minimum increase to 85% of the maximum predicted heart rate.
Subjects were imaged in the supine position with a dual head camera in steps
of 5.6 degrees, 32 projections, 50 s/projection, using a 64×64 matrix yielding a digital resolution of 5×5×5 mm. Iterative reconstruction using maximum likelihood-expectation maximization (MLEM) was performed with a lowresolution Butterworth post filter with a cutoff frequency set to 0.6 of Nyquist
and order 5.0. No attenuation or scatter correction was applied. Lastly, short and
long axis images were reconstructed.
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3.2.2 Image analysis
Visual assessment
For visual perfusion scoring, short axis rest and stress SPECT images were assessed independently, blinded to the corresponding rest or stress images and CMR
results. Scoring was performed by an experienced reader using a 12 segment
per slice, four slice model. An example of the segmental model is illustrated in
Figure 3.1. Images were scored using the following scale: 0: normal, 1: mild
perfusion abnormality, 2: moderate abnormality, 3: severe abnormality, and 4:
maximal abnormality (no perfusion).
Quantitative assessment
For quantitative measurement, the centroid of the left ventricular lumen was defined manually in each 10 mm thick short axis slice at rest and stress from SPECT.
Images were manually cropped using a circular selection tool. From the centroid,
perfusion was quantified as the area under the count density curve along a radial
profile. The visually assessed transition between the myocardium and the blood
pool typically ranged between 20-50% of the maximal count density in the same
slice. In order to exclude measurement of counts from the blood pool, a cut off
value of 30% of the maximal count density in the same slice was therefore chosen
as the endocardial limit of the area under the curve measurement for each radial
profile. All perfusion values were normalized, where the maximum uptake in the
entire LV was set to 100%.
Polar plots
Polar plots for perfusion, function and viability were generated with in-house
developed software using the quantification data from each respective modality.
All data was treated as polar coordinates (slice number as radius, segment position
as angle) and subsequently converted to Cartesian coordinates for graphing as
polar plots.

3.3

Assessment of function using cine MRI

3.3.1 MR imaging
All imaging was performed in the long and short-axis planes during end-expiratory
apnea using a 1.5T system (Siemens Magnetom Vision, or Philips Intera CV). LV
function was imaged using either a prospectively ECG-triggered cine gradient
echo sequence (Siemens, spatial resolution 1.6×1.6×8 mm, gap 2 mm, temporal

39

Martin Ugander

Long axis
CMR

Quantitative short axis
ED
ES

Visual short axis
ED
ES

Wall
thickening

Infarct
thickness

SPECT

Rest

Stress

Rest

Stress

F IGURE 3.1 Alignment of short axis slices between CMR (upper) and SPECT (lower) images. The long axis image of the
left ventricle (left) used to plan the appropriate short axis images
(middle and right) are shown for both imaging modalities. All
LV short axis slices were used to develop polar plots. The middle
four short axis slices (heavy white lines) were used for examination of relationship between visual scoring and quantitative measurement. For CMR images, endocardial and epicardial images
were outlined in end diastole (ED) and end systole (ES) to obtain
wall thickening. Myocardial infarction (hyperenhanced region in
middle row image) was manually delineated for measurement of
infarct transmurality. Quantitative information was assessed every two degrees and averaged into a 12 segment model per short
axis slice (middle). Visual scoring was undertaken using the same
12 segment model (right). For SPECT, a similar approach was
used for quantitative measurement (middle) and visual scoring
(right) of perfusion.

40

Dysfunctional but viable myocardium - IHD assessed by MRI & SPECT

resolution 50 ms) or a retrospectively vector-ECG-triggered cine steady-state free
precession sequence (Philips, spatial resolution 1.25×1.25×8 mm, gap 2 mm,
temporal resolution 33 ms, SENSE factor 2).
Aortic flow was quantified for assessment of aortic or mitral valve regurgitation using a through-plane gradient echo phase contrast (PC) sequence in a transverse plane through the ascending aorta placed at the position of the bifurcation
of the pulmonary trunk (Siemens: free breathing, spatial resolution 1.5×1.5×10
mm, temporal resolution 30 ms, velocity encoding gradient 150 cm/s, prospectively gated with acquisition over 1.3 R-R intervals, Philips: free breathing, spatial
resolution 1.2 × 1.2 × 10 mm, temporal resolution 30 ms, velocity encoding
gradient 150 cm/s, retrospectively gated).

3.3.2 Image analysis
Global LV parameters
LV EDV, ESV and LVM were determined by manual planimetry of LV endocardial and epicardial contours and Simpsons method in contiguous short-axis
cine images using established methods.185 The end-diastolic time frame was defined as the image acquired immediately following the trigger on the R-wave of
the ECG. The end-systolic time frame was determined globally as the time frame
where the LV lumen was the smallest. LVM was calculated as the mean of the
LVM measured in end-diastolic and end-systolic frames. LVSV was defined as
LVEDV−LVESV. LVEF was defined as LVSV/EDV. Volume of infarction was
determined by manual planimetry of the hyperenhanced regions in delayed contrast enhancement images. Papillary muscles not contiguous with the myocardial
wall in short axis images were excluded from analysis of LVM and infarct volume.
IS was defined as infarct volume / LVM volume.
Regional LV function
Visual function scoring of cine CMR images was performed in consensus by two
experienced readers blinded to both subject identity and DE CMR images. Function was scored using the 12 segment per slice, four slice model according to the
following scale: 0: normal, 1: mild-to-moderate hypokinesis, 2: severe hypokinesis, 3: akinesis, and 4: dyskinesis.
Quantification of function was performed by measurement of wall thickening. Wall thickening was defined as the percent change in radial wall thickness
between end diastole and end systole. Endocardial and epicardial borders of the
left ventricle were manually delineated in end diastole and end systole, excluding
papillary muscles. Wall thickness in end diastole and end systole were quantified
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automatically along radial spokes emanating from the centroid of the endocardial
delineation (Figure 3.1).
For Paper II and Paper IV, dysfunction in a given segment was defined as wall
thickening less than 30%.186 Paper II sought to analyze the influence of dysfunctional adjacent segments. Figure 3.2 describes the adjacent segment model. An
adjacent segment was defined as a myocardial segment that bordered a given segment in the same short axis slice or the same segment in a more basal or apical
slice. This resulted in a maximum of four adjacent segments. Hence, the model
did not consider segments that were diagonally adjacent in a more basal or apical
slice.

F IGURE 3.2 A schematic diagram of the left ventricle showing
the 12 segment per slice model in the four midventricular slices
used for analysis (light grey). Four possible adjacent myocardial
segments are shown (dark grey) in relation to a given segment
(black). An adjacent segment could either be in the same slice
(Same), or in a more apical (Apical) or basal (Basal) slice.

Aortic flow and valve regurgitation
Effective SV in the aorta (SVAo ) was determined by manually defining a region of
interest (ROI) in the lumen of the ascending aorta in modulus reconstructed PC
images. The average signal intensity in the same ROI in the phase reconstructed
PC images was multiplied by the velocity encoding gradient and the area of the
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region of interest in order to determine instantaneous flow in ml/s at each time
point. The sum of all instantaneous flow throughout one cardiac cycle was defined
as the SVAo and effective cardiac output was defined as SVAo multiplied by the
heart rate. The sum of all negative flow was defined as the regurgitant volume
through the aortic valve (RVAo ). The sum of all positive flow was defined as the
forward volume in the aorta (FVAo ). Regurgitant fraction through the aortic valve
(RFAo ) was defined as RVAo /FVAo . Regurgitant volume through the mitral valve
RVmitral was defined as LVSV−SVAo . Regurgitant fraction through the mitral
valve (RFmitral ) was defined as RVmitral /LVSV.
The upper limit (mean + 2SD) for regurgitant fraction in healthy volunteers
has been shown by MRI to be 13% in the mitral valve187 or 18% in the mitral
or aortic valve.188 Patients were therefore defined as having significant valve regurgitation in either the aortic or mitral valve if the RFAo or RFmitral exceeded
13%. For the minority of patients where flow quantification was not performed,
any mention of visualization of regurgitation from cine CMR images was deemed
significant.

3.4

Assessment of viability using DE-MRI

3.4.1 MR imaging
Infarct imaging was performed in late diastole using a segmented inversion recovery turbo fast low-angle shot sequence71 during breath hold in either 2D or
3D fashion (2D, Siemens: data acquisition every second heart beat, spatial resolution 1.6×1.6×8 mm, gap 2 mm, or 3D, Philips, data acquisition every heart
beat, spatial resolution 1.6×1.6×8 mm, gap 0 mm, inversion time set to null
normal myocardium). Infarct imaging was typically commenced 10-20 minutes
after intravenous injection of 0.2 mmol/kg body weight of an extracellular contrast agent (Gd-DTPA). This approach has been shown to enhance non-viable
myocardium156 due to an increased tissue distribution volume of Gd-DTPA in
non-viable regions.69, 70, 189, 190

3.4.2 Image analysis
Global infarct size
Volume of infarction was determined by manual planimetry of the hyperenhanced
regions in delayed contrast enhancement images. Papillary muscles not contiguous with the myocardial wall in short axis images were excluded from analysis
of LVM and infarct volume. Infarct size as percent LVM was defined as infarct
volume / LVM volume (%).
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Regional infarct transmurality
Manual delineation was undertaken to define the endocardial and epicardial borders of the left ventricle and regions of hyperenhancement in DE CMR images.
Quantification of viability was performed by measurement of infarct transmurality. Infarct transmurality was defined as the radial thickness of a region of
hyperenhancement expressed as a percent of the total wall thickness in the same
position. Infarct thickness and wall thickness were quantified automatically at
every other degree along radial spokes emanating from the centroid of the endocardial delineation (Figure 3.1).

3.5

Statistical analyses

Data are presented as mean ± standard deviation (SD) unless otherwise specified. A p-value of less than 0.05 was considered statistically significant. Variations
between normally distributed data were tested by paired t-test and independent
t-test as appropriate. Variations between independent data that were not normally
distributed were tested by the Mann-Whitney test. Trends were tested by ANOVA
with post hoc Bonferroni correction. Wall thickening data is presented graphically
as mean ± SEM to illustrate the physiological trend. Differences between standard deviations were tested by the F-test. Linear regression was determined using
Pearson’s correlation coefficient.
In Paper II, a linear mixed model assuming compound symmetry (SPSS for
Windows, Release 11.0.1) was used to explore the effect size of parameters contributing to wall thickening.
In Paper I, agreement between continuous quantitative measurement and categorical visual scoring of function and perfusion was tested by Kendall’s coefficient
of concordance (W). Kendall’s W varies between 0, denoting no agreement, and
1 denoting maximal agreement. In the absence of accepted criteria for interpretation of the value of Kendall’s W, the strength of agreement was interpreted using
the same criteria as for interpretation of kappa as adapted by Altman: <0.20 =
Poor, 0.21-0.40 = Fair, 0.41-0.60 = Moderate, 0.61-0.80 = Good and 0.81-1.00
= Very good.191
In Paper III, the maximum predicted LVEF for patients with IHD was defined as the linear function delimiting the smallest area encompassing 95% of the
data for LVEF and IS. The slope and intercept of the linear function were determined from the data using these pre-defined criteria. See Figure 3.3. Line AB was
iteratively positioned at the angle  and distance CD that would minimize the
area of triangle ABC encompassing 95% of the data points.
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F IGURE 3.3 Schematic diagram of the parameters involved in the
iterative process of determining the slope and position of the line
describing the maximum predicted LVEF based on infarct size as
percent of LVM. Line AB was iteratively positioned at the angle
 and distance CD that would minimize the area of triangle ABC
encompassing 95% of the data points.
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Chapter 4

Results and Comments
4.1

Quantitative polar assessment of perfusion,
function and viability (Paper I)

Polar plots
The clinical management of patients with IHD involves a complex assessment of
the extent and severity of changes in LV myocardial perfusion, function and viability.192, 193 No previous approaches have undertaken side-by-side presentation
of information on perfusion, function and viability as polar plots. Therefore, we
sought to develop an integrated method for quantitative polar representation of
data from regional myocardial perfusion from SPECT and regional myocardial
function and viability from CMR. A population of ten patients with IHD who
were scheduled for CABG were studied.
Figure 4.1 shows a representative case illustrating the feasibility of generating polar plots from SPECT and CMR studies of one patient undertaken both
before and after three vessel CABG. Myocardium that is hypoperfused and hypofunctioning but viable can easily be identified and localized. Also, improvement
in function and perfusion in viable regions after CABG can easily be assessed.
See figure text for details. Figure 4.1 demonstrates that quantitative polar representation of LV perfusion, function, and viability is feasible and may provide a
method for easy identification of hypofunctioning and hypoperfused but viable
myocardium.
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F IGURE 4.1 Example of polar plots generated from rest and stress
SPECT perfusion, resting function (wall thickening from cine
CMR), and viability (infarct transmurality from DE CMR) in
one patient prior to, and one month after CABG. Perfusion is
color coded according to a scale where 100% represents the maximum value in the left ventricle. Function is color coded according to a scale representing quantitative wall thickening defined
as percent change in wall thickness between diastole and systole.
Viability is color coded according to a scale representing quantitative infarct transmurality (%), defined as the percent of the myocardial wall thickness that is hyperenhanced on DE CMR images.
"I" indicates a region approaching transmural infarction that exhibits poor function and poor perfusion and does not improve in
function after CABG. "H" indicates a region of hibernating myocardium characterized by lack of infarction, poor function and
poor perfusion at rest and stress. The hibernating myocardium
improves in both rest perfusion, stress perfusion as well as function after CABG. "S" indicates a region of repetitively stunned
myocardium characterized by little or no infarction, poor function and reduced stress perfusion. The repetitively stunned myocardium improves in stress perfusion and function after CABG.

Visual scoring and quantitative measurement of perfusion and
function
In order to assess the clinical usefulness of the proposed quantitative methods, we
also explored the relationship and determined the agreement between visual scoring and quantitative measurement of regional perfusion and function. Figure 4.2
shows the relationship between visual scoring and quantitative measurements of
both regional perfusion from SPECT and regional function from cine CMR in
480 myocardial segments from 10 patients. All 480 myocardial segments were
assessed with a visual perfusion score. Ten percent of the segments were not assessed with a visual function score due to poor image quality. Kendall’s W for
testing agreement between quantitative measurement and visual scoring was 1.0
for perfusion and 0.85 for function.
Taken together, the presented findings indicate that quantitative measures of
perfusion and function showed a good agreement with visual scoring by experienced observers.
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F IGURE 4.2 The relationship between visual scoring and quantitative measurement of perfusion (left) and function (right). The
left panel shows data from SPECT at rest (open circles) and stress
(filled circles). The right panel shows percent wall thickening and
visual function scores from cine CMR at rest. Numbers represent
myocardial segments per category. All visual perfusion scores differed significantly in quantitative perfusion (p<0.001 for all except *, denoting p<0.05 for the difference between rest perfusion
scores 3 and 4). A normal visual function score differed significantly from all other scores. §§§ denotes p<0.001. Error bars
denote SD.

The agreement between quantitative and visual assessment of function was
less than for perfusion. The limitations of quantitative echocardiographic methods for identifying visually impaired function have been described.194 The reason
for these limitations, regardless of modality, is unclear. The limitations may be related to the ability of the visual reader to simultaneously assess multiple axes and
features of regional function. Examples of such features includes overall atrioventricular plane movement and normalization of thickening to ’normal’ segments
within the same ventricle. Novel techniques for accurate quantification of multidimensional myocardial strain with high temporal and spatial resolution using
CMR have been presented.74, 195 The future of these research techniques appears
to be promising but their roles in the clinical arena have yet to be established.
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4.2

Regional wall thickening vs. infarct transmurality
(Paper II)

The relationship between regional function and infarct transmurality has been
studied by several groups both experimentally196–198 and clinically.199–201 We
chose to study 20 healthy volunteers and 20 patients assessed after either acute
PCI or elective CABG. A duration of six months after revascularization was chosen to minimize the effects of stunning or hibernation on our results. Our findings
illustrate that there is a negative and poor correlation between wall thickening and
infarct transmurality (R2 =0.11). Figure 4.3 shows wall thickening for controls,
and the relationship between wall thickening and quartiles of infarct transmurality
for patients with chronic IHD.

F IGURE 4.3 The relationship between wall thickening and quartiles of infarct transmurality. CIHD denotes patients with
chronic ischemic heart disease. Error bars denote SEM. *** denotes p<0.001. n denotes the number of myocardial segments in
each group.
These results show a decrease in wall thickening with increasing infarct transmurality. Although it is not shown in Figure 4.3, it is important to note that the
standard deviation of the wall thickening for controls and patients with varying
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severity of infarct transmurality was close to 2 mm. This implies a considerable variation in the data and overlap between the presented groups. Additional
analysis has furthermore shown that quantitative regional myocardial function is
influenced more so by the function of adjacent segments and to a lesser extent by
infarct transmurality. This is illustrated in Figure 4.4. Thus, wall thickening alone
appears to be an inadequate tool for identifying infarction or differentiating between different severities of infarct transmurality. This emphasizes the importance
of direct infarct imaging by DE CMR for identifying infarction.

F IGURE 4.4 The relationship between wall thickening and number of dysfunctional adjacent myocardial segments according to
infarct transmurality. Note how wall thickening varies more due
to the number of dysfunctional adjacent segments than due to infarct transmurality. Error bars denote SEM. * denotes p<0.05 vs.
76-100%, † denotes p<0.01 vs. 51-75% and ‡ denotes p<0.01
vs. 76-100%. Numbers at the bottom of each bar denote the
number of myocardial segments in each group.

4.3

LV ejection fraction vs. infarct size (Paper III)

It is important to assess both global function and infarct size when considering
revascularization. Previous studies have reported a strong linear correlation be-
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tween LVEF and infarct size in selected populations.202–204 However, this relationship has been shown to have a weaker correlation in larger and more heterogeneous patient populations studied with nuclear techniques, possibly due to the
influence of ischemia.205, 206 We chose to retrospectively study 156 consecutive
patients with IHD who were clinically referred for viability assessment using DE
CMR at our institution. Figure 4.5 illustrates the relationship between LVEF and
infarct size assessed by CMR. By comparison, Figure 4.6 illustrates the relationship between EDV, ESV, SV and infarct size. The correlation between LVEF and
infarct size was R2 =0.25 and it appears that LVEF is superior to EDV (R2 =0.12),
ESV (R2 =0.15) and SV (R2 =0.05) when it comes to assessing the relationship
between global LV function and IS.

F IGURE 4.5 The relationship between LVEF and infarct size
(%LVM) for patients with IHD and the absence (black circles)
or presence (open circles) of significant regurgitation in the aortic
or mitral valve. The solid line represents the maximum predicted
LVEF for a given IS determined using data from all patients with
IHD as described in Figure 3.3. Patients with or without significant valve regurgitation did not differ from each other with
regards to either LVEF or infarct size.
The presented relationship between LVEF and infarct size as assessed by CMR
illustrates the difficulty of accurately assessing infarct size based on LVEF alone.
This further underscores the importance of direct infarct imaging with CMR for
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F IGURE 4.6 The relationship between EDV (top), ESV (middle), SV (bottom) and IS (%LVM) for patients with IHD and
the absence (black circles) or presence (open circles) of significant
regurgitation in the aortic or mitral valve. The solid lines represent linear regression using data from all data points.
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accurate assessment of infarct size. Moreover, the presented maximum predicted
LVEF in relation to infarct size offers the possibility of assessing the potential for
a patient to improve from a given LVEF to the maximum predicted LVEF for a
given infarct size. Future studies are warranted to assess the clinical utility of such
an assessment.

4.4

Recovery of LV function and perfusion in relation
to infarction (Paper IV)

Paper IV consisted of a study population of 15 patients scheduled for first time
elective revascularization by CABG or PCI. They were imaged by SPECT and
MRI before and both one and six months following revascularization. The distribution of segmental infarct transmurality for these patients indicates that the
infarctions in the population were primarily <50% transmural.
Figure 4.7 shows the time course of quantitative regional wall thickening and
perfusion for both segments with and without dysfunction prior to revascularization. These results show that dysfunctional segments without infarction gained
the greatest improvement in both perfusion and function within one month after
revascularization. In contrast, segments with infarction, which was predominantly
<50% transmural in our population, showed delayed functional recovery at six
months despite improvements in perfusion at one month. Mean LVEF in the
population did not change at either one or six months after surgery. Surprisingly,
segments without baseline dysfunction showed a reduction in wall thickening at
one month regardless of presence of infarction. Our findings of simultaneous improvement and deterioration of regional function in segments of different baseline
functional status can be better understood when considering the lack of change
in LVEF in our population.
Previous studies using echocardiography and scintigraphic techniques have
demonstrated that the time course of regional functional recovery following CABG
begins immediately following revascularization and may continue up to between
three and 14 months after surgery.31, 37, 207–211 For example, Bax et al 211 showed
no functional improvement in segments with either non-transmural or transmural infarction as determined by 18 FDG uptake using SPECT. Yet, segments with
reduced perfusion but no sign of infarct using 18 FDG improved function both
three and 14 months after revascularization.
The discrepancy in the time course of functional recovery between previous
results and ours may be due to the limited spatial resolution of SPECT for defining the presence and transmurality of infarction. Furthermore, late improvements
in function assessed visually by echocardiography have been associated with preoperative histological and scintigraphic measures of ischemic burden.31, 37, 208–211
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F IGURE 4.7 Time course of regional function and perfusion after
revascularization according to presence (left) or absence (right) of
dysfunction prior to revascularization. Quantitative wall thickening (A, B) was assessed by cine MRI. Stress perfusion (C, D) and
rest perfusion (E, F) were assessed by 99m Tc-tetrofosmin SPECT.
Reversible perfusion is presented as the difference between rest
and stress perfusion (G, H). Black squares and open circles denote myocardial segments without and with infarction, respectively, as assessed by delayed enhancement MRI. Error bars represent SEM.
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Such histological measures of ischemic burden have been shown to independently
correlate to both scintigraphic findings32, 212–214 and an increased duration of ischemia resulting in a delayed functional recovery.36 Therefore, one potential explanation for our findings of the difference in time course of functional recovery
between segments with and without infarction may be a more severe degree of
ischemic burden in the viable portion of the segments with infarction. This is
supported by our finding of a greater initial difference in rest-stress perfusion in
these segments.
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Chapter 5

Conclusions
This thesis illustrates the necessity to perform quantitative assessment of function,
perfusion and viability in combination when studying the pathophysiology of
dysfunctional but viable myocardium in IHD.
The presented studies emphasize the importance of direct infarct imaging by
CMR for the accurate identification of infarction in the assessment of dysfunctional myocardium. Neither regional nor global myocardial function have a close
correlation to infarction, but the presence of non-transmural infarction is a marker
for delayed recovery of function following revascularization.
The major conclusions for each paper were:
I. Integrated polar representation of function, perfusion and viability is feasible, and the proposed quantitative methods show good agreement with
visual assessment for perfusion from SPECT and function from CMR.
II. Regional function decreases with increasing infarct transmurality. However,
the variation in regional function is large, and importantly, influenced more
so by the function of adjacent myocardium than by infarct transmurality.
III. LVEF cannot be used to estimate infarct size, and vice versa. However,
LVEF can be used to estimate a maximum predicted infarct size, and infarct
size can be used to estimate a maximum predicted LVEF.
IV. The recovery of perfusion after revascularization occurs in the first month,
while the recovery of function is delayed in regions with non-transmural
myocardial infarction, possibly due to a more severe initial ischemic burden.
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