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ABBREVIATIONS  

1(2)CM = One(two)-tissue compartment kinetic model 

AR = Apical rocking 

AC = Attenuation correction 

AF = Atrial fibrillation 

CAD = Coronary artery disease 

CMR = Cardiac magnetic resonance 

CRT = Cardiac resynchronization therapy 

CT = Computed tomography 

CZT = Cadmium-zinc-telluride 

EDV = End-diastolic volume 

EF = Ejection fraction 

ESV = End-systolic volume 

18F-FDG = 18F-fluorodeoxyglucose 

HF = Heart failure 

IVCD = Intraventricular conduction delay 

LBBB = Left bundle branch block 

LAD = Left anterior descending artery 

LCX = Left circumflex artery 

LGE = Late-gadolinium enhancement 

LV = Left ventricle 

MBF = Myocardial blood flow 

MFR = Myocardial flow reserve 

MPI = Myocardial perfusion imaging 

PET = Positron emission tomography 

RAC = Right coronary artery 

ROI = Region of interest 

RV = Right ventricle 

SF = Septal flash 

SLR = Septal to lateral wall ratio 

SPECT = Single photon emission tomography 

SUV = Standardized uptake value 

TAC = Time activity curve 
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SUMMARY 

During the last decades important technological advances in both hardware and software for 

medical nuclear imaging, represented by single-photon emission computed tomography 

(SPECT) and positron emission tomography (PET), strengthened its position in the field of non-

invasive cardiac imaging and expanded its opportunities for the evaluation of patients with 

cardiovascular diseases. This PhD project was intended to give an insight in some of the novel 

opportunities of nuclear cardiology to assess perfusion and metabolism that can assist in the 

diagnosis of CAD and therapy guidance in the context of heart failure (HF).  

In particular, in the first part of this PhD project we explored how the assessment of perfusion 

and glucose metabolism, with 13N-NH3 and 18F-fluorodeoxyglucose (18F-FDG) PET, 

respectively, can help to unravel the pathophysiology of left ventricular (LV) remodelling in 

cardiac-resynchronization therapy (CRT) candidates and whether PET can help to reliably 

guide the necessity of CRT implantation in HF patients. For this, a large prospective multicenter 

clinical trial (WORK-CRT) was initiated, that included consecutive patients referred for CRT 

implantation in different European centers. In Chapter I-II we evaluated the regional alterations 

in myocardial perfusion and metabolism in non-ischemic HF patients with left bundle branch 

block (LBBB) and with mechanical dyssynchrony. The latter currently represents a promising 

marker of successful CRT response. We have demonstrated that these conditions are associated 

with the redistribution of myocardial perfusion and metabolism, with the lowest values in the 

septum and highest in the lateral wall (Chapter I-II) and that these changes are proportional to 

regional myocardial work (Chapter II). Furthermore, in the cohort of non-ischemic patients 

represented in Chapter II we showed that pre-CRT septal-to-lateral wall (SLR) glucose 

metabolism ratio linearly correlates with the extent of volumetric reverse remodelling after 

CRT, suggesting 18F-FDG SLR as a possible marker of CRT response. In chapter III we focused 

more on the reverse remodelling process and expanded our patient cohort to those with HF of 

both ischemic and non-ischemic origin. We have shown that in non-ischemic HF patients low 

18F-FDG SLR alone predicts CRT response with high sensitivity and specificity, but in ischemic 

HF patients, however, the specificity of low 18F-FDG SLR significantly drops, suggesting that 

in this patient cohort low SLR can also be caused by the presence of septal scar, characterized 

by the absence of metabolic activity and limited potential of regional functional recovery. We 

have demonstrated that combining low 18F-FDG SLR, assessed with PET, with septal scar 

extent, assessed with cardiac magnetic resonance, could separate CRT responders from non-
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responders with high sensitivity and specificity, independently of HF etiology of the patients, 

so for the first time suggesting 18F-FDG SLR as a predictor of CRT response.  

In the second part of this PhD project (Chapter IV) we focused on the recently introduced novel 

cardiac dedicated cadmium-zinc-telluride (CZT) SPECT cameras, that for the first time offered 

an opportunity to quantify myocardial perfusion with SPECT, providing a great potential for 

the improvement of management of patients with CAD. Acknowledging the disadvantages of 

clinically available SPECT perfusion tracers, we renewed our interest in 99mTc-Teboroxime - a 

perfusion tracer with more favourable characteristics, that for a long time was withdrawn from 

the market due to incompatibility of its fast kinetics with the slow conventional SPECT 

cameras. In Chapter IV we investigated if the fast kinetics of 99mTc-Teboroxime could be an 

advantage for the novel SPECT CZT camera and evaluated its performance to quantify 

myocardial perfusion. We have demonstrated the possibility to synthesize this tracer in our 

hospital and showed its high cardiac affinity and fast myocardial kinetics in rodents. 

Furthermore, we demonstrated the feasibility to image and quantify myocardial flow reserve 

with the novel SPECT CZT camera and 99mTc-Teboroxime in large animals, however the 

optimization of a suitable kinetic model for 99mTc-Teboroxime is necessary.  

In the discussion chapter of this PhD thesis we reviewed the most crucial findings and important 

results of our work, while we shared the next research steps in the Future Perspectives chapter.  
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SAMENVATTING 

Gedurende de laatste decennia hebben belangrijke technologische ontwikkelingen in zowel 

hardware als software voor medische nucleaire beeldvorming haar positie op het gebied van 

niet-invasieve cardiale beeldvorming versterkt en uitgebreid. Zowel “single-photon” emissie 

computertomografie (SPECT) als positron emissie tomografie (PET), worden ingezet voor de 

evaluatie van patiënten met hart- en vaatziekten. Dit doctoraatsonderzoek was bedoeld om 

inzicht te geven in enkele van de nieuwe mogelijkheden van nucleaire cardiologie om perfusie 

en metabolisme te beoordelen die kunnen helpen bij de diagnose van coronairlijden (CAD) en 

therapiebegeleiding in de context van hartfalen (HF). 

In het eerste deel van dit onderzoek hebben we in het bijzonder bestudeerd hoe de beoordeling 

van perfusie en glucosemetabolisme, met respectievelijk 13N-NH3 en 18F-fluorodeoxyglucose 

(18F-FDG) PET, kan helpen om de pathofysiologie van het linker-ventrikel (LV) remodelering 

te ontrafelen bij HF patiënten met linker bundeltakblok (LBBB) die in aanmerking komen voor 

cardiale resynchronisatietherapie (CRT) en of PET kan helpen de therapie response van CRT-

implantatie bij HF-patiënten betrouwbaar kan voorspellen. Hiervoor werd een groot prospectief 

multicenter klinisch onderzoek (WORK-CRT) gestart, dat opeenvolgende patiënten 

includeerde die werden doorverwezen voor CRT-implantatie in verschillende Europese centra. 

In hoofdstuk I-II hebben we de regionale veranderingen in myocardperfusie en metabolisme 

geëvalueerd bij niet-ischemische HF-patiënten met LBBB, met of zonder mechanische 

dissynchronie, geëvalueerd met echocardiografie. Aanwezigheid van mechanische 

dissynchronie vertegenwoordigt momenteel een veelbelovende marker voor een succesvolle 

CRT respons. We hebben aangetoond dat deze gerelateerd is aan de herverdeling van 

myocardperfusie en metabolisme, met lage waarden in het septum en de hoge in de laterale 

wand (hoofdstuk I-II) en dat deze veranderingen evenredig zijn met regionale mechanische 

arbeid geleverd door de hartspier (hoofdstuk II) . Verder hebben we in deze cohort van niet-

ischemische patiënten aangetoond dat de pre-CRT verhouding van septale-tot-laterale wand 

glucosemetabolisme (SLR) lineair correleert met de mate van inverse volumetrische 

remodelering na CRT. Dit suggereert dat 18F-FDG SLR als een mogelijke predictor voor CRT-

response kan worden gebruikt. In hoofdstuk III hebben we ons meer gericht op het proces van 

inverse remodelering en hebben we onze patiënten cohorte uitgebreid met mensen met HF van 

zowel ischemische als niet-ischemische oorsprong. We hebben aangetoond dat bij niet-

ischemische HF-patiënten de lage 18F-FDG SLR alleen CRT-respons voorspelt met een hoge 
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sensitiviteit en specificiteit, maar bij ischemische HF-patiënten daalt de specificiteit van lage 

18F-FDG SLR echter aanzienlijk, wat suggereert dat in deze patiënten lage SLR ook kan worden 

veroorzaakt door de aanwezigheid van littekenweefsel in het septum (na myocardinfarct) en dus 

ook  gekenmerkt door de afwezigheid van metabole activiteit en beperkt potentieel van 

regionaal functioneel herstel. We hebben aangetoond dat het combineren van lage 18F-FDG 

SLR, beoordeeld met PET, en omvang van littekenweefsel in het septum, beoordeeld met 

cardiale magnetische resonantie, CRT respons kan scheiden van non-respons met hoge 

gevoeligheid en specificiteit, onafhankelijk van de HF-etiologie van de patiënten. 

In het tweede deel van dit doctoraatsonderzoek (hoofdstuk IV) hebben we ons gericht op de 

onlangs geïntroduceerde nieuwe speciale cardiale SPECT-camera’s uitgerust met 

cadmiumzinktelluride (CZT) detectoren, die voor het eerst de mogelijkheid bood om 

myocardperfusie met SPECT te kwantificeren en daardoor potentieel het management van 

patiënten met CAD kunnen verbeteren. Gegeven de nadelen van klinisch beschikbare SPECT-

perfusietracers, zoals onderschatting van perfusie bij hoge debieten, hernieuwden we onze 

interesse in 99mTc-Teboroxime - een perfusietracer met gunstiger kenmerken, die lange tijd uit 

de markt werd gehaald vanwege de onverenigbaarheid van zijn snelle kinetiek met de trage 

conventionele SPECT-camera's . In hoofdstuk IV hebben we onderzocht of de snelle kinetiek 

van 99mTc-Teboroxime een voordeel kan betekening in combinatie met de nieuwe SPECT CZT-

camera en hebben we de prestaties ervan geëvalueerd om myocardperfusie te kwantificeren. 

We hebben de mogelijkheid aangetoond om deze tracer in ons ziekenhuis te synthetiseren en 

toonden zijn hoge hartaffiniteit en snelle myocardiale kinetiek bij knaagdieren. Verder hebben 

we aangetoond dat het mogelijk is om myocardiale flowreserve te kwantificeren met de nieuwe 

SPECT CZT-camera en 99mTc-Teboroxime bij grote dieren, maar de optimalisatie van een 

geschikt kinetisch model voor 99mTc-Teboroxime is noodzakelijk. 

Deze dissertatie eindigt met een bespreking van de cruciale bevindingen en de belangrijkste 

resultaten, waarna we verder ingaan op mogelijke toekomstige onderzoekspistes die volgen 

uit onze resultaten.
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INTRODUCTION 

During the last decades important technological advances in non-invasive cardiac imaging led 

to a tremendous progress in the management of patients with cardiovascular diseases. In 

particular, introduction of novel cameras and advanced hybrid techniques in the field of nuclear 

cardiology, represented by single-photon emission computed tomography (SPECT) and 

positron emission tomography (PET), expanded and sophisticated its ability to visualize 

molecular processes in cardiac tissue, increasingly attracting attention of scientists worldwide. 

The latest advances did not leave aside evaluation of myocardial perfusion and metabolism, that 

can be of interest for the diagnosis of coronary artery disease (CAD) and therapy guidance in 

the context of heart failure (HF). These diseases still represent a huge burden for society in 

terms of morbidity, mortality, quality of life and healthcare costs[1]. 

 

1. Management of patients with HF: role of PET 

1.1 LV dyssynchrony 

The electrical activation of the healthy heart is propagated throughout a specialized conduction 

pathway that originates in the sinus node of the right atrium, spreads over both atria to the 

atrioventricular node, goes further through the His bundle and the right and left Tawara 

branches, located correspondingly in the endocardium of right (RV) and left ventricles (LV) 

and ends in the Purkinje fibers (Figure 1).  

The normal heart is characterized by simultaneous excitation of both ventricles, resulting in 

their synchronous contraction. In case of damage of this conduction system, the electrical signal 

cannot spread flawlessly throughout the regular conduction pathway anymore, causing a 

conduction delays. In case of a left bundle branch block (LBBB), the prominent feature of LV 

delay is represented by the first activation of the septum and delayed activation of the free wall, 

causing LV electrical dyssynchrony and corresponding changes of QRS morphology and 

duration (QRS ≥ 120 ms) [1,2]. 

Depending on the severity of the electrical activation delay between the different LV walls, 

asynchronous electrical LV activation can be coupled with a respective mechanical asynchrony, 

with initial contraction of the septum and late contraction of the lateral wall. This discoordinated 
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ventricular deformation results in a decreased and inefficient LV function, which is the basis of 

the harmful effect of LV dyssynchrony. Eventually, the changes in ventricular electromechanics 

associated with dyssynchrony are followed by regional molecular and structural alterations, 

leading to LV remodeling characterized by changes in LV configuration, mass, workload 

distribution, energetics and function. Serving first as physiological and adaptive mechanisms, 

these changes can provoke the development of HF, leading to vicious cycle with further 

progression of ventricular conduction abnormalities, chamber dilatation and functional 

deterioration[3].  

 

 

 
 

 

Figure 1. Schematic presentation of the electrical conduction pathway in the normal heart 

(left) and in the heart with a damaged LV conduction system due to LBBB (right). Note the 

block in the LV conduction system in LBBB, that results in changes in electrical excitation 

pathway and leads to the corresponding changes in duration and morphology of QRS complex 

on ECG below. Adapted from [4] 

 

 

Ventricular dyssynchrony is present in patients with left LBBB, nonspecific intraventricular 

conduction delay (IVCD) or RV pacing. While the first one represents a complete block of the 

left His bundle branch, with slow propagation of electrical activation from normally activated 

non-affected RV to the endocardium of LV septum and afterwards to the LV free wall (Figure 

1), IVCD implies only partial damage of the LV conduction pathway, with a combination of 
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normal and abnormal propagation of the electrical wave [5]. It has been demonstrated that 

patients with RV pacing with the lead positioned at the RV apex, share an electrical activation 

pattern similar to that in LBBB, which can likewise cause a deleterious effects on LV function 

and structure[6]. The evidence suggests that a prolonged QRS duration on ECG, irrespective of 

the type of conduction delay, is strongly associated with increased rate of all-cause mortality, 

cardiac mortality and sudden cardiac death [7].  

 

1.2 LV dyssynchrony can be treated with cardiac resynchronization 

therapy 

Despite continuous improvements in medical therapies for HF, the prognosis of many patients 

remains poor. The introduction of cardiac resynchronization therapy (CRT) has dramatically 

changed the management of patients with symptomatic HF and conduction delay. By means of 

biventricular pacing, with the pacing leads placed in the RV apex and lateral or posterolateral 

veins of the LV, CRT restores the synchronous contraction of the heart, leading to the 

improvement in clinical symptoms, quality of life and LV function, and causing reverse 

myocardial remodelling with associated decrease in hospitalization and mortality [8] (Figure 

2). The activation pattern of the dyssynchronous hearts, however, is not always homogeneous, 

that is why some investigators emphasize the necessity to decide on the lead position 

individually in every patient, based on the region of the latest activation/contraction. Promising 

results of this approach have been demonstrated in the TARGET and STARTER studies, but 

the methods haven’t been yet incorporated to the routine clinical practice  [9,10].  
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Figure 2. A schematic illustration of a cardiac resynchronization therapy device. The device 

consists of three leads that are respectively placed in the right atrium (RA), apex of the right 

ventricle (RV) and in one of the veins of the lateral wall (LV). Courtesy of J.Duchenne, 

Department of Cardiovascular Sciences, KU Leuven, Leuven, Belgium.  

 

According to the latest ESC Heart Failure Association guidelines, CRT is recommended in 

patients with symptomatic drug-refractory HF with decreased LV function and increased QRS 

duration with preferably LBBB QRS morphology (Table 1) [11]. This guidelines does not differ 

significantly from the previous European guidelines, released in 2013 by ESC European Heart 

Rhythm association, except for the management of patients with QRS duration 120-129 ms 

[8,11]. While the European Heart Rhythm association (2013) strongly recommended CRT 

treatment in these patients (class I), the recent Heart Failure association guidelines (2016) do 

not (class  III), what is mainly driven by the results of the ECHO CRT study[12]. 

Table  1. Recommendations for CRT implantation in HF patients [11] 

Recommendations Class Level 

CRT is recommended for symptomatic patients with HF in sinus rhythm with 

a QRS duration ≥150 msec and LBBB QRS morphology and with LVEF 

≤35% despite OMT in order to improve symptoms and reduce morbidity and 

mortality. 

I A 

CRT should be considered for symptomatic patients with HF in sinus rhythm 

with a QRS duration ≥150 msec and non-LBBB QRS morphology and with 

IIa B 
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LVEF ≤35% despite OMT in order to improve symptoms and reduce 

morbidity and mortality. 

CRT is recommended for symptomatic patients with HF in sinus rhythm with 

a QRS duration of 130–149 msec and LBBB QRS morphology and with 

LVEF ≤35% despite OMT in order to improve symptoms and reduce 

morbidity and mortality. 

I B 

CRT may be considered for symptomatic patients with HF in sinus rhythm 

with a QRS duration of 130–149 msec and non-LBBB QRS morphology and 

with LVEF ≤35% despite OMT in order to improve symptoms and reduce 

morbidity and mortality. 

IIb B 

CRT rather than RV pacing is recommended for patients with HFrEF 

regardless of NYHA class who have an indication for ventricular pacing and 

high degree AV block in order to reduce morbidity. This includes patients 

with AF  

I A 

CRT should be considered for patients with LVEF ≤35% in NYHA Class 

III–IVd despite OMT in order to improve symptoms and reduce morbidity 

and mortality, if they are in AF and have a QRS duration ≥130 msec provided 

a strategy to ensure bi-ventricular capture is in place or the patient is expected 

to return to sinus rhythm. 

IIa B 

Patients with HFrEF who have received a conventional pacemaker or an ICD 

and subsequently develop worsening HF despite OMT and who have a high 

proportion of RV pacing may be considered for upgrade to CRT. This does 

not apply to patients with stable HF 

IIb B 

CRT is contra-indicated in patients with a QRS duration < 130 msec. III A 

 

AF – atrial fibrillation; HFrEF – heart failure with reduced ejection fraction; LBBB – left 

bundle branch block; OMT – optimal medical treatment; RV - right ventricle. 

 

Despite huge clinical benefit for the majority of patients, it has been demonstrated that about 

30 to 40% of candidates who meet CRT implantation criteria show little or no improvement 

after CRT, suggesting that QRS duration is not the ideal parameter to predict CRT response 

[13]. This is the reason why optimization of the current selection criteria for CRT remains an 

active area of investigation. A better understanding of the pathophysiology of ventricular 

conduction abnormalities as well as the heart’s (reverse) remodeling process is essential for 
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future research. Several parameters such as presence of mechanical dyssynchrony and 

myocardial scar, LV lead position and venous anatomy have already shown encouraging results 

for the prediction of CRT response. The recent advances in non-invasive cardiovascular 

imaging, including nuclear imaging and cardiac magnetic resonance (CMR), are expected to 

further improve selection of patients who will most likely benefit from CRT implantation.  

1.3 Left bundle branch block as one of the causes of LV dyssynchrony 

The prevalence of LBBB in the general population is less than 1% but increases with age, 

reaching 6% by the age of 80. In the presence of HF, its frequency approaches 30% [14,15]. 

LBBB can develop primarily, due to degeneration of the conduction pathway, or secondary, 

due to heart remodeling in patients with e.g. CAD, cardiomyopathy or myocarditis. [16]. There 

is ample evidence form the literature that the presence of LBBB is an independent cause of HF 

and is associated with an increased rate of hospitalization, cardiovascular mortality and sudden 

cardiac death. However, the magnitude of these effects has a high individual variability [3,17]. 

The presence of LBBB in patients with LV dyssynchrony and HF has emerged as a criterion 

for favorable CRT response and is currently listed with highest recommendation level in the 

CRT guidelines (Table 1). However, the definition of LBBB remains not fully standardized. 

Defined initially as a QRS ≥ 120ms with specific QRS morphology on the surface ECG, the 

criteria for complete LBBB mistakenly encompassed patients with LV hypertrophy and patients 

with only left anterior fascicular block (incomplete LBBB), who are less likely to have a 

successful CRT response[1,2]. Indeed, it has been shown that the 1/3 of the patients with LBBB 

defined according to the abovementioned conventional criteria do not present significant 

regional activation delay. The latter explains why not all LBBB patients are CRT responders 

and necessitates the introduction of more strict criteria for defining a complete LBBB, e.g. such 

as Strauss criteria[18]. The Strauss criteria are more strict in defining complete LBBB and 

include a larger QRS duration for men (QRS ≥ 140 ms) than for women (QRS ≥ 130 ms) as 

well as QRS notching or slurring in two or more ECG leads V1, V2, V5, V6, I and aVL [18] 

(Figure 3). Some studies demonstrated that Strauss LBBB criteria are more often coupled to 

dyssynchronous LV contraction and potentially might improve patient selection for CRT, but 

its definitive value in CRT field has yet to be established [19]. Therefore the current LBBB 

definition mentioned by CRT implantation guidelines is still characterized by less strict criteria 

such as QRS ≥120 ms, QS or rS pattern in lead V1, broad R wave in I, aVL, V5, V6 and absence 

of Q waves in V5 or V6[8]. Insight in the pathophysiology of LBBB has been steadily 
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increasing and might become an important step towards a final change in the LBBB definition 

adopted for CRT implantation. 

 

Figure 3. Example of ECG of the female 

patient, meeting Strauss LBBB criteria 

[18]. Note QRS width 156 ms, presence 

of rS in V1, V2, mid-QRS 

notching/slurring in I, aVL,V5 and V6. 
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1.4 Mechanical and electrical dyssynchrony are not the same 

It is important to acknowledge that electrical dyssynchrony, induced by inhomogeneous 

electrical activation of the ventricles and represented by a wide QRS complex on the surface 

ECG, differs from mechanical dyssynchrony, characterized by a different timing of contraction 

of the LV walls. Since CRT is mainly a treatment to correct mechanical consequences of 

conduction disturbances, targeting mechanical dyssynchrony might improve the CRT selection 

process. Initially mechanical dyssynchrony was assumed to always couple to electrical 

dyssynchrony, and since the latter was so easy to measure with the widely available surface 

ECG, prolonged QRS width has become the main target of CRT. Later on, extensive research 

has demonstrated that mechanical dyssynchrony does not always follow electrical 

dyssynchrony and is present in about 30-40% of patients with normal QRS duration[20]. Lack 

of mechanical dyssynchrony has become a reasonable explanation for patients, who despite 

meeting the guidelines criteria, do not respond to CRT [21]. It has also become evident that a 

substantial number of patients with narrow QRS complex that do not receive CRT, but exhibit 

mechanical dyssynchrony, might still benefit from the device implantation[22,23]. These 

findings initiated an intensive search to reliably assess and quantify this parameter.  

Echocardiography has emerged as the first modality suitable for mechanical 

dyssynchrony assessment. The association between quantitative echocardiography-derived M-

mode and tissue Doppler parameters of dyssynchrony and favorable CRT response was shown 

in multiple small single-center studies [24–26]. However, the results of the multicenter 

PROSPECT (predictors of response to CRT) trial, testing the performance of all quantitative 

echocardiographic parameters of dyssynchrony, demonstrated that none of these could reliably 

predict clinical and echocardiographic response to CRT, mainly due to their low 

reproducibility[27]. Furthermore, the EchoCRT trial has even shown a deleterious effect of 

CRT in patients with mechanical dyssynchrony on echocardiography and narrow QRS 

complex[28]. The results mentioned above challenged the routine implementation of 

quantitative echocardiography indices for dyssynchrony assessment and prompted to search for 

other approaches to evaluate mechanical dyssynchrony. 

In contrast to quantitative M-mode and tissue Doppler parameters, septal flash (SF) and 

apical rocking (AR) are qualitative dyssynchrony indices that represent specific deformation 

patterns of the LV, amendable by CRT. SF and AR are relatively novel, simple markers of 

mechanical dyssynchrony that can be visually assessed by echocardiography[29]. SF is an 

active inward motion of the septum predominantly during the isovolumetric contraction phase, 
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immediately followed by a fast outward motion (Figure 4). The shortening of the septum, 

contracting first and against the low LV pressure and relaxed LV wall, pulls the apex to the 

septal side. Afterwards, the contraction of the late activated lateral wall pulls the apex towards 

the lateral wall. This right-left apical motion pattern is known as AR. Both parameters, SF and 

AR, represent the direct mechanical consequences of a dyssynchronous activation of the LV 

myocardium with an early contraction of the septum and a delayed contraction of the lateral 

wall.  

SF and AR have emerged as promising surrogate markers for mechanical dyssynchrony and 

have been shown to reliably predict CRT response as well as long-term survival [30]. The 

simplicity of their assessment and interpretation, that do not require any special software, in 

combination with good reproducibility have made them as one of the most attractive markers 

of mechanical dyssynchrony.  

 

 

Figure 4. Typical pattern of mechanical dyssynchrony assessed visually with 

echocardiography. Upper panel: An early fast septal contraction marked with the yellow arrow 

corresponds to septal flash. Red arrows identify apical rocking, represented by the initial 

movement of the apex towards the early contracting septum followed by an opposite movement 

towards the later activated lateral wall. Lower panel: representative ECG with orange 

rectangles indicating the onset and duration of septal flash and apical rocking, described in  

the upper panel. Reproduced with permission from [31]. 

 

Nuclear cardiology has become another alternative that evoked a lot of interest for the 

assessment of mechanical dyssynchrony. Several parameters derived from SPECT and to a 
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lesser extent from PET phase analysis, that is based on the assessment of the onset of regional 

LV contraction, have shown some potential to improve patients selection for CRT implantation 

[32].  Among the main advantages of the approach is the possibility to retrospectively derive 

necessary indices from previously performed nuclear scans, omitting extra radiation burden for 

the patient. Another advantage is an automated calculation of mechanical dyssynchrony extent 

with high reproducibility and repeatability [33]. The challenge of this modality though is the 

lack of randomized trials and standardized cut-off values for phase analysis indices, what makes 

the wide implementation of the approach rather difficult. The recently proposed alternative is 

based on the identification of either an U or non-U shaped LV contraction pattern on polar maps 

derived from phase analysis, however more investigations should be performed to assess their 

prognostic value before clinical implementation[34]. 

Assessment of mechanical dyssynchrony with different cardiac magnetic resonance 

(CMR) techniques, among which myocardial tagging with assessment of cardiac motion and 

deformation has emerged as the most popular, has shown an important predictive value for 

clinical improvement and reverse remodeling after CRT in several small studies [35,36]. 

However, the low temporal resolution of cine images (usually 30 phases per cardiac cycle), lack 

of clinical experience in dyssynchrony assessment with CMR, low availability of CMR 

scanners and their incompatibility with pacemakers that are often present in CRT candidates, 

have so far precluded its widespread clinical application. 

Despite the promising results, mechanical dyssynchrony has not yet been included in 

the clinical CRT guidelines, leaving the current decision for device implantation mainly based 

on the presence of electrical dyssynchrony. The reason is the lack of a clear definition of 

mechanical dyssynchrony, a continuing debate on the best way it should be measured, the 

distrust in visual and thus subjective techniques (even with clear underlying mechanisms) as 

well as lack of understanding of this phenomenon. Deeper insights into pathophysiological 

processes induced by or related to mechanical dyssynchrony, including changes in perfusion 

and metabolism, might help to better understand the influence of mechanical dyssynchrony on 

adverse and reverse cardiac remodeling of CRT patients and eventually facilitate the wide 

recognition of mechanical dyssynchrony and change guidelines. 

  

1.5 Investigation of the pathophysiology of LV dyssynchrony with PET 

PET has emerged as a reliable modality for the visualization of cellular and molecular processes 

in the heart. With the use of radioactive tracers, PET allows accurate assessment of myocardial 
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perfusion, metabolism, innervation, inflammation and other biological processes, involved in 

disease development and progression. This technique currently represents an important tool for 

investigating the underlying pathophysiology of a variety of cardiovascular diseases. Deeper 

insight in alterations of perfusion and metabolism in the failing dyssynchronous heart may help 

to enhance the understanding of the fundamental molecular processes involved in LV 

remodelling and may improve patient selection for CRT. 

1.5.1 PET for the assessment of cardiac metabolism 

PET has gained a lot of recognition for the evaluation of cardiac glucose metabolism. Using the 

radiolabelled glucose analogue 18F-fluorodeoxyglucose (18F-FDG), that undergoes cellular 

transport similar to glucose, but is trapped in the cells in the form of 18F-FDG-6-phosphate, PET 

imaging can reliably assess regional glucose uptake and thus provide information on regional 

energy consumption in the heart (Figure 5).  

 

 

 

 

Figure 5. Schematic comparison of glucose and 18F-FDG cellular uptake and metabolism. 
Both glucose and 18F-FDG are transported into the cell by membrane glucose transporters. 

After phosphorylation by hexokinase, phosphorylated glucose participates in the subsequent 

cell metabolism (glycolytic pathway), while phosphorylated 18F-FDG is not further metabolized 

and is trapped in the cell. 

 

 

Previous preclinical and clinical cardiac PET studies in subjects with ventricular conduction 

abnormalities have consistently demonstrated a reduced septal and increased lateral wall 
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glucose metabolism[37–39]. These findings correspond to the regional systolic deformation 

pattern, with a poorly contracting septum and strongly contracting lateral wall, as assessed with 

CMR, and to the regional redistribution of myocardial work, with a reduced loading of the early 

activated septal wall versus an increased loading of the late activated lateral wall, as assessed 

with echocardiographic strain techniques[37,40]. One of the major limitations of cardiac 18F-

FDG PET imaging is the variable physiologic myocardial glucose consumption, requiring 

optimal patient preparation in order not to compromise image quality and diagnostic 

performance of the modality. Indeed, fatty acid oxidation represents the main source of energy 

in the normal heart under basal conditions, while physiological glucose uptake is usually 

limited, but very variable[41]. The avid consumption of glucose can be provoked by some 

pathological conditions, such as ischemia/hibernating myocardium or inflammation [41–43]. 

Therefore, indication-specific and standardized patient preparations protocols are absolutely 

needed to evaluate glucose uptake in a reliable way. For example, in order to assess the presence 

of hibernating myocardium, patients should be prepared with an oral glucose load or euglycemic 

hyperinsulinemic clamping method to facilitate glucose consumption. In contrast, to assess 

inflammatory/infectious lesions such as endocarditis or sarcoidosis, patient should be prepared 

with a high-fat, low carbohydrate diet in combination with prolonged fasting to completely 

suppress physiological 18F-FDG uptake [44].  

1.5.2 PET for the assessment of cardiac perfusion 

In addition to metabolism, PET has also emerged as a validated and highly reproducible tool 

for the assessment of myocardial perfusion. Due to its unique possibility to quantify myocardial 

blood flow (MBF) in absolute units (ml/g/min), PET represents a “gold standard” for perfusion 

assessment. Moreover, in general PET is more sensitive and has higher spatial resolution (PET 

4-7mm, SPECT 12-15 mm) compared to conventional gamma cameras, resulting in a higher 

diagnostic performance for evaluating CAD[45,46]. The currently available and routinely used 

perfusion PET tracers include  15O-H2O, 13N-NH3, and 82Rb, while usage of 18F-fluripidaz is 

currently limited to the clinical trials. These tracers are different in terms of half-life, extraction, 

kinetics and production which make one preferable above another depending on the clinical 

situation and research center expertise (Table 2). 82Rb is a potassium analog that is actively 

transported into the cell through the Na/K ATP transporter, while 13N-NH3 enters the cells 

through the combination of both active transport and passive diffusion [47,48]. After extraction 

and upon entering the cellular compartment, both tracers are metabolically trapped enabling to 

obtain ‘late’ static images of tracer uptake in addition to absolute perfusion quantification 
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(Figure 6). These static images have a high myocardial-to-blood pool ratio enabling 

relative/semiquantitative assessment of perfusion distribution, expressed as standardized uptake 

value (SUV) or percentages relative to area with maximal tracer uptake. When combined with 

ECG gating, myocardial function, volumes and wall motion can also be assessed[49] (Figure 

6). In contrast to 82Rb and 13N-NH3, 
15O-H2O is a freely diffusible agent with 100% extraction 

and represents the ideal tracer for myocardial perfusion quantification. However, 15O-H2O is 

metabolically inert and is not retained in the myocardium, resulting in the inability to obtain 

good quality static images.  

 

 

 

Figure 6. Schematic difference between quantitative (A) and semiquantitative (B) assessment 

of myocardial perfusion. Quantification of myocardial perfusion requires the start of a 

dynamic PET acquisition simultaneously with tracer injection (A). Dynamic acquisition enables 

generation of time-activity curves, which can be converted to absolute myocardial blood flow 

(MBF) values using tracer-specific kinetic models. Semiquantitative assessment of perfusion 

requires a static PET reconstruction at predefined intervals after tracer administration (B). At 

this time near absence of tracer in the blood pool and high concentration in the myocardium 

provides a good quality PET image, that can be used to assess myocardial tracer distribution 

in standardized uptake values or as percentage (B, left panel). When static acquisition is 

combined with ECG-gating, assessment of myocardial ejection fraction (EF), end-diastolic 

volume (EDV), end-systolic volume (ESV) and regional wall motion abnormalities can be 

performed (B, right panel). Adapted from [50]. 



24 
 

Nevertheless currently 15O-H2O is considered the gold standard for absolute perfusion 

quantification. 18F-Flurpiridaz is a novel PET perfusion tracer that has promising biological and 

imaging characteristics. Among them are the short positron range, that provides superior image 

quality, high fist pass myocardial extraction, favorable for reliable perfusion quantification and 

relatively long half-life, that does not require the proximity of cyclotron and makes the tracer 

effective for both exercise and pharmacological stress testing[51–53]. Already performed 

preclinical and clinical trials with 18F-Flurpiridaz have demonstrated promising results and the 

tracer is awaiting further validations and clinical approval[54,55]. 11C-acetate has also 

demonstrated a potential for the quantification of myocardial perfusion, mainly due to its high 

initial myocardial extraction fraction[56]. However, the inability to use late static images as a 

surrogate for the relative regional perfusion and the necessity of kinetic modelling, hampered 

its wide implementation in routine clinical practice.  

Table 2. Characteristics of cardiac PET perfusion tracers 

 15O-water 
   

 

13N-ammonia 82Rb 18F-flurpiridaz 

Half-life (minutes) 2.06 9.96 1.25 109.8 

Positron range in 

water (mean, 

mm)[53] 

2.96 1.73 7.49 0.66 

Production Onsite 

cyclotron 

Onsite 

cyclotron 

Generator Offsite/onsite 

cyclotron 

Myocardial 

extraction fraction 

100% 80% 65% 94% 

Data acquisition Dynamic Dynamic, static Dynamic, 

static 

Dynamic, static 

In the past decade, a lot of experimental and clinical studies have focused on the influence of 

ventricular dyssynchrony on regional myocardial perfusion, however, in contrast to the well-

established changes in glucose uptake, conflicting results on perfusion have been reported. 

While experimental data with microspheres have shown a hypoperfusion in the septal wall 

compared to the lateral wall, PET and SPECT clinical studies predominantly reported a rather 

homogeneous perfusion across the LV, with few studies showing septal 

hypoperfusion[38,39,57]. The reasons for the different perfusion results among the studies 

might be attributed amongst others to different imaging modalities, radiopharmaceuticals and 

study protocols, while differences in perfusion results obtained with the same tracer, remain to 

be elucidated.  
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1.5.3 PET for the assessment of cardiac perfusion-metabolism relation 

Assessment of myocardial viability with PET by combining perfusion and metabolism has 

gained a lot of recognition in the management of patients with CAD with LV systolic 

dysfunction [58,59]. In particular, differentiating viable but dysfunctional myocardium from 

myocardial scar plays an important role in therapy decision making. It has been shown that the 

presence of significant amount of viable myocardium is associated with improved patient 

outcome after revascularization, while medical treatment of these patients results in worse 

prognosis[58,60]. Widely used combination of 13N-NH3/
18F-FDG PET, that represents 

respectively myocardial perfusion and metabolism, has been a well-validated and sensitive 

method for the assessment of myocardial viability. It allows to reliably delineate myocardial 

segments with perfusion-metabolism match and mismatch, corresponding to normal 

tissue/myocardial scar and hibernation respectively.  

Identification of perfusion-metabolism patterns with PET has been challenging in 

patients with LV dyssynchrony. It has been demonstrated that “mismatch”/”reverse mismatch” 

patterns can be present in CRT eligible patients irrespective of the presence of ischemia or 

hibernation, which questions the reliability of the method in ischemic dyssynchronous hearts. 

Interestingly, some studies have demonstrated that the presence of reverse mismatch patterns 

in non-ischemic HF CRT candidates might have a value in the prediction of CRT 

response[61,62].  

A more detailed investigation of regional glucose metabolism, perfusion and their 

relation in a failing dyssynchronous heart might provide a better insight in the 

pathophysiological mechanisms of LV remodelling.  

 

1.6 Nuclear imaging might have a value in guiding HF therapy 

It has been demonstrated that patients eligible for CRT present with a typical pattern of low 

septal and high lateral wall glucose metabolism, as assessed with 18F-FDG-PET [37,40]. 

Interestingly, immediately after CRT implantation homogenization of glucose uptake in the 

heart was observed, suggesting that evaluating regional 18F-FDG metabolism may be a 

promising option to select patients for CRT[37]. So far, data on the prediction of CRT response 

using nuclear imaging are scarce, with a couple of published studies, reporting an association 

between the extent of perfusion-metabolism reverse mismatch areas in the septum and 
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favourable reverse remodelling after CRT [61,62]. However, the septal-to-lateral 8F-FDG 

uptake ratio, that might provide a measure of regional differences in energetic requirements 

within the heart, has not been explored yet as a possible CRT response predictor.  

It has been shown that patients with non-ischemic etiology of HF are more prone to favourable 

CRT response, while the presence of scar tissue decreases the chances of reverse remodelling 

[27,63]. It does not come as a surprise that CRT requires not only the presence of correctable 

dyssynchrony, but also enough viable myocardium to restore LV function. CMR is the gold 

standard technique for the assessment of myocardial structure and function and due to its high 

spatial resolution, it allows a reliable differentiation between viable and non-viable 

myocardium, providing qualitative and/or quantitative information on scar extent and 

localization. Scar is characterized by the absence of metabolic activity and when present in the 

septum or lateral wall, can significantly influence 8F-FDG SLR. Therefore, it would be 

interesting to explore, if combination of regional LV glucose metabolism and myocardial scar 

could be used for the prediction of CRT response. 
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2. Management of patients with CAD: role of SPECT 

2.1 Non-invasive imaging in the diagnostics of CAD 

The contemporary toolbox of diagnostic modalities used to identify CAD includes 

electrocardiography (ECG), echocardiography, CMR, computed tomography (CT), SPECT and 

PET (Table 3)[64]. These modalities allow to detect functional and structural evidence of 

coronary stenosis, but the diagnostic accuracy of each modality is highly dependent on the 

disease stage, which is linked to the pathophysiologic ischemic cascade [65]. For instance, signs 

of ischemia on exercise ECG mainly occur in the latest stages of CAD and the method therefore 

has low sensitivity (46-69%). The specificity of stress ECG is also low and varies between 54 

and 69%[66]. Higher sensitivity and specificity have been reported for stress echocardiography 

(80-89% and 72-89%, respectively) and stress CMR (83-94% and 69-88%, respectively) for the 

detection of inducible wall motion abnormalities, that also occur at the more advanced stages 

of the disease [66]. In contrast, coronary CT allows revealing pathological anatomical lesions 

at the early phase of CAD, but fails to provide sufficient information about the hemodynamic 

significance of these lesions. The method has high sensitivity (93-99%), but moderate-to-low 

specificity (67-86% for anatomically and 37-68% for functionally significant stenosis) [66]. 

Meanwhile, radionuclide myocardial perfusion imaging with SPECT and PET has shown high 

sensitivity (78-96%) and specificity (63-91%) in detecting myocardial perfusion abnormalities 

which is one of the earliest hallmarks of CAD [66]. While continuous research efforts to 

improve hardware and software of echocardiography, CMR and CT for assessing myocardial 

perfusion have increased their performance, radionuclide myocardial perfusion imaging has 

been widely implemented in the work-up of patients with suspected or known CAD for several 

decades. It has been routinely used in clinical practice and has demonstrated its value in 

assessing myocardial ischemia, treatment choice and prognosis [67,68]. 

 

 



 

Table 3. The main advantages and disadvantages of different non-invasive imaging modalities to detect coronary artery disease 

 

 

 Stress 

echocardiography 

SPECT PET Stress CMR Coronary CT 

Time to perform test ++ +++ +++ ++ + 

Spatial resolution ++ + ++ +++ +++ 

Temporal resolution +++ + + ++ ++ 

Cardiac function ++ + + +++ ++ 

Cardiac anatomy ++ +/- +/- +++ + 

Coronary vessel anatomy - - - ++ +++ 

Functional information on 

stenosis severity 

++ ++ +++ ++ - 

Wall motion abnormalities ++ + + +++ + 

Stress test Exercise or 

pharmacological  

Exercise or 

pharmacological  

Pharmacological  Pharmacological  Pharmacological  

Costs + ++ +++ +++ ++ 

Contrast + - - + + 

Radiation - +++ ++ - + 

Operator dependance +++ ++ + + + 

Availability +++ +++ + + ++ 

Contra-indications No Pregnancy Pregnancy Claustrophobia, renal 

insufficiency, 

metallic implants 

Pregnancy, 

Renal insufficiency 

Limitations Poor image 

quality in obese, 

lung disease 

 

Tissue 

attenuation and 

motion artifacts 

 

Motion artifacts 

 

Heart rate/rhythm 

control and breath-

hold instructions 

Heart rate control and breath-hold 

instructions; 

Heavy calcification limits reliable 

assessment of lumen stenosis 
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2.2 Role of PET and SPECT in the assessment of myocardial perfusion 

2.2.1 Current status 

Despite being an established technique that is widely implemented in clinical practice, SPECT 

is limited by only visual/relative assessment of myocardial perfusion by normalizing 

myocardial tracer uptake in a particular region to the myocardial region with maximal tracer 

uptake. This approach may underestimate the extent of atherosclerotic burden, especially in 

patients with multi-vessel or main stem disease. In those patients, either balanced ischemia can 

be present or only the vascular territory with the most severe hemodynamic impact can be 

identified, hence resulting in a lower sensitivity for those subgroups [69,70]. In contrast to 

SPECT, PET imaging allows to perform dynamic acquisition and absolute quantification of 

myocardial perfusion in ml/g/min, thus overcoming the shortcomings of SPECT [71,72] (Figure 

7).  

 

 

 

Figure 7. Importance of flow quantification. Representative example of rest/dipyridamole 

stress 82Rb PET scan in two subjects showing visually normal myocardial perfusion on static 

tomographic reconstructions, normalized to the maximum activity within each heart, in both 

patients (left panel A,B). However, quantification of myocardial perfusion, derived from 

dynamic images, shows normal absolute perfusion at stress and rest in patient A and 

significantly reduced stress MBF and MFR in patient B, who has angiographically proven 

triple-vessel disease (balanced ischemia) (right panel A, B). Adapted from [50]. 



30 
 

Quantification of myocardial perfusion requires the application of a mathematical modelling to 

time-activity curves, to produce quantitative information on myocardial perfusion, represented 

by myocardial blood flow (MBF, ml/g/min) (Figure 6) [46,73]. MBF can be assessed during 

rest and at pharmacological stress, to reveal ischemia by inducing flow heterogeneity [74]. The 

ratio between rest and stress MBF is called myocardial flow reserve (MFR). MBF and MFR 

provide an overall measure of coronary vasomotor (dys)function integrating the hemodynamic 

consequences of focal lesions, diffuse lesions, small vessel disease and microvascular 

dysfunction on tissue perfusion. Furthermore, these parameters have shown to improve risk 

stratification in CAD patients compared to the information provided by relative assessment of 

perfusion defects alone[46]. In addition, MFR has shown the ability to assess the severity of 

coronary lesions, similar to invasive fractional flow reserve hence eliminating the need for 

diagnostic catheterizations[75,76]. Despite obvious advantages of PET perfusion imaging, its 

wide implementation is currently hampered by a relatively high cost, limited availability and 

requirement of an on-site cyclotron due to the short half-life of tracers or on-site generator. As 

a result, the majority of cardiac scintigraphies for evaluating CAD (especially in Europe) is still 

performed on conventional Anger cameras which do not allow dynamic imaging, thus 

prohibiting to obtain quantitative perfusion information. 

2.2.2 Latest technological advances 

The recent introduction of novel cardiac-dedicated high sensitivity SPECT systems 

revolutionized the field of nuclear cardiology. Both, Discovery NM 530c (GE Healthcare, 

Haifa, Israel) and D-SPECT (Spectrum-Dynamics, Cesarea, Israel), are composed of ultra-fast, 

solid state cadmium zinc telluride (CZT) pixilated detectors, that in contrast to conventional 

NaI detectors allow a direct conversion of the collected photons into an electrical signal, leading 

to higher sensitivity [77] (Figure 8). The optimized collimator design (pinholes for Discovery 

and parallel-hole for D-SPECT) in combination with the unique gantry design consisting of a 

‘C’ shape allows for the first time high-sensitive dynamic acquisition, similar to PET 

technology. In addition to dynamic imaging, acquisition time and administered activity can be 

significantly reduced. Several recent experimental and clinical studies have demonstrated the 

possibility to obtain quantitative information on perfusion and flow reserve[76,78]. However, 

it is worthwhile to mention that the tracers used in those studies (99mTc-Sestamibi, 99mTc-

Tetrofosmin, and 201Tl) are routinely used radiotracers in clinical practice, which all have 

limitations in terms of absolute perfusion quantification[78]. 
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Figure 8. Gantry design of the novel cardiac dedicated SPECT cameras. 

2.3 Radiotracers for perfusion assessment 

The ideal perfusion agent is characterized by a perfect linear relationship between regional 

blood flow and myocardial tracer uptake at any flow rate, currently represented by 15O-water 

(Figure 9). Every significant deviation from this linearity (Figure 9) may impact the diagnostic 

performance of myocardial perfusion imaging, hereby limiting its value for the reliable 

assessment of presence, extent and severity of perfusion defects, guidance and monitoring of 

the treatment as well as prognostic assessment in CAD patients. The commercially available 

SPECT perfusion tracers such as 99mTc-Sestamibi and 99mTc-Tetrofosmin preserve this linear 

relationship at low flow rates, but develop a plateau at higher regional flow known as the ‘roll-

off phenomenon’ [79,80].  

The latter can lead to an underestimation of the apparent flow increase during stress tests. On 

the other hand, 201Tl has a higher and more favourable linear extraction fraction, but has worse 

image quality due to low photon energy and has higher radiation burden for the patient [79,80]. 

The introduction of novel CZT SPECT cameras with the possibility of perfusion quantification 

opens the door to look for a better SPECT perfusion agent with improved extraction properties. 

The previously developed neutral agent 99mTc-Teboroxime with high extraction fraction, linear 

myocardial uptake at relatively high flow rates and fast myocardial kinetics might be of 

particular interest [81–83]. Its rapid wash-out rate impeded its wide implementation with 

conventional SPECT cameras due to a slow rotating gantry and the tracer was out of the market. 

However, with the introduction of novel cardiac-dedicated cameras allowing dynamic 

acquisitions, 99mTc-Teboroxime might be of interest again. 
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Figure 9. Relationship between myocardial blood flow and myocardial tracer uptake, 

represented for SPECT and PET perfusion tracers. Note a roll-off phenomenon with the 

increase of flow rates observed for most of the tracers. Reproduced with permission from [84]. 
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PROJECT AIMS AND RESEARCH QUESTIONS 

Our central research hypothesis presumed that visualization of molecular processes in the 

myocardium using nuclear imaging techniques, will provide more insights into disease 

pathophysiology and further improve management of patients with CAD and HF. 

The first general aim of this PhD project was to investigate how the assessment of myocardial 

perfusion and metabolism with 13N-NH3 and 18F-FDG PET, respectively, can provide insights 

into the pathophysiology of prominent markers of successful CRT response (LBBB, 

mechanical dyssynchrony) and influence the decision making for CRT implantation. Therefore, 

a prospective multicenter clinical study was initiated and registered as “WORK-CRT” at 

ClinicalTrials.gov (NCT02537782) with two out of 5 research centers (Oslo University 

Hospital and University Hospitals Leuven) mainly focusing on the imaging part of the study. 

The following research questions were formulated: 

1. What is the influence of LBBB on regional myocardial perfusion and metabolism? 

(CHAPTER I) 

We evaluated regional myocardial perfusion and metabolism with 13N-NH3 and 18F-FDG 

PET, respectively, in a homogenous group of non-ischemic HF patients with LBBB, who 

were referred for CRT implantation. In this patient cohort, LBBB was defined according to 

the Strauss criteria, as they were shown to more likely represent a complete block of LV 

conduction pathway and be associated with favourable CRT response.  

2. Can the different approaches of perfusion assessment with 13N-NH3 PET influence 

the perfusion results in patients with LBBB? (CHAPTER I) 

In order to understand if conflicting perfusion results in LBBB patients, reported in the 

literature, can be at least partially explained by different approaches of perfusion 

assessment, we evaluated 13N-NH3 perfusion in two ways – quantitatively, using different 

kinetic models (either one or two tissue compartments), and semi-quantitatively, based on 

tracer concentration in the myocardium on “late” static images.  
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3. Is a reliable assessment of viability with PET possible in LBBB patients? 

(CHAPTER I) 

Using a standard PET technique to assess myocardial viability, we investigated the presence of 

different perfusion-metabolism patterns in non-ischemic HF patients with LBBB. This will help 

us to understand whether viability assessment can be reliably applied in ischemic HF patients 

with LBBB.  

4. What is the influence of mechanical dyssynchrony on cardiac perfusion and 

metabolism? (CHAPTER II) 

We evaluated absolute perfusion and metabolism in septal and lateral walls, assessed with 13N-

NH3 and 18F-FDG PET, respectively, in non-ischemic HF patients with and without mechanical 

dyssynchrony, who were undergoing CRT implantation. Mechanical dyssynchrony was defined 

visually based on the presence of SF or AR on echocardiography. Regional differences in 

myocardial perfusion and metabolism, represented as perfusion and metabolism SLR, were also 

correlated with regional distribution of myocardial work. 

5. Is there any association between regional perfusion and metabolism, assessed with 

PET before CRT implantation, and the extent of volumetric reverse remodelling 

after CRT implantation? (CHAPTER II) 

In the same cohort of non-ischemic HF patients, we correlated perfusion and metabolism SLR 

before CRT implantation with the extent of volumetric reverse remodelling 12 months after 

CRT implantation. PET parameter(s) that correlated best with volumetric reverse remodelling 

will be tested as independent  predictor(s) of CRT response (ΔESV≥15%) in a larger and more 

diverse cohort of patients in the next chapter. 

6. Can 18F-FDG PET reliably guide therapy of HF patients? (CHAPTER III) 

In ischemic and non-ischemic HF CRT candidates we explored whether 18F-FDG SLR alone 

or in combination with myocardial scar could be used to predict response to CRT. 
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The second general aim of this PhD project was to explore whether it is feasible to image and 

quantify myocardial perfusion/flow reserve with a novel cardiac-dedicated SPECT camera 

using 99mTc-Teboroxime in a porcine model. 

The research questions to be answered were the following: 

7. Are the characteristics of 99mTc-Teboroxime suitable for perfusion assessment? 

(CHAPTER IV) 

In a number of rats we evaluated biodistribution, initial myocardial uptake, retention, and 

clearance of 99mTc-Teboroxime in order to understand if the properties and kinetics of the tracer 

are favourable for perfusion assessment.  

8. Is it feasible to image and quantify myocardial perfusion with 99mTc-Teboroxime 

using a dedicated cardiac camera in a pig model? (CHAPTER IV) 

We investigated the possibility to image and quantify MBF and MFR in a number of healthy 

and infarcted pigs that underwent a two day rest - adenosine stress SPECT scans with a 

dedicated cardiac CZT camera using 99mTc-Teboroxime. In healthy animals SPECT derived 

MBF values were correlated with coloured microspheres, which served as gold standard. 
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CHAPTER I 

Impact of left bundle branch block on myocardial perfusion and 

metabolism: a positron emission tomography study 
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This chapter addresses the following research questions: 

 What is the influence of LBBB on regional myocardial perfusion and metabolism  

 Can the different approaches of perfusion assessment with 13N-NH3 PET influence the 

perfusion results in patients with LBBB?  

 Is reliable assessment of viability with PET possible in LBBB patients? 
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ABSTRACT  

 

Background: Better understanding of pathophysiological changes, induced by left bundle 

branch block (LBBB), may improve patient selection for cardiac resynchronization therapy 

(CRT). Therefore, we assessed the effect of LBBB on regional glucose metabolism, 13N-NH3-

derived absolute and semiquantitative myocardial blood flow (MBF), and their relation in non-

ischemic CRT-candidates.  

Methods: Twenty-five consecutive non-ischemic patients with LBBB underwent 18F-FDG and 

resting dynamic 13N-NH3 PET/CT prior to CRT implantation. Regional 18F-FDG uptake, 

absolute MBF and late 13N-NH3 uptake were analyzed and corresponding septal-to-lateral wall 

ratios (SLR) were calculated. Segmental analysis was performed to evaluate “reverse 

mismatch”, “mismatch” and “match” patterns, based on late 13N-NH3/
18F-FDG uptake ratios.  

Results: A significantly lower 18F-FDG uptake was observed in the septum compared to the 

lateral wall (SLR 0.53±0.17). A similar pattern was observed for MBF (SLR 0.68±0.18), 

whereas late 13N-NH3 uptake showed a homogeneous distribution (SLR 0.96±0.13). 13N-

NH3/
18F-FDG “mismatch” and “reverse mismatch” segments were predominantly present in 

the lateral (52%) and septal wall (61%), respectively. 

Conclusions: Non-ischemic CRT-candidates with LBBB demonstrate lower glucose uptake 

and absolute MBF in the septum compared to the lateral wall. However, late static 13N-NH3 

uptake showed a homogenous distribution, reflecting a composite measure of altered regional 

MBF and metabolism, induced by LBBB. 
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INTRODUCTION 

Left bundle branch block (LBBB) is characterized by inhomogeneous activation of the 

ventricular myocardium resulting in inefficient contraction of the left chamber. Being a risk 

factor for the development and progression of adverse remodelling and heart failure, LBBB is 

associated with an increased risk of all-cause mortality[85]. Even though cardiac 

resynchronization therapy (CRT) is a promising therapy for heart failure patients with LBBB, 

a significant number of patients do not respond to this therapy, and establishing optimal 

selection criteria for CRT candidates is still an area of active investigation. Deeper insights into 

the pathophysiological changes induced by or related to LBBB is needed in order to assess the 

complex mechanism of disease progression, including causes of adverse remodelling, changes 

in perfusion, metabolism and their relation with regard to CRT response or failure.  

18F-fluorodeoxyglucose (18F-FDG) positron emission tomography (PET) studies, both 

quantitative and semiquantitative, in patients with LBBB have shown regional changes in 

glucose metabolism with a relatively low glucose uptake in the septum and high in the lateral 

wall[39,40]. These findings correlated with regional differences in myocardial mechanics and 

structure, as evaluated by cardiac magnetic resonance imaging (CMR) and correspond to the 

regional redistribution of myocardial work, as assessed with echocardiographic strain 

techniques[37,40]. 

In contrast to the well-established changes in glucose uptake, data on myocardial 

perfusion in LBBB patients remain controversial. Experimental data have consistently shown a 

relative hypoperfusion in the septal wall compared to the lateral wall, while clinical nuclear 

studies predominantly reported a rather homogeneous tracer uptake across the left ventricle 

(LV) with few studies showing septal hypoperfusion[39,57].  

Identification of different perfusion-metabolism patterns with PET, widely 

implemented in clinical practice for the assessment of myocardial viability, has been 

challenging in LBBB patients. It has been demonstrated that “mismatch”/”reverse mismatch” 

patterns can be present in LBBB/CRT eligible patients irrespective of the presence of 

myocardial hibernation and might have a value in the prediction of CRT response[61].  

Therefore, we investigated the effect of LBBB on regional absolute 13N-NH3 myocardial 

perfusion, semiquantitative late 13N-NH3 uptake and 18F-FDG uptake as well as their relation 

in a homogenous group of patients with non-ischemic dilated cardiomyopathy eligible for CRT.  
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MATERIAL AND METHODS 

Study Population 

Patients with non-ischemic heart failure and LBBB (according to the Strauss criteria), referred 

for CRT implantation, were recruited at the University Hospital Leuven from the Leuven cohort 

of patients of the WORK-CRT study (Clinical trials NCT02537782). Inclusion for CRT was 

based on the ESC criteria[8]. Coronary artery disease was excluded by CMR and/or coronary 

angiography obtained no more than 3 months before CRT implantation. Exclusion criteria were 

presence of right bundle branch block, permanent atrial fibrillation, flutter or tachycardia (>100 

bpm), difficulties to obtain LV volumes by echocardiography, history and findings suggestive 

of ischemic myocardial disease, valve surgery within 90 days prior to enrolment, history of 

heart transplantation or presence of the patient on the heart transplantation list, implanted LV 

assist device, severe aortic stenosis, complex and uncorrected congenital heart disease, pregnant 

and breastfeeding women, enrolment in one or more concurrent studies that would confound 

the results of this study. The study was approved by the institutional ethics committee and all 

patients gave written and informed consent prior to inclusion.  

 

PET acquisition protocol 

All patients underwent resting 13N-NH3 and 18F-FDG PET studies (Biograph HiRez 16 

PET/CT, Siemens, Erlangen, Germany) 1 week before CRT implantation (except for one 

patient that underwent a 99mTc-tetrofosmin perfusion scintigraphy). A scout acquisition 

followed by a low-dose CT (80 kVp, 11 mAs) was performed before each PET emission for 

optimal patient positioning and subsequent CT-based attenuation correction. 

For 13N-NH3 PET, a slow bolus intravenous administration of 10 MBq/kg 13N-NH3 was 

performed and a 30 minute dynamic list-mode acquisition was started together with radiotracer 

injection. In case of a one-day protocol, 13N-NH3 always preceded 18F-FDG imaging with a 

minimal 60 min interval between tracer administrations.  

18F-FDG PET was performed using the euglycemic hyperinsulinemic clamp technique in 

accordance with the method of Lewis et al[86]. After plasma glucose levels achieved a plateau, 

4.25 MBq/kg 18F-FDG was administered intravenously and a 40 minute ECG-gated acquisition 

was performed approximately 45 minutes after tracer administration. 
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Image processing 

Before image reconstruction, alignment between PET and CT images was evaluated and 

manual realignment was performed if deemed necessary by the investigator. All PET images 

were reconstructed using ordered-subsets expectation maximization algorithms (4 iterations 

and 8 subsets), matrix size 256x256, 5.0 mm Gaussian filter and corrected for attenuation using 

the low-dose CT.  

18F-FDG PET static images, both gated and non-gated, were generated from the whole 40 min 

acquisition. For ECG gated reconstructions, that included 8 gates, the end-systolic gate was 

used based on previous results from our group[87]. 13N-NH3 list-mode file was rebinned into 

22 frames (12 frames x 10 sec, 4 frames x 30 sec, 3 frames x 120 sec, 1 frame x 180 sec, 1 

frame 420 sec, and 1 frame x 600 sec). The last 20 min frame was used to analyze 13N-NH3 late 

uptake. 

 

PET image analysis 

All reconstructed 13N-NH3 and 18F-FDG PET images were analyzed using in-house developed 

software[88]. Briefly, each myocardial image was resampled into 16 radial slices and a polar 

map was generated according to previously validated methods[88]. The subsequent analysis 

was performed both on a segmental and regional level. For segmental analysis, the LV was 

divided into 17-segment American Heart Association model, but segment 17 was not included 

for further analysis (Supplemental Figure 1) [89]. For regional/wall analysis, LV polar map was 

divided into 4 regions corresponding to the septal, lateral, anterior and inferior wall 

(Supplemental Figure 1). 

Regional quantification of myocardial blood flow with 13N-NH3 

Absolute quantification of myocardial blood flow (MBF) was performed per region by 

modelling the 10-minute and 2-minute time activity curves of 13N-NH3 uptake using a two-

tissue (2CM) and one tissue compartment model (1CM), respectively[90,91]. Estimated rate 

constants were calculated using a weighted least-square method and were corrected for partial 

volume effect and spillover, as previously reported[90]. Because the amount of 13N-NH3 

metabolites is known to be negligible during the first 2 minutes after tracer administration, 

metabolite correction (based on time-metabolites curves from a previous study[92]) was only 

performed for the 2CM kinetic modelling.  
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Regional late 13N-NH3 and 18F-FDG uptake 

Regional 13N-NH3 and 18F-FDG uptake were expressed as mean standardized uptake values 

(SUV). Septal to lateral wall ratios (SLR) were calculated by dividing mean uptake in the 

septum by mean uptake in the lateral wall.  

Segmental perfusion – metabolism relation 

The segmental perfusion metabolism relation was evaluated using a method that is routinely 

used to assess myocardial viability. In brief, segmental 18F-FDG uptake was expressed as 

percentage of the segment with the highest mean late 13N-NH3 uptake, assuming that the 

segment with the highest “perfusion” should have normal metabolism. Segmental “reverse 

mismatch”, “mismatch” and “match” patterns between 13N-NH3 uptake and 18F-FDG 

metabolism were defined as 13N-NH3/
18F-FDG uptake ratio ≥1.2, ≤0.8 and 0.8-1.2, 

respectively[93]. 

 

Statistical Analysis 

Statistical analysis was performed using SPSS Statistics 20 (IBM, Chicago, IL, USA). Shapiro-

Wilk test was used to check the normality of data distribution. Continuous variables are 

presented as mean ± standard deviation, categorical variables are presented as percentages. 

Comparison between septal, lateral, anterior and inferior walls was performed using one-way 

ANOVA test with Bonferroni post-hoc correction. T-test was used for comparison of 

continuous variables, contingency tables - for categorical variables. The correlation between 

parameters was assessed with Pearson correlation coefficients for normally distributed data, 

otherwise Spearman coefficient was used. Comparison of 1CM and 2CM-derived MBF was 

performed with Bland-Altman analysis. All statistical tests were 2-tailed. A p-value of less than 

0.05 was considered as statistically significant. 
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RESULTS  

Patient characteristics 

Twenty-five patients (mean age 67±10 years, 13 (52%) males) were included in the study. Three 

patients had suboptimal quality of their 18F-FDG scans and 1 patient underwent SPECT 99mTc-

sestamibi scan instead of 13N-NH3 PET scan. After excluding these studies from the analysis, 

22 patients remained with an 18F-FDG PET and 24 with an 13N-NH3 PET, with 21 patients 

having had both PET imaging protocols successfully completed.  

All patients had stable sinus rhythm. Clinical characteristics of patients are represented in Table 

1.  

 

Table 1. Clinical characteristics of patients  

 

 

 

 

 

 

 

 

 

 

 

ACEi - angiotensin converting enzyme inhibitors; ARB - angiotensin-receptor blockers; EDV 

– end-diastolic volume; ESV – end-systolic volume, EF - ejection fraction. 

 

  

Parameter All patients (n=25) 

Male (% of total) 13 (52%) 

Age (y) 67±10 

Diabetes mellitus (% of total) 3 (12%) 

Blood pressure:  

Systolic blood pressure (mmHg) 135±21 

Diastolic blood pressure (mmHg) 70±16 

Left ventricular function:  

EDV (ml) 162±86 

ESV (ml) 113±68 

EF (%) 33±8 

NYHA class:  

NYHA 1 0(0%) 

NYHA 2 15(60%) 

NYHA 3 10(40%) 

NYHA 4 0(0%) 

QRS width (ms) 161±13 

Medication:  

β-blockers 21(84%) 

ACEi/ARB 22(88%) 

Aldosterone antagonists 13(52%) 
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Regional 18F-FDG uptake  

Regional 18F-FDG uptake on gated and non-gated images revealed a similar pattern of tracer 

distribution, with higher SUVmean values on gated acquisitions, predominantly in the lateral 

wall (Figure 1). Because no statistically significant difference was observed between the gated 

and non-gated derived regional 18F-FDG uptake, non-gated 18F-FDG images were used for 

subsequent analysis. 

Regional 18F-FDG uptake was significantly higher in the lateral wall compared to all other walls 

(p≤0.01). A significantly lower 18F-FDG uptake in the septum was noticed compared to all other 

regions (p<0.05), except for the inferior wall (p=0.6). There was no statistically significant 

difference in 18F-FDG uptake between anterior and inferior walls (Figure 1). 

 

Figure 1. Regional 18F-FDG uptake. Regional 18F-FDG uptake derived from cardiac gated 

and non-gated images. SEPT–septum, LAT–lateral wall, ANT–anterior wall, INF–inferior wall, 

*p≤0.01 compared to all other walls, #p<0.05 compared to the lateral and anterior wall. 

 

 

Regional MBF and late 13N-NH3 uptake 

Absolute regional MBF derived from 1CM and 2CM 13N-NH3 kinetic models was strongly 

correlated (r=0.9, p<0.05) and showed a good agreement on Bland-Altman plot (bias 0.05 

ml/g/min, 95% limits of agreements from -0.14 to 0.23 ml/g/min) (Supplemental Figure 2).  
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Mean absolute MBF in the lateral wall was significantly higher, whereas mean absolute septal 

MBF was significantly lower than in all other walls, when quantified with 2CM (Figure 2A). 

Similar results for absolute MBF were obtained with a 1CM (Supplemental Figure 3). In 

contrast to absolute MBF, regional late 13N-NH3 SUVmean was homogeneously distributed 

across the LV myocardium (p=0.16) (Figure 2B). Only a weak overall correlation (r=0.4, 

p<0.001) was found between regional absolute MBF and late 13N-NH3 SUVmean.  

 

Figure 2. Regional absolute MBF and late 13N-NH3 uptake. Regional myocardial blood flow 

(MBF), derived from 2CM kinetic model (A) and late 13N-NH3 uptake (B) in patients with LBBB. 

Note, the heterogeneous distribution of absolute perfusion across LV regions (A) vs 

homogeneous regional late 13N-NH3 uptake (B). SEPT–septum, LAT–lateral wall, ANT–

anterior wall, INF–inferior wall, *p ≤ 0.01 compared to all other walls. 

 

Visual comparison of regional 13N-NH3 time activity curves (TACs) demonstrated a different 

pattern, with a plateau in the lateral wall compared to a steadily increased tracer accumulation 

in the other walls (Figure 3 A).  

Detailed analysis of regional 13N-NH3 SUVmean changes between 3 and 30 min post tracer 

administration demonstrated a significant increase in tracer accumulation in the septum 

(5.42±1.17 vs 6.55±1.35, p<0.01), anterior (6.61±1.38 vs 7.23±1.43, p<0.01) and inferior 

(5.80±1.31 vs 6.47±1.43, p<0.01) walls, while no significant changes were observed in the 

lateral wall (6.82±1.36 vs 6.84±1.27, p=0.9). The temporal changes in SUV were most 

pronounced in the septal wall, with a 21% increase in tracer accumulation during the 30 min 

acquisition period, while smaller changes were observed in the lateral, anterior and inferior wall 
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with respectively +0.2%, +9% and +11%. The differences between the temporal changes in 

13N-NH3 uptake reached the significance level only between septal and lateral wall (p=0.01) 

(Figure 3 B). 

 

 

Figure 3. Regional temporal 13N-NH3 kinetics. Regional time-activity curves, representing 

changes in mean 13N-NH3 SUV as a function of time (A) and regional changes in 13N-NH3 SUV 

between 3 and 30 min postinjection (B) in all patients with LBBB. Vertical bars in figure A 

represent the standard error. SEPT–septum, LAT–lateral wall, ANT–anterior wall, INF–

inferior wall, *p<0.01 compared to the lateral wall. 

 

 

Septal-to-lateral absolute MBF, late 13N-NH3 and 18F-FDG uptake ratio 

Mean absolute 2CM-MBF SLR, late 13N-NH3 SLR and 18F-FDG SLR are represented in Figure 

4. 18F-FDG SLR was significantly lower compared to absolute MBF SLR and late 13N-NH3 

SLR (0.53±0.17 vs 0.68±0.18 vs 0.96±0.13, respectively, p≤0.01). The significantly lower 

resting absolute MBF in the septum compared to the lateral wall with MBF SLR of 0.68±0.18 

was no longer observed on late 13N-NH3 uptake (SLR 0.96±0.13), indicating a more 

homogenous distribution of 13N-NH3 in the LV. There was a significant but moderate 

correlation between 18F-FDG and late 13N-NH3 SLR (r=0.55, p=0.01).  
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Figure 4. Septal-to-lateral ratios. Mean septal-to-lateral 18F-FDG, absolute 2CM-MBF and 
13N-NH3 late uptake ratios (SLR). *p ≤ 0.01 compared to other SLRs.  

 

 

Segmental perfusion – metabolism relation 

Overall segmental analysis of perfusion-metabolism relation revealed “mismatch”, “reverse 

mismatch” and “match” patterns in 70 (21%), 111 (33%) and 155 (46%) segments, respectively. 

“Mismatch” pattern was observed in 3 (3%), 55 (52%), 6 (10%) and 6 (10%) segments in the 

septum, lateral, anterior and inferior wall, respectively. “Reverse mismatch” patterns in these 

regions corresponded to 64 (61%), 0 (0%), 25 (40%) and 22 (35%) segments, respectively 

(Figure 5).  
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Figure 5. Perfusion-metabolism patterns. Distribution of late 13N-NH3/
18F-FDG “reverse 

mismatch”, “mismatch” and “match” patterns between septal, lateral, anterior and inferior 

wall. 
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DISCUSSION 

The main finding of our study is the presence of regional heterogeneity in glucose 

metabolism and perfusion with lower glucose uptake and absolute MBF in the septum 

compared to the lateral wall in non-ischemic CRT-candidates with LBBB. In contrast, late 13N-

NH3 uptake did not show significant regional differences, hence being a poor parameter for 

MBF but rather reflecting a composite measure of altered regional MBF and metabolism, 

induced by LBBB. 

Several studies have demonstrated regional changes in glucose metabolism in the 

presence of LBBB. Among those, an experimental study of Ono et al. showed a significantly 

lower 18F-FDG uptake in the septum compared to the lateral wall (67.4±12.1% versus 

88.0±5.2%, p<0.05) in right ventricular pacing-induced LBBB[38]. Similar findings were 

reported in a clinical study of Nowak et al. in patients with LBBB with lowest 18F-FDG uptake 

in the septum (56±12%), highest in the lateral wall (89±6%) and intermediate values in the 

anterior and inferior wall (66±12% and 69±8%, respectively)[39]. The low 18F-FDG SLR in 

dyssynchronous hearts were also postulated by Neri et al. (0.59±0.17) and Nowak et al. 

(0.62±0.12)[39,94]. Our results are in line with above-mentioned papers, demonstrating a 

heterogeneous regional glucose metabolism in non-ischemic LBBB heart failure patients with 

lowest 18F-FDG uptake in the septum, highest in the lateral wall and intermediate 18F-FDG 

values in anterior and inferior wall. Furthermore, 18F-FDG SLR obtained in our study 

(0.53±0.17) perfectly matches the range shown by other groups. 

These results presented in our and previous studies in patients with LBBB, can be 

explained by the fact that the early activated septum does not contribute much to LV contraction 

or is even wasting work due to systolic stretching, whereas the lateral wall bears most of the 

load and compensates for the septal dysfunction[37]. Earlier work by our group in a preclinical 

sheep model has shown that 18F-FDG uptake is linearly correlated with the amount of work 

performed by the myocardium, which indicates, that the observed regional differences in 18F-

FDG uptake are an adaptive mechanism to compensate for the difference in regional workload 

in an asynchronously contracting ventricle[37].  

In contrast to glucose metabolism, findings on regional myocardial perfusion in LBBB 

patients are controversial. Conflicting results may be attributed amongst others to different 

imaging modalities, radiopharmaceuticals, study protocols, and approaches for flow 

assessment. Earlier studies using SPECT perfusion have shown a decreased perfusion of the 

septum, that can be the result of partial-volume effect in the reported thinned septum, which is 

less pronounced when recent PET technology is used[95]. Discrepant results for absolute MBF 
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in non-ischemic LBBB patients have also been described with PET depending on the 

radiotracer used. The study by Baller et al. showed a low absolute MBF for the septum and high 

MBF for the lateral wall with 11C-acetate, while the study of Koepfli et al. showed a more 

homogeneous resting perfusion using 15O-water[96,97]. However, in the latter study, stress 

imaging induced regional perfusion inhomogeneities, which may be explained by the fact that 

‘stress’ increases mechanical dyssynchrony resulting in regional perfusion changes[98]. 

Additionally, exercise leads to an increased oxygen demand mainly in the extensively working 

lateral wall leading to a more distinct redistribution of myocardial flow. In our study, regional 

differences in absolute MBF were similar to metabolic changes, with a low perfusion in the 

septum, high values in the lateral wall and intermediate values in anterior and inferior wall. It 

is unlikely that this difference can be explained by differential partial volume effects since we 

did not observe a significant difference in septal and lateral wall thickness (6.99±1.64 mm vs 

6.62±1.55 mm, respectively, p=0.36) as assessed with CMR in 21 out of 25 patients.  

In contrast to our study, Masci et al. reported a rather homogeneous 13N-NH3-derived 

MBF between septal and lateral walls[40]. One of the possible explanations for their findings 

could be the exclusion of patients with advanced disease, allowing to assume that LV 

dyssynchrony was not pronounced enough to induce perfusion heterogeneities. Another 

explanation could be the different modeling approach to obtain absolute perfusion values. The 

authors used a simplified perfusion model proposed by Bellina et al. , in which absolute MBF 

is not quantified by fitting a kinetic model to the TAC, but is derived from a fixed myocardial 

13N-NH3 concentration measured at a particular time point[99]. Consequently, this derived 

MBF is always proportional to the tracer uptake at that time point. In our study we have 

demonstrated that late 13N-NH3 uptake is homogeneously distributed between all LV regions 

and therefore, when absolute MBF is computed with this simplified model, MBF will also be 

homogeneous across the regions. In our study, perfusion quantification was performed using a 

richer kinetic model (full 1CM and 2CM models) which does not impose the perfusion to be 

proportional to the late myocardial tracer concentration. This can explain the different regional 

patterns for absolute MBF distribution between both studies. 

We hypothesize that perfusion heterogeneity in LBBB patients observed in our study is 

an example of coronary autoregulation where redistribution of local myocardial workload is 

associated with similar changes in oxygen demand, hence alterations in blood supply. 

Differences in regional workload and imbalance in oxygen consumption in asynchronously 

contracting ventricles has been demonstrated with highest values in the lateral wall and lowest 
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in the septum, which may support the theory of a functional rather than structural adaptive 

mechanism[38,100].  

In contrast to the regional differences in absolute MBF, late 13N-NH3 uptake was 

homogeneously distributed across the LV in our study. These findings correspond with other 

13N-NH3 PET studies in patients with LBBB reporting an average late 13N-NH3 SLR in the 

order of one[101]. Earlier reports have demonstrated that 13N-NH3 fixation in the heart occurs 

mainly through its ATP-dependent conversion into glutamine via the glutamate-glutamine 

pathway[48]. The latter suggests a particular role of myocardial metabolism for 13N-NH3 

incorporation which is further supported by the significant, even though moderate, correlation 

between late 13N-NH3 and 18F-FDG SLR, observed in our study. Furthermore, our and other 

studies did not show a perfect linear correlation between MBF and late 13N-NH3 uptake, 

illustrating that late 13N-NH3 myocardial uptake is rather a combined assessment of MBF and 

metabolism[102]. The latter is supported by the study of Choi et al. reporting 13N-NH3 SUV to 

be a poor indicator of MBF by comparing six different methods for the assessment of 

myocardial perfusion in dogs and healthy volunteers[103]. 

The different regional temporal kinetics of 13N-NH3 shown in our study with a plateau 

in the lateral wall and steadily increased tracer accumulation in the rest of the heart is not fully 

understood, but explains the homogenous late 13N-NH3 uptake despite significant differences 

in absolute MBF. One of the possible hypotheses for the different regional 13N-NH3 kinetics 

between myocardial walls can be linked to regional metabolic alterations secondary to 

functional adaptive mechanisms, with different levels of glutamate, glutamate synthtetase, free 

available ATP, intracellular level of NH3, intracellular pH, that all may play a role in myocardial 

tracer fixation. However, further studies are needed to fully understand and explain the 

observed regional differences. 

Finally, a differential relation between perfusion and metabolism in septal and lateral 

walls characterized as “mismatch” and “reverse mismatch” patterns using a common method 

for viability assessment has been shown in LBBB patients in our study. Similarly to the study 

of Masci et al., “mismatch” segments were predominantly present in the lateral wall (52%) 

while “reverse mismatch” segments were mainly observed in the septum (61%)[40]. The 

presence of these perfusion/metabolism “mismatch” and “reverse mismatch” patterns in LBBB 

patients are most likely attributed to the physiological changes induced by the presence of 

LBBB and should be taken into account when patients with LBBB are referred for viability 

assessment prior to revascularization procedures. In addition, further investigations are needed 

to evaluate whether specific perfusion/metabolism patterns in LBBB patients may predict 
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response to CRT, however one study has shown that the presence of reverse mismatch patterns 

in the septum was associated with good prognosis after [61].  

Our study had several limitations. Although ischemia was excluded in our patient cohort 

based on CMR and/or coronary angiography 3 months prior to CRT implantation, one cannot 

completely rule out ischemia at the time of CRT implantation, however these chances are 

negligible. In the current study, clinically used reconstruction algorithms and software 

programs were applied without correcting for partial volume effect, which may lead to a slight 

underestimation of the true tracer concentration in the thinned walls. Furthermore, we did not 

perform absolute quantification of cardiac glucose metabolism, but only mean glucose uptake 

defined by SUV was used in the current study. Quantification of glucose consumption as well 

as using other metabolic PET tracers such as 11C-acetate could help to better understand the 

pathophysiological mechanisms and metabolic adaptations during abnormal LV activation 

patterns. The presence of a comparable control group with non-ischemic cardiomyopathy 

without LV dyssynchrony would have been informative to define whether the alterations 

observed in myocardial perfusion and metabolism in non-ischemic LBBB patients are absolute 

or rather relative. This control group would also provide more insights into the temporal kinetics 

of 13N-NH3 uptake in different walls to further support the assumption that the different regional 

temporal kinetics are attributed to abnormal LV activation. 

 

CONCLUSIONS 

Non-ischemic heart failure patients with LBBB demonstrate lower myocardial glucose uptake 

and absolute MBF in the septum compared to the lateral wall. However, late static 13N-NH3 

uptake did not show significant regional differences, demonstrating that there is no perfect 

correlation between absolute MBF and late 13N-NH3, with the latter being a composite measure 

of absolute MBF and myocardial metabolism. Regional differences in temporal 13N-NH3 

kinetics in LBBB patients are present but further investigations are warranted to elucidate the 

underlying pathophysiological mechanism.  
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SUPPLEMENTAL MATERIAL 

 

 

Impact of left bundle branch block on myocardial perfusion and 

metabolism: a positron emission tomography study 
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SUPPLEMENTAL MATERIAL AND METHODS 

 

 

 

Supplemental Figure 1. LV segmentation. Bull`s-eye polar map divided into 17 segments 

and 4 left ventricular regions 
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SUPPLEMENTAL RESULTS 

 

Supplemental Figure 2. Comparison of 1CM and 2CM kinetic model. Correlation plot (A) 

and Bland-Altman plot (B) between regional myocardial blood flow (MBF) derived from one-

(1CM) and two tissue compartment(2CM) 13N-NH3 kinetic model. The broken line in figure A, 

red line and broken lines in figure B represent the correlation line, mean bias and the 95% 

confidence intervals, respectively. 

 

Supplemental Figure 3. Regional myocardial blood flow (MBF), derived from 1CM kinetic 

model. Note, the similar regional perfusion pattern between 1CM and 2CM-derived MBF with 

the highest MBF in the septum and the lowest in the lateral wall. SEPT–septum, LAT–lateral 

wall, ANT–anterior wall, INF–inferior wall, *p ≤ 0.01 compared to all other walls. 
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CHAPTER II  

Low septal to lateral wall 18F-FDG ratio is highly associated with 

mechanical dyssynchrony in non-ischemic CRT candidates 
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This chapter addresses the following research questions: 

 What is the influence of mechanical dyssynchrony on cardiac perfusion and 

metabolism? 

 Is there any association between regional perfusion and metabolism, assessed with PET 

before CRT implantation, and the extent of volumetric reverse remodelling after CRT 

implantation? 
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ABSTRACT  

 

Background: In order to better understand the concept of mechanical dyssynchrony, a 

promising hallmark of cardiac resynchronization therapy (CRT) response, we investigated its 

effect on regional myocardial metabolism and myocardial blood flow (MBF) in non-ischemic 

CRT-candidates. 

Results: 30 consecutive non-ischemic CRT eligible patients underwent static 18F-FDG and 

resting dynamic 13N-NH3 PET/CT. 18F-FDG uptake and MBF for septal and lateral wall were 

analyzed and septal-to-lateral wall ratios (SLR) were calculated. Based on the presence of 

mechanical dyssynchrony (septal flash and/or apical rocking) on echocardiography, patients 

were divided into 2 groups, with (n=23) and without (n=7) mechanical dyssynchrony.  

Patients with mechanical dyssynchrony had significantly lower 18F-FDG SUVmean in the 

septum compared to the lateral wall (5.58±2.65 vs 11.19±4.10, p<0.0001), while patients 

without mechanical dyssynchrony had a more homogeneous 18F-FDG distribution (7.33±2.88 

vs 8.31±2.50, respectively, p=0.30). Similarly, MBF was significantly different between the 

septal and lateral wall in the dyssynchrony group (0.57±0.11 ml/g/min vs 0.92±0.23 ml/g/min, 

respectively, p<0.0001), whereas no difference was observed in the non-dyssynchrony group 

(0.61±0.23 ml/g/min vs 0.77±0.21 ml/g/min, respectively, p=0.16). 18F-FDG SLR, but not MBF 

SLR, was associated with the presence of mechanical dyssynchrony and showed a significant 

correlation with volumetric reverse remodelling after CRT (r=0.62,p=0.001). 

Conclusions: Non-ischemic heart failure patients with mechanical dyssynchrony demonstrate 

heterogeneous regional metabolism and MBF compared to patients without dyssynchrony. 

However, only 18F-FDG-SLR appeared to be highly associated with the presence of mechanical 

dyssynchrony.  
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INTRODUCTION 

During the last decade, ventricular conduction disturbances have been shown to be 

associated with adverse cardiac remodelling and to contribute to the development of heart 

failure (HF) and an increased risk of all-cause mortality[85]. Even though cardiac 

resynchronization therapy (CRT) is a promising therapy for patients with ventricular 

conduction abnormalities, 30-40% of patients do not respond to this treatment and therefore 

optimization of selection criteria for CRT candidates is still an active area of investigation[104]. 

Along with electrical dyssynchrony induced by inhomogeneous electrical activation of the left 

ventricle (LV), about 60-70% of patients also develop mechanical dyssynchrony, characterized 

by discoordinate myocardial deformation and inefficient contraction[31]. Septal flash (SF) and 

apical rocking (AR), surrogate markers of mechanical dyssynchrony, have been shown to be 

associated with favorable CRT response[31]. Deeper insights into pathophysiological processes 

related to mechanical dyssynchrony are needed, including changes in perfusion and 

metabolism, in order to better understand the adverse cardiac remodelling and to further 

improve patient selection for CRT. 

Different non-invasive imaging techniques are currently available to evaluate regional 

changes in perfusion and metabolism and their interplay. 18F-fluorodeoxyglucose (18F-FDG) 

positron emission tomography (PET) studies in patients with ventricular conduction 

abnormalities have shown regional changes in glucose metabolism with a relatively reduced 

glucose uptake in the septum compared to an increased uptake in the lateral wall[39,101].  

In contrast to the well-established changes in glucose uptake, data on myocardial 

perfusion in patients with ventricular dyssynchrony remain controversial. Experimental data 

have consistently shown a relative hypoperfusion in the septal wall compared to the lateral wall, 

while clinical studies predominantly reported a rather homogeneous perfusion across the LV, 

with only few studies showing septal hypoperfusion[38,39,95].  

Despite several studies investigating myocardial metabolism and perfusion in patients 

with ventricular conduction abnormalities, data on the influence of mechanical dyssynchrony 

on these physiologic parameters are lacking.  

The aim of our study was to investigate the effect of mechanical dyssynchrony on 

regional 18F-FDG uptake and absolute myocardial blood flow (MBF) (derived from 13N-NH3 

kinetic models) in patients with non-ischemic cardiomyopathy, eligible for CRT. 

  



64 
 

METHODS 

Study Population 

Patients with non-ischemic HF referred for CRT implantation were recruited at the University 

Hospital Leuven and were part of the Leuven cohort of the WORK-CRT study (Clinical trials 

NCT02537782). Inclusion for CRT was based on the ESC guidelines[8]. Coronary artery 

disease was excluded by late gadolinium enhancement cardiac magnetic resonance (CMR) 

and/or coronary angiography obtained no more than 3 months before CRT implantation and/or 

thorough evaluation of patient history and complaints by an experienced treating cardiologist. 

Exclusion criteria comprised the presence of a right bundle branch block, permanent atrial 

fibrillation/flutter or tachycardia (>100bpm), difficulties to obtain LV volumes by 

echocardiography, history and findings suggestive of ischemic myocardial disease, valve 

surgery within 90 days prior to enrolment, history of or listing for heart transplantation, 

implanted LV assist device, severe aortic stenosis, complex and uncorrected congenital heart 

disease, pregnant and breastfeeding women, enrollment in one or more concurrent studies that 

would confound the results of this study. The study was approved by the institutional ethics 

committee and all patients gave written informed consent prior to inclusion and any study 

procedure. 

 

Echocardiography 

All patients underwent a standard two-dimensional echocardiography within 1 week before 

CRT implantation and approximately 12 months after CRT implantation using commercially 

available systems (Vivid E9 and E95, GE Vingmed Ultrasound, Horten, Norway). Acquired 

data were stored digitally and analysed off-line using an EchoPAC workstation (version 202, 

GE Vingmed Ultrasound). LV end-diastolic volume (EDV), end-systolic volume (ESV) and 

LV ejection fraction (LVEF) were measured using the modified biplane Simpson’s method. 

Volumetric remodelling after CRT (Δ LV ESV, %) was defined as the relative reduction in LV 

ESV between baseline and 12 months post-CRT (Δ LV ESV,% = (ESV 12M – ESV baseline) 

/ ESV baseline). Mechanical dyssynchrony was visually assessed by two independent readers 

(JD and MC) on pre-CRT echocardiography images. A third reader (JUV) blinded to previous 

readings was asked in case of disagreement. Patients were divided into 2 groups – one group 

with mechanical dyssynchrony defined by the presence of either AR or SF, or both, and another 

group without mechanical dyssynchrony (neither AR nor SF). 
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Additionally, pre-CRT echocardiography was used to calculate segmental myocardial work, 

using an 18 segment model and a method, previously described by our group[105]. In short, a 

dedicated, MATLAB-based (version 2017b, The MathWorks, Inc., Natick, MA,USA) research 

software (TVA version 22.00, JU Voigt, Leuven) was used to determine LV pressure estimates 

according to the method described by Russell[106]. LV segmental mid-wall curvature was 

dynamically estimated from full trace export of the speckle tracking software and used together 

with the segmental wall thickness measurements to estimate segmental wall stress according to 

the formula of Laplace. Segmental stress-strain loops were generated, the area of which was 

considered to represent myocardial work per volume-unit[105]. Regional myocardial work in 

the septum and lateral wall was calculated as average of the stress-strain loop areas of the basal, 

mid, and apical segments of the respective wall.  

 

PET acquisition protocol 

All patients underwent resting dynamic 13N-NH3 and static 18F-FDG PET studies (Biograph 

HiRez 16 PET/CT, Siemens, Erlangen, Germany) 1 week before CRT implantation (except for 

one patient who underwent a 99mTc-tetrofosmin perfusion scintigraphy). A scout acquisition 

followed by a low-dose CT (80 kVp, 11 mAs) was performed for optimal patient positioning 

and subsequent CT-based attenuation correction of the PET emission data.  

For 13N-NH3 PET, a 30 minute dynamic list-mode acquisition was started together with a slow 

bolus intravenous administration of 10 MBq/kg 13N-NH3. In case of a one-day protocol, the 

13N-NH3 scan always preceded the 18F-FDG scan with a minimum interval of 60 minutes 

between tracer administrations.  

18F-FDG PET scan was performed using the hyperinsulinemic euglycemic clamp technique in 

accordance with the method of Lewis et al.[86]. After reaching a steady state plasma glucose 

level, 4.25 MBq/kg 18F-FDG was administered intravenously and a 40 minute acquisition was 

performed approximately 45 minutes after tracer administration.  

  

Image processing 

Before image reconstruction, alignment between PET and CT images was evaluated and 

manual realignment between both images was performed if deemed necessary by the 

investigator. All PET images were reconstructed using the ordered-subsets expectation 

maximization algorithms (4 iterations and 8 subsets), matrix size 256x256, 5.0 mm Gaussian 

filter. Attenuation correction was performed using a low-dose CT scan.  
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18F-FDG PET static images were generated from the whole 40 min acquisition. 13N-NH3 list-

mode file was rebinned into 22 frames (12 frames x 10sec, 4 frames x 30 sec, 3 frames x 120sec, 

1 frame x 180sec, 1 frame 420 sec, and 1 frame x 600sec).  

 

PET image analysis 

All reconstructed 13N-NH3 and 18F-FDG PET images were analyzed using in-house developed 

software [88]. Briefly, each myocardial image was resampled into 16 radial slices and a 17 

segment polar map was generated according to previously validated methods [88,89]. LV polar 

map was divided into 4 regions corresponding to the septal, lateral, anterior, and inferior wall 

with exclusion of the apex (segment 17). Analysis of perfusion and metabolism was performed 

focusing on the septal and lateral wall.  

 

Absolute quantification of MBF with 13N-NH3 

Absolute quantification of MBF per region was performed by modelling the first 10-minute 

emission data of 13N-NH3 using a two-tissue compartment model [90]. Estimated rate constants 

were calculated using a weighted least-square method and were corrected for spillover and 

partial volume effect, as previously reported [90]. Because the amount of 13N-NH3 metabolites 

is known to increase after the first 2 minutes after tracer administration, metabolite correction 

was performed [92]. In addition to regional absolute MBF, septal-to-lateral wall MBF ratio 

(SLR) was calculated by dividing mean MBF in the septum by mean MBF in the lateral wall. 

 

Analysis of 18F-FDG uptake 

Regional 18F-FDG uptake was expressed as mean standardized uptake value (SUVmean). 

Septal to lateral wall ratio (SLR) was calculated by dividing mean 18F-FDG uptake in the 

septum by mean uptake in the lateral wall.  

 

Cardiac resynchronization therapy  

CRT implantation was performed according to the guidelines[107]. In short, LV pacing leads 

were positioned, guided by coronary venography, preferably in the lateral and postero-lateral 

venous branches. After implantation, the device was set to bi-ventricular pacing in all patients.  
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Statistical Analysis 

Statistical analysis was performed using SPSS Statistics 20 (IBM, Chicago, IL, USA). Shapiro-

Wilk test was used to check the normality of data distribution. Normally distributed continuous 

variables were expressed as mean ± standard deviation, otherwise median and interquartile 

range was used. Categorical variables were represented as percentages. Paired and unpaired t-

test with Bonferroni correction was used for comparison of continuous variables, while 

contingency tables were used for categorical variables. The correlation between parameters was 

assessed with Pearson correlation coefficients for normally distributed data, otherwise 

Spearman coefficient was used. Inter- and intraobserver variability of echocardiographic 

measurements of mechanical dyssynchrony (SF, AR) was performed in the whole study 

population using Kappa statistics. All statistical tests were 2-tailed. A p-value of less than 0.05 

was considered statistically significant. 
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RESULTS  

Patient characteristics 

Thirty patients (mean age 68±10 years, 16 (53%) males) were included in the study. Coronary 

artery disease was excluded by late gadolinium enhancement CMR in 23/30 patients, by 

coronary angiography in 2/30 patients and all patients underwent thorough evaluation of patient 

history and complaints by an experienced treating cardiologist.  

All patients had echocardiography pre-CRT. Two patients died during the first 6 months of 

follow-up so post-CRT echocardiography was available in only 28 patients. On pre-CRT 

echocardiography, 23 (77%) patients had mechanical dyssynchrony, while 7 (23%) patients had 

no mechanical dyssynchrony. Among patients with mechanical dyssynchrony, 2 patients had 

only AR, 1 patient had only SF and 20 patients had both AR or SF. The QRS morphology on 

surface ECG in patients with mechanical dyssynchrony was represented mainly by LBBB 

(91%), while QRS pattern in patients without mechanical dyssynchrony was represented by 

LBBB (57%), nonspecific intraventricular conduction delay (29%) and right ventricular pacing 

(1%). Clinical characteristics of our study cohort are presented in Table 1.  

Three patients had suboptimal quality of 18F-FDG scan and 1 patient underwent 99mTc-

tetrofosmin perfusion scintigraphy instead of 13N-NH3 PET scan. After excluding these studies 

from the analysis, 27/30 and 29/30 patients have successfully completed respectively a 18F-

FDG and 13N-NH3 PET scan. These scans were included in the further analysis independently 

of each other and were distributed between both patient groups as follows: 21 18F-FDG and 22 

13N-NH3 scans belonged to the group of mechanical dyssynchrony while 6 18F-FDG and 7 13N-

NH3 scans represented the group without mechanical dyssynchrony. 

 

Regional 18F-FDG uptake  

A significantly lower 18F-FDG SUVmean in the septum compared to the lateral wall was 

observed in the group with mechanical dyssynchrony (SUVmean: 5.6±2.7 vs 11.2±4.1, 

respectively, p<0.0001), while in the group without dyssynchrony, 18F-FDG distribution did 

not differ between septal and lateral wall (SUVmean: 7.3±2.9 vs 8.3±2.5, respectively, p=0.3) 

(Figure 1A). 18F-FDG uptake in the lateral wall in patients with mechanical dyssynchrony was 

higher compared to those without, albeit not significantly (p=0.1). Even though septal 18F-FDG 

uptake was lower in patients with mechanical dyssynchrony compared to patients without 

mechanical dyssynchrony, here was no statistically significant difference between both groups 

(p=0.22).  
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Table 1. Clinical characteristics of patients 

 

ACEi - angiotensin converting enzyme inhibitors; ARB - angiotensin-receptor blockers; EDV – end-

diastolic volume; ESV – end-systolic volume, LBBB – left bundle branch block, RV – right ventricle, 

NS-IVCD - non-specific intraventricular conduction delay. 

 

Parameter All patients 

(n=30) 

With  

mechanical 

dyssynchrony 

(n=23) 

Without 

mechanical 

dyssynchrony 

(n=7) 

P 

value 

Clinical characteristics: 

Male (% of total) 16 (53%) 10 (43%) 6 (86%) 0.05 

Age (years) 68±10 68±9 68±12 0.94 

Diabetes mellitus (% 

of total) 

4 (13%) 3 (13%) 1 (14%) 0.93 

Systolic blood 

pressure (mmHg) 

134±22 134±21 120±28 0.18 

Diastolic blood 

pressure (mmHg) 

69±15 70±14 65±17 0.47 

NYHA class II/III: 17(57%)/13(43%) 12(52%)/11(48%) 5(71%)/2(29%) 0.42 

Electrocardiographic parameters 

QRS width (ms) 161±16 161±15 163±21 0.73 

LBBB (Strauss) 25(83%) 21 (91%) 4(57%) 0.03 

  RV pacing 1(3%) 0(0%) 1(14%) 0.23 

  NS-IVCD 4(10%) 2(9%) 2(29%) 0.21 

Echocardiographic parameters (pre-CRT): 

EDV (ml) 142 [133;193] 142 [126;203] 164 [116;202] 0.88 

ESV (ml) 100 [91;138] 98 [85;147] 101 [76;138] 0.74 

EF (%) 32±8 32±9 32±5 0.99 

Heart failure therapy: 

β-blockers 26(87%) 19(83%) 7(100%) 0.54 

ACEi/ARB 27(90%) 21(91%) 6(86%) 0.66 

Aldosterone 

antagonists 

17(57%) 13(57%) 4(57%) 0.9 
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Regional MBF  

A significantly lower MBF in the septum compared to the lateral wall was observed in the group 

with mechanical dyssynchrony (0.6±0.1 ml/g/min vs 0.9±0.2 ml/g/min, respectively, 

p<0.0001), while in the group without dyssynchrony there was no statistical difference in the 

MBF between both walls (0.6±0.2 ml/g/min vs 0.8±0.2 ml/g/min, respectively, p=0.16). No 

difference in regional MBF between both patient groups was observed (Figure 1B). 

 

Figure 1. Regional glucose metabolism and myocardial blood flow (MBF). Regional glucose 

metabolism (18F-FDG uptake) (A) and MBF (B) in patients with and without mechanical 

dyssynchrony. SEPT-septum, LAT-lateral wall. *** p≤0.0001.  

 

 

Relation between regional metabolism, MBF and myocardial work  

In the group with mechanical dyssynchrony, a significantly lower myocardial work was 

observed in the septum compared to the lateral wall (370±816 mmHg*% vs 3174±1033 

mmHg*%, respectively, p<0.0001), whereas no regional differences in myocardial work were 

observed in the group without mechanical dyssynchrony (2017±685 mmHg*% vs 2267±572 

mmHg*%, respectively, p=0.26). There was significantly less work performed by the septum 

in the group of dyssynchrony compared to the non-dyssynchrony group (370±816 mmHg*% 

vs 2017±685 mmHg*%, respectively, p=0.0007). Additionally, negative (wasted) work was 
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observed in the septum of 40% of patients with mechanical dyssynchrony, but never in patients 

without dyssynchrony. The work performed by the lateral wall was borderline significantly 

higher (p=0.05) in the group with dyssynchrony compared to the group without dyssynchrony 

(3174±1033 mmHg*% vs 2267±572 mmHg*%, respectively).  

 

 

 

Figure 2. Correlation plots between myocardial work versus glucose metabolism and 

perfusion. Correlation between myocardial work and glucose metabolism (18F-FDG) (A) and 

myocardial work and MBF (B), measured in the septum and lateral wall in patients with and 

without mechanical dyssynchrony. 

 

Both regional glucose metabolism and MBF linearly correlated with regional myocardial work 

(r=0.65 and r=0.5, respectively, p<0.0001) (Figure 2A-B).  

A representative example of the distribution of metabolism, perfusion and work between septal 

and lateral wall in patients with and without mechanical dyssynchrony is shown in Figure 3. 
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Figure 3. Representative example of the regional glucose metabolism, MBF and workload. 

The figure shows lower septal compared to the lateral wall glucose metabolism, MBF and 

workload in a patient with mechanical dyssynchrony and relatively homogeneous glucose 

metabolism, MBF and workload in a patient without mechanical dyssynchrony.  

 

 

Effect of mechanical dyssynchrony on 18F-FDG and MBF SLR and its relation to volumetric 

reverse remodelling  

Patients with mechanical dyssynchrony demonstrated larger volumetric reverse remodelling 12 

months after CRT compared to patients without mechanical dyssynchrony (Δ LV ESV 47±14% 

vs -3±20%, p<0.0001).  

Patients with mechanical dyssynchrony compared to patients without mechanical dyssynchrony 

had a significantly lower 18F-FDG SLR (0.5±0.1 vs 0.9±0.2, respectively, p=0.02). However, 

no differences between both groups were observed in MBF SLR (0.7±0.2 vs 0.8±0.2, 

respectively, p=0.2). Pre-CRT 18F-FDG SLR showed a significant linear correlation with 

volumetric reverse remodelling 12 months after CRT (r=0.62, p=0.001) (Figure 4A). Pre-CRT 

MBF SLR did not show a significant correlation with volumetric reverse remodelling (r=-0.02, 

p=0.3) (Figure 4B). 
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Figure 4. Correlation plots between volumetric reverse remodelling versus 18F-FDG and 

MBF SLRs. Correlation plot between 18F-FDG SLR versus Δ LV ESV (A) and MBF SLR versus 

Δ LV ESV (B) in patients with and without mechanical dyssynchrony. 

 

Reproducibility of assessment of mechanical dyssynchrony 

Echocardiographic assessment of the presence of mechanical dyssynchrony demonstrated good 

intraobserver (κ = 0.85 (95% CI, 0.70-0.99), p < 0.0001) and interobserver (κ = 0.81 (95% CI, 

0.64-0.98), p < 0.0001) agreement.  
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DISCUSSION 

The main finding of our study in non-ischemic CRT-candidates is the regional heterogeneity of 

myocardial glucose metabolism and perfusion in the presence of LV mechanical dyssynchrony, 

which can be attributed to the regional differences in myocardial loading conditions. Low 18F-

FDG SLR appeared to be highly associated with the presence of mechanical dyssynchrony and 

showed a significant linear correlation with volumetric reverse remodelling after CRT. 

Regional myocardial 18F-FDG uptake 

Our study showed that non-ischemic HF patients eligible for CRT, who present with mechanical 

dyssynchrony, have heterogeneous regional glucose metabolism with a two-fold higher 18F-

FDG uptake in the lateral wall compared to septum. In contrast, patients without mechanical 

dyssynchrony revealed an almost homogeneous metabolism.  

Previous studies have demonstrated regional 18F-FDG uptake heterogeneity in the presence of 

ventricular conduction abnormalities. An experimental study of Ono et al. showed a 

significantly higher 18F-FDG uptake in the lateral wall compared to the septum (88.0 ± 5.2% 

versus 67.4 ± 12.1%) in right ventricular pacing[38]. Similar findings in patients with dilated 

cardiomyopathy and LBBB were reported by Nowak et al.[39]. However, regional glucose 

metabolism in the presence of mechanical dyssynchrony was not investigated in these studies, 

hence a direct comparison to our findings cannot be performed.  

Furthermore, Castro et al showed marked overall LV 18F-FDG uptake heterogeneity in non-

ischemic HF patients with mechanical dyssynchrony as evaluated by SPECT phase 

analysis[108]. This is in line with our findings, where patients with mechanical dyssynchrony 

showed pronounced differences in 18F-FDG uptake between septal and lateral wall, hence also 

overall LV heterogeneity. While in the study of Castro et al, all patients without mechanical 

dyssynchrony also demonstrated heterogeneity in LV metabolism, even though less 

pronounced, we could not confirm these findings in our study cohort. This discrepancy can be 

due to the small number of participants (n=7) in our group of patients without dyssynchrony. 

However, our study population (23% without mechanical dyssynchrony) comes close to the 

real world situation where about 30-35% CRT-candidates do not present neither AR nor SF on 

echocardiography[31]. Additionally, the effect of using different modalities (SPECT vs. 

echocardiography) and approaches (automatic vs visual) for the assessment of mechanical 

dyssynchrony should not be neglected when comparing the results. Unfortunately, a more 

detailed comparison between both studies cannot be performed, as the study of Castro et al. did 

not explore LV metabolism per region.  
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Regional absolute MBF  

Similar to 18F-FDG findings, regional differences in MBF were pronounced only in the 

dyssynchrony patients while no differences were observed in the group without mechanical 

dyssynchrony.  

There is a lot of controversy on regional myocardial perfusion in patients with ventricular 

conduction abnormalities, which may be attributed to the use of different imaging modalities, 

radiopharmaceuticals, study protocols and approaches for flow assessment. The study by Baller 

et al. showed a low absolute MBF in the septal and high MBF in the lateral wall using 11C-

acetate, while the study of Koepfli et al. showed a more homogeneous perfusion at rest using 

15O-water[96,97]. In the latter study, regional perfusion inhomogeneity was observed only 

during stress imaging which could be explained by the fact that ‘stress’ increases the imbalance 

in regional mechanical work resulting in higher regional perfusion changes[98]. Masci et al. 

reported a homogeneous 13N-NH3 MBF between LV walls in patients with LBBB and dilated 

cardiomyopathy, which may be explained by the inclusion of patients without advanced disease 

when LV dyssynchrony was not pronounced enough to induce perfusion heterogeneities as well 

as by the simplified approach of myocardial perfusion assessment [40].  

However, also here, a direct comparison with our results cannot be performed, as 

abovementioned studies were not focusing on MBF in the presence of mechanical 

dyssynchrony, but rather analyzed an overall population with ventricular conduction 

abnormalities irrespective of mechanical dyssynchrony. On the other hand, findings in the 

literature should be mainly driven by patients with mechanical dyssynchrony, as about 65% of 

patients with ventricular conduction abnormalities have at least one echocardiographic sign of 

mechanical dyssynchrony (AR or SF)[31]. Hence, decreased perfusion in the septum compared 

to lateral wall as described by aforementioned studies is in line with the heterogeneous regional 

perfusion in the dyssynchrony group reported in our study.  

Relation between regional metabolism, MBF and myocardial work  

Linear correlation between workload vs metabolism and workload vs MBF, demonstrated in 

our study, explains the different regional distribution patterns of both parameters between 

patients with and without mechanical dyssynchrony.  

The patient group without mechanical dyssynchrony did not present any regional heterogeneity 

neither in myocardial work, nor in metabolism or MBF, suggesting that despite electrical 

dyssynchrony on ECG, all myocardial walls equally contribute to LV contraction, requiring 

comparable amount of energy and oxygen. In contrast, patients with mechanical dyssynchrony 

showed a pronounced regional heterogeneity in all three mentioned parameters with a clear 
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shift of the septal values to the lower end and lateral wall towards the higher end of the 

spectrum. In this group of patients, septum does not significantly contribute to LV contraction, 

but rather wastes energy, being stretched by the opposite segments, whereas the lateral wall is 

the region which contributes the most to LV performance. The lateral wall, which is pre-

stretched by the early activated septum, contracts with a greater force (according to Frank-

Starling law), and compensates for the zero external work of the septum. Such a redistribution 

of myocardial work, with unloading of the early-activated septum and a higher load in the late-

activated lateral wall, causes a respective adaptation of regional energy and oxygen demand 

which explains the high metabolism and perfusion in the lateral wall and the low values in the 

septum observed in our study.  

Effect of mechanical dyssynchrony on SLRs and its relation to volumetric reverse 

remodelling 

Despite the regional differences in both glucose metabolism and perfusion in patients with 

mechanical dyssynchrony, only 18F-FDG SLR and not MBF SLR was associated with the 

presence of mechanical dyssynchrony.  

Several studies have demonstrated that the presence of mechanical dyssynchrony is favorable 

for volumetric CRT response[31,34,109]. However, the inconsistent results in the literature, 

controversy around the definition of mechanical dyssynchrony and the lack of randomized trials 

have so far prevented the general acceptance and inclusion of mechanical dyssynchrony in CRT 

guidelines. On the other hand, relatively simple markers of mechanical dyssynchrony, such as 

AR and SF, used in our study and validated earlier, have been shown to be reliable and 

reproducible as surrogates for mechanical dyssynchrony[110]. Interestingly, in our study 

almost all patients with SF and/or AR had LBBB QRS morphology on surface ECG, while QRS 

patterns of non-dyssynchrony patients were more diverse and consisted of LBBB, right 

ventricular pacing and nonspecific intraventricular conduction delay. These findings 

demonstrate that LBBB is often, but not always associated with mechanical dyssynchrony. This 

might be one of the reasons why not all patients fulfilling the current criteria for CRT 

implantation successfully respond to this therapy and highlights the need to define other 

parameters that may better identify patients who will most likely benefit from CRT.  

In contrast, low 18F-FDG SLR is associated with the presence of at least one of these 

echocardiographic markers of mechanical dyssynchrony. Furthermore, 18F-FDG SLR showed 

a good linear correlation with volumetric reverse remodelling 12 months after CRT 

implantation. Interestingly, the majority of patients with good reverse remodelling belonged to 

the group of mechanical dyssynchrony. Our findings highlight the existing relation between 
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mechanical dyssynchrony, 18F-FDG SLR and volumetric reverse remodelling and may indicate 

a place for nuclear imaging in prediction of CRT response. Further studies are needed to explore 

this assumption further, especially in ischemic patients or patients with a QRS duration between 

120-150 ms, who still remain a major challenge to improve the response rate to CRT. 

 

Study limitations 

Although ischemia was excluded in our patient cohort based on late gadolinium enhancement 

CMR and/or coronary angiography 3 months prior to CRT implantation and/or thorough 

clinical evaluation of patient history and complaints, one cannot completely rule out ischemia 

at the time of CRT implantation, however these chances are negligible.  

In the current study, clinically used reconstruction algorithms and software programs were 

applied without correcting for partial volume effect, which may lead to a slight underestimation 

of the true tracer concentration in the thinned LV walls. 

We did not perform absolute quantification of cardiac glucose metabolism, but only glucose 

uptake defined by SUVmean was used in the current study. Quantification of glucose 

consumption as well as using other metabolic PET tracers such as 11C-acetate could help to 

better understand the pathophysiological mechanisms and metabolic adaptations during 

abnormal LV activation patterns. 

Another limitation is the difference in LV segmentation models used for perfusion/metabolism 

(17 AHA model) and regional myocardial work (18 segment model). However, since regional 

values were represented as averages of corresponding segments and since the difference 

between both segmentation models is only the exclusion of the small apical region, we believe 

that the influence on the correlation between SLRs and work is negligible. 

 

CONCLUSIONS 

Non-ischemic HF patients with mechanical dyssynchrony demonstrate heterogeneous regional 

glucose metabolism and MBF, while patients without mechanical dyssynchorny do not, which 

can be attributed to alterations in regional myocardial workload between both groups. 18F-FDG-

SLR appeared to be highly associated with the presence of mechanical dyssynchrony and 

should be explored as a possible predictor for favorable CRT response. 
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CHAPTER III  

Left ventricular regional glucose metabolism in combination with septal 

scar extent identifies CRT responders 
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This chapter addresses the following research questions: 

 Can 18F-FDG PET reliably guide the therapy of HF patients?  
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ABSTRACT  

 

Objectives: We investigated if regional left ventricular (LV) glucose metabolism in 

combination with myocardial scar could predict response to cardiac resynchronization therapy 

(CRT). 

Background: CRT is effective in selective heart failure (HF) patients, but non-response rate 

remains high. Positron emission tomography (PET) may provide a better insight into the 

pathophysiology of LV remodelling, however, its role for evaluating and selecting patients for 

CRT remains uncertain.  

Methods: Consecutive CRT eligible HF patients underwent echocardiography, cardiac 

magnetic resonance (CMR) and 18F-fluorodeoxyglucose (FDG) PET within 1 week before CRT 

implantation. Echocardiography was additionally performed 12 months after CRT and end-

systolic volume reduction ≥15% was defined as CRT response. Septal-to-lateral wall (SLR) 

FDG uptake ratio was calculated from static FDG images. Late gadolinium enhancement (LGE) 

CMR was analyzed semi-quantitatively to define scar extent. 

Results: We evaluated 88 patients (67±10y, 72% males). 18F-FDG SLR showed a linear 

correlation with volumetric reverse remodelling 12 months after CRT (r=0.41, p=0.0001). In 

non-ischemic HF patients, low FDG SLR alone predicted CRT response with sensitivity and 

specificity of more than 80%, however in ischemic HF patients specificity decreased to 46%, 

suggesting that in this cohort low SLR can also be caused by the presence of septal scar. In the 

multivariate logistic regression model, including low FDG SLR, extent of septal scar and 

current CRT guideline parameters, only low FDG SLR and septal scar remained associated with 

CRT response. Their combination could predict CRT response with sensitivity and specificity 

of 80% and 83%, respectively. 

Conclusions: FDG SLR can be used as a predictor of CRT response and combined with septal 

scar extent CRT responders can be distinguished from non-responders with high diagnostic 

accuracy. Further studies are needed to verify whether this imaging approach can prospectively 

be used to optimize patient selection. 
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INTRODUCTION 

Ventricular conduction disturbances are associated with adverse cardiac remodelling and 

severely impaired left ventricular (LV) function, resulting in low quality of life and increased 

cardiovascular morbidity and mortality[111]. Cardiac resynchronization therapy (CRT) has 

emerged as a promising therapy for these patients, however, the non-response rate of up to 40% 

warrants an optimization of selection criteria for CRT candidates and remains an active area of 

investigation[26]. In search of novel hallmarks for successful CRT response, an emphasis is put 

on non-invasive cardiac imaging modalities, such as cardiac magnetic resonance (CMR) and 

nuclear imaging. The latter can provide deeper insight into the pathophysiology of LV 

remodelling, and may play a role in the selection of HF patients, who will most likely benefit 

from CRT.  

We have demonstrated in previous work that non-ischemic patients with left bundle branch 

block (LBBB) have a typical pattern of low septal and high lateral wall glucose metabolism, as 

assessed with 18F-fluorodeoxyglucose positron emission tomography/computed tomography 

(FDG PET/CT) before CRT implantation [112]. These regional metabolic alterations were most 

pronounced in the presence of mechanical dyssynchrony and correlated with regional and 

temporal inhomogeneity of myocardial work, consistent with a reduced early systolic loading 

of the septum versus an increased loading of the late activated lateral wall[106,113]. We and 

other investigators have shown, that this typical pattern of differential regional glucose 

metabolism before CRT implantation immediately normalizes after CRT, suggesting that FDG 

uptake might be a promising marker to optimize patient selection for CRT[37,39]. Furthermore, 

in a subgroup of non-ischemic HF patients, we have demonstrated that low FDG SLR before 

CRT implantation is associated with favorable volumetric reverse remodelling 12 months after 

CRT implantation [113]. However, in ischemic HF patients low FDG SLR can also be caused 

by the presence of septal scar. In general, the presence and extent of myocardial scar in CRT 

candidates, assessed with late-gadolinium enhancement (LGE) CMR, has been advocated to be 

an important predictor of negative CRT response, making scar assessment before CRT 

implantation of paramount importance [114].  

Therefore, in a prospective multicenter study we aimed to investigate whether regional glucose 

metabolism, derived from FDG-PET, together with septal scar, assessed by LGE-CMR, could 

be used to distinguish CRT responders from non-responders. 
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MATERIAL AND METHODS 

Study Population 

Patients referred for CRT implantation between August 2015 and November 2017 were 

prospectively recruited at the University Hospitals Leuven, Leuven, Belgium and Oslo 

University Hospital, Oslo, Norway. Inclusion for CRT was based on the 2013 ESC 

guidelines[8]. The main exclusion criteria were presence of right bundle branch block, recent 

myocardial infarction, valve surgery within 90 days prior to enrolment, history of heart 

transplantation or listed for heart transplantation, implanted LV assist device, severe aortic 

stenosis and uncorrected congenital heart disease. The study was approved by the local 

institutional ethics committees and all patients gave written and informed consent prior to 

inclusion. The WORK-CRT study was registered at ClinicalTrials.gov (NCT02537782). 

 

Clinical and physical evaluation 

The medical history as well as clinical and laboratory data of all patients were thoroughly 

collected before CRT implantation. The underlying cause of HF was established based on 

coronary angiography, nuclear imaging, CMR or patient’s medical history. Each patient 

underwent 12-lead ECG recording to evaluate QRS width and the presence of LBBB was 

defined according to ESC 2013 criteria[8]. 

 

Echocardiography 

All patients underwent a standard two-dimensional echocardiography within 1 week before and 

12 months after CRT implantation using commercially available systems (Vivid E9 and E95, 

GE Vingmed Ultrasound, Horten, Norway). Acquired data were stored digitally and analysed 

off-line using an EchoPAC workstation (version 202, GE Vingmed Ultrasound). LV end-

diastolic volume (EDV), end-systolic volume (ESV) and LV ejection fraction (LVEF) were 

measured using the modified biplane Simpson’s method. Volumetric remodelling after CRT 

was defined as the relative reduction in LV ESV between baseline and 12 months post-CRT (Δ 

LV ESV,% = (ESV 12M – ESV baseline) / ESV baseline) and an ESV reduction ≥ 15% was 

considered as CRT response. All echocardiographic analyses were performed in Leuven, 

Belgium. 
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FDG-PET/CT  

Static FDG-PET was performed 1 week before CRT implantation on a Biograph HiRez 40 or 

16 PET/CT (Siemens, Erlangen, Germany) or Discovery MI PET/CT (GE Healthcare, Chicago, 

IL, USA). A scout acquisition followed by a low-dose CT (80 kVp, 11 mAs) was performed 

for optimal patient positioning and subsequent attenuation correction of PET emission data. In 

order to facilitate myocardial glucose consumption over fatty acid uptake, patient preparation 

consisted of an intravenous hyperinsulinemic euglycemic clamping approach in Leuven, while 

an oral glucose loading method was applied in Oslo, as previously described[86]. After reaching 

a steady state plasma glucose level, 4.25 MBq/kg FDG was administered intravenously and a 

40-minute acquisition was performed approximately 45 minutes after tracer administration.  

All PET images were reconstructed using ordered-subsets expectation maximization algorithms 

(4 iterations and 8 subsets), matrix size 256x256 and a 5.0 mm Gaussian filter.  

FDG static images were generated from the whole 40 min acquisition and were analyzed in 

Leuven, using in-house developed software as previously published [88]. FDG uptake was 

calculated per segment, using a 17 segment polar map, and expressed as mean standardized 

uptake value (SUVmean). Septal and lateral wall FDG uptake was calculated as the averaged 

SUVmean of the five corresponding segments respectively. FDG SLR was calculated by 

dividing mean FDG uptake in the septum by mean uptake in the lateral wall.  

 

CMR and scar analysis 

CMR was performed prior to CRT implantation using a 1.5 Tesla Ingenia in Leuven (Philips 

Healthcare, Best, the Netherlands) or Aera in Oslo (Siemens, Erlangen, Germany). LGE images 

were acquired during steady state after intravenous injection of 0.15 mmol/kg gadoterate 

meglumine (Doteram™, Guerbet, Villepinte, France) and were analyzed visually by an 

experienced radiologist to determine the presence of scar, both of ischemic and non-ischemic 

origin, and semiquantitatively to calculate scar extent. Scar analysis was performed on stacks 

of multiple short axis images on magnitude reconstructed LGE using the Segment software v2.0 

R5270 and a 17 segment model was generated[115]. Manual correction of non-pathological 

LGE areas was applied when deemed necessary by the investigator. The total scar extent and 

scar extent in each of the LV walls, with the main focus on the septum, was calculated and 

reported as percentage of total LV myocardial volume in the diastolic phase. 
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Cardiac resynchronization therapy  

CRT implantation was performed according to the 2013 ESC guidelines[107]. Pacing 

electrodes were placed in the right atrium, right ventricle and LV with LV pacing leads 

preferably positioned in the lateral and postero-lateral venous branches, guided by coronary 

venography. After implantation, the device was set to bi-ventricular pacing in all patients.  

 

Statistical Analysis 

Statistical analysis was performed using MedCalc ® v.10.3.0 Software. Shapiro-Wilk test was 

used to check the normality of data distribution. Normally distributed continuous variables were 

expressed as mean ± standard deviation, otherwise median and interquartile range were used. 

Categorical variables were represented as percentages. Paired and unpaired t-tests were used 

for comparison of normally distributed continuous variables, Mann-Whitney U test was applied 

for not normally distributed variables, while χ2 test was used for categorical variables. The 

correlation between parameters was assessed with Pearson correlation coefficients. To 

determine independent predictors of LV ESV changes ≥15%, multivariate stepwise logistic 

regression analysis was performed. ROC analysis was applied on continuous parameters to 

identify the optimal cut-off values, while area under the curve (AUC) was used to assess the 

overall model performance. To assess the diagnostic performance of categorical parameters, a 

2x2 contingency table was used. All statistical tests were 2-tailed. A p-value of less than 0.05 

was considered statistically significant. 
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RESULTS 

A total of 88 patients meeting the eligibility criteria were included in the study. Patient 

characteristics are summarized in Table 1.  

 

Table 1. Baseline patients characteristics 

*p<0.01 compared to responders; #p<0.0001 compared to the baseline 

 

LV volumes at 12 months follow-up were available in 84 patients, 4 patients did not have 

echocardiography after 1 year due to HF deterioration (n=2), LV assist device implantation 

(n=1) and heart transplantation (n=1). FDG-PET/CT was performed in all 88 patients, out of 

whom 53 patients also underwent LGE CMR. 

Parameter All patients 

(n=88) 

Responders 

(n=48) 

Non-responders 

(n=40) 

Male (% of total) 63 (72%) 28 (58%) 35 (88%)* 

Age (years) 67±10 68±10 64±11 

Weight, kg 80±16 77±14 83±16 

Diabetes mellitus (% of total) 14 (16%) 8 (17%) 6 (15%) 

Systolic blood pressure (mmHg) 125±20 129±18 120±20* 

Diastolic blood pressure 

(mmHg) 

69±11 72±12 66±10* 

NYHA class: 2.47±0.6 2.44±0.5 2.50±0.7 

Heart failure etiology: 

-ischemic 

-non-ischemic 

 

41 (47%) 

47 (53%) 

 

13(27%) 

35(73%) 

 

28(70%)* 

12(30%)* 

Electrocardiographic parameters 

QRS width (ms) 168±23 167±21 168±26 

LBBB (ESC 2013) 76 (86%) 45 (94%) 31 (78%)* 

Echocardiographic parameters (pre-CRT): 

EDV (ml) 188±85 172±65 208±101 

ESV (ml) 134±69 123±53 148±84 

EF (%) 30±8 31±8 29±8 

Echocardiographic parameters (post-CRT): 

EDV (ml) 154±78# 122±54# 197±86* 

ESV (ml) 101±67# 71±39# 141±76* 

EF (%) 38±10# 43±9# 31±8* 

Heart failure therapy: 

β-blockers 80 (91%) 42 (88%) 38 (95%) 

ACEi/ARB 82 (93%) 46 (96%) 36 (90%) 

Aldosterone antagonists 42 (48%) 23 (48%) 19 (48%) 
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Forty-eight (55%) patients were considered responders, while 40 (45%) patients including those 

who did not complete the study protocol were non-responders.  

Responders were more often female, had more often LBBB pattern, had less often ischemic 

cardiomyopathy and had less dilated hearts compared to non-responders.  

 

 

FDG septal-to-lateral wall ratio 

Among patients who underwent FDG-PET/CT, 45 patients received an euglycemic 

hyperinsulinemic clamping protocol and 43 patients underwent an oral glucose loading 

protocol, with an equal distribution of both methods between responders and non-responders 

(p=0.5 for the difference between groups). Regional FDG SUVmean values in the septum and 

lateral wall were significantly higher whereas FDG SLR values were significantly lower in the 

group with euglycemic hyperinsulinemic clamping compared to the oral glucose loading group 

(all p<0.01) (Figure 1, Table 2).  

 

 

 

Figure 1. Glucose metabolism. Regional FDG uptake (A) and FDG septal-to-lateral wall 

uptake ratio (B), shown for CRT responders and non-responders and both clamping 

approaches. * p<0.001 compared to lateral wall, # p<0.0001 compared to non-responders. 
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Table 2. 18F-FDG PET results for responders and non-responders and both clamping 

approaches. FDG uptake is represented as mean standardized uptake value (SUVmean) 

SLR: septal to lateral wall ratio of FDG SUVmean; #p<0.0001 compared to non-responders; 

*p<0.001 compared to the septum; &p<0.01 compared to oral loading. 

 

Overall, septal glucose uptake was significantly lower compared to the lateral wall in both 

responders (n=48, 4.4±2.7 vs 7.7±4.6, p<0.0001) and non-responders (n=40, 5.0±2.9 vs 

6.4±3.9, p=<0.001), but the difference was more pronounced among responders (Table 2). FDG 

SLR was also significantly lower in CRT responders compared to non-responders (0.6±0.2 vs 

0.8±0.3, p<0.0001) (Table 2).  

 

 

Figure 2. Correlation plots between volumetric reverse remodelling post CRT versus FDG 

SLR (A) and the total amount of LV scar (B), assessed with PET and CMR, respectively, 

before CRT. Note that scar extent is expressed as a percentage of total LV volume. 

 

 Responders (n=48) Non-responders (n=40) 

 All 

patients 

(n=48) 

IV 

clamping 

(n=26) 

Oral 

glucose 

loading 

(n=22) 

 

All 

patients 

(n=40) 

IV 

clamping 

(n=19) 

Oral 

glucose 

loading 

(n=21) 

18F-FDG 

septum, 

SUV 

4.4±2.7 5.6±3.0& 2.9±1.0 5.0±2.9 6.8±2.9& 3.3±1.5 

18F-FDG 

lateral 

wall, SUV 

7.7±4.6* 10.9±4.0*
& 

4.0±1.2* 6.4±3.9* 9.5±3.2*& 3.6±1.8 

18F-FDG 

SLR 

0.6±0.2# 0.5±0.1&# 0.7±0.2# 0.8±0.3 0.7±0.2& 1±0.3 



88 
 

FDG SLR significantly and linearly correlated with volumetric reverse remodelling 12 months 

after CRT (r=0.41, p=0.0001) and showed a high overall performance for the prediction of CRT 

response (AUC 0.73 [0.62-0.84], p=0.0001) (Figure 2A, 3A). In non-ischemic HF patients, 

FDG SLR ≤0.75 and ≤0.82 for respectively euglycemic hyperinsulinemic clamping and oral 

glucose loading protocol, could predict CRT response with sensitivity and specificity of more 

than 80% (Figure 3B, C). Applying these thresholds to the ischemic HF population resulted in 

a sensitivity of 85%, but a decrease in specificity to 46%.  

 

 

 

Figure 3. Association of FDG SLR with CRT response in different groups of patients. ROC 

curve analysis for FDG SLR to predict CRT response, shown in all patients (A), in non-ischemic 

patients with euglycemic hyperinsulinemic clamping (B) and non-ischemic patients with an oral 

glucose loading (C). 
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Scar assessment LGE-CMR 

In patients with available LGE CMR scans, scar was observed in 33 patients, among whom 20 

patients had scar of ischemic origin, 9 patients had non-ischemic scar and 4 patients had 

evidence for both ischemic and non-ischemic scar. The remaining patients (n=20) did not have 

any evidence for scar. Scar was mainly present in the septum (n=25), followed by the inferior 

(n=19), anterior (n=18) and lateral (n=17) wall and was larger and more often encountered in 

non-responders compared to responders (Table 3).  

There was a significant linear correlation between the total amount of LV scar and 12 months 

reverse remodelling after CRT (r=0.45, p=0.01) with a lower total scar extent being associated 

with more pronounced reverse remodelling (Figure 2B).  

 

Table 3. CMR LGE findings represented for different patient groups 

*p<0.05 compared to responders 

 

Combined assessment of FDG SLR and LV scar for predicting CRT response 

In the multivariate logistic regression model with FDG SLR cut-offs, extent of septal scar and 

current parameters listed in CRT guidelines, including the  presence of LBBB, LVEF and 

QRS width, FDG SLR (p=0.004) and the extent of septal scar (p=0.004) were the only 

Scar characteristics All patients  

(n=53) 

Responders 

(n=35) 

Non-responders  

(n=18) 

Scar extent, % of the LV 

volume 

2.02 [0-17.8] 0 [0-4.0] 20.2 [3.9-36.5]* 

Absence of scar, patients 20 53%) 19 (54%) 1 (6%)* 

Presence of scar, patients: 33 (62%) 16 (46%) 17 (95%)* 

- Ischemic scar, patients 20 (38%) 8(23%) 12 (67%)* 

- Non-ischemic scar, patients 9(17%) 7(20%) 2(11%) 

- Combined scar, patients 4 (8%) 1(3%) 3 (17%) 

Scar location: 

- Septum, patients 25 (47%) 12(34%) 13 (72%)* 

- Lateral wall, patients 17 (32%) 6 (17%) 11 (61%)* 

- Anterior wall, patients 18 (34%) 7 (20%) 11 (61%)* 

- Inferior wall, patients 19 (36%) 9 (26%) 10 (56%)* 
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significant independent predictors for CRT response (Table 4). The combination of FDG-SLR 

and septal scar could predict CRT response with a sensitivity, specificity and AUC of 80%, 

83% and 0.88 [0.78-0.98], respectively (Figure 4). 

Table 4. Multivariate logistic regression with a stepwise approach with ESV 

reduction≥15% as dependent variable  

* - SLR ≤0.75 for euglycemic hyperinsulinemic clamping and SLR ≤0.82 for an oral glucose 

loading; # - scar presented as a percentage of the whole LV volume 

 

 

 

Figure 4. Performance of the combined assessment of FDG SLR and septal scar for the 

prediction of CRT response. Note that extent of septal scar is represented as percentage of 

total LV myocardial volume, while FDG SLR cut-off implies SLR ≤0.75 for euglycemic 

hyperinsulinemic clamping and SLR ≤0.82 for an oral glucose loading. In the logistic 

regression equation, represented below the graph, the coefficient for FDG SLR equal to 1 

should be used when FDG SLR is below the mentioned cut-off, otherwise 0 should be used as a 

coefficient. 

Parameter P-value 

FDG SLR cut-off* 0.004 

Septal ischemic scar, %# 0.004 

LBBB NS 

LV EF, % NS 

QRS width, ms NS 
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DISCUSSION 

This is the first study to investigate whether FDG SLR together with LV scar analysis could be 

used to predict CRT response. The main findings were that (i) low FDG SLR and septal scar 

were independent predictors of CRT response and (ii) a combination of both parameters can 

separate CRT responders from non-responders with high diagnostic accuracy.  

In previous work focusing on non-ischemic CRT candidates, we have demonstrated that FDG 

SLR reflects regional differences in glucose metabolism that are proportional to regional 

myocardial work. We have also shown, that in non-ischemic HF patients low FDG SLR is 

highly associated with the presence of mechanical dyssynchrony and significantly correlates 

with volumetric reverse remodelling 12 months after CRT [112,113]. In these patients, the 

lower the SLR, the larger is the contribution of lateral wall to LV contraction and output, and 

the lower is the contribution of the septum, which might even waste work by being stretched 

from the opposing lateral segments. When SLR is close to one, both walls contribute equally to 

LV contraction, leaving little room for functional improvement after CRT. 

In the current study we explored the predictive value of 18F-FDG SLR in a larger group of HF 

patients, with both ischemic and non-ischemic origin. In this cohort, we have also shown a 

linear correlation between FDG SLR and volumetric remodelling 12 months after CRT, with a 

lower SLR being associated with more favorable remodelling.  

The different patient preparation protocols for FDG-PET in both centers resulted in more 

pronounced differences in regional glucose metabolism with the euglycemic hyperinsulinemic 

clamping method, as compared to oral glucose load. The latter was reflected in a different range 

of SLRs, necessitating two separate FDG SLR cut-off values for CRT prediction, depending on 

the method used. In our study, FDG SLR cut-off values were defined in the non-ischemic 

subgroup, where differences in regional glucose metabolism are mainly attributed to regional 

changes in myocardial work and not to the presence of scar. As expected, high specificity of 

defined cut-off values in non-ischemic HF patients, decreased significantly when applied to the 

ischemic population, in whom a low SLR can also be caused by the presence of septal scar, 

hence limiting the potential of regional functional recovery. Therefore, a low SLR remains 

always sensitive, but is less specific in the presence of ischemic disease, and should therefore 

be accompanied with septal scar assessment before CRT implantation.  

The impact of septal scar on FDG SLR was clearly demonstrated when comparing regional 

glucose metabolism between responders and non-responders. Low FDG SLR in non-responders 
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was mainly driven by more frequently encountered septal wall scar, hence severely impaired 

glucose uptake, while low FDG SLR among responders, represented by predominantly non-

ischemic HF patients, was mainly caused by differences in regional work.  

The negative influence of scar on CRT response previously described by others, has been 

confirmed in our study by the linear correlation between total amount of LV scar and volumetric 

reverse remodelling after CRT [114]. This confirms the hypothesis, that successful CRT 

requires not only the presence of correctable dyssynchrony, but also enough viable myocardium 

to restore LV function. Not only the presence, but also the location of scar has been advocated 

to be another important predictor of CRT response with septal and lateral wall scar being 

associated with a lack of CRT response [116,117]. The latter is not surprising as both septal and 

lateral wall are regions which are affected by a LBBB-like conduction delay and which are the 

target of resynchronization therapy. In our study, the absence of lateral scar in CRT candidates 

is already incorporated in the definition of low SLR, as the presence of lateral scar would only 

increase FDG SLR. Therefore, only septal scar needs to be distinguished as it can lead to a low 

FDG SLR.  

Multivariate logistic regression analysis, including the extent of scar in septal wall and FDG 

SLR cut-offs in combination with parameters currently listed in CRT guideline (presence of 

LBBB, QRS duration and LVEF), revealed that only FDG SLR and septal scar extent were 

independent parameters of CRT response. Patients with low SLR and smaller septal scar extent 

had a higher chance of favorable CRT response. The fact that the remaining parameters, were 

not withheld is somewhat expected, because presence of LBBB and wide QRS are more often 

encountered in patients with low SLR. 

The importance of combining FDG SLR and septal scar, is highlighted by two representative 

patient cases in Figure 5. Both patients have similar low FDG SLRs below the cut-off value 

and are considered possible responders. However, the low FDG SLR in the first patient (left) is 

mainly driven by a large septal scar, unlikely to respond to CRT, while the low FDG SLR in 

the second patient (right) is solely attributed to a difference in regional myocardial work, hence 

suggestive for favorable response. Therefore, FDG SLR analysis should be accompanied by 

scar recognition in order to optimize selection of patients, who will most likely benefit from 

CRT. 
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Figure 5. A representative example of a CRT responder and a non-responder highlighting 

the need to combine FDG SLR with septal scar assessment. Both patients have similar low 

SLR below the predefined cut-off value and are considered to be potential responders. 

However, careful analysis of LGE CMR demonstrates, that the low SLR in one patient (left) is 

mainly driven by a septal scar that decreases the potential for regional reverse remodelling, 

making the patient unlikely to respond to CRT. In contrast, the low SLR in the other patient 

(right) is solely attributed to the difference in regional myocardial work, suggestive of a 

responder.  

 

Limitations: 

In the current study we propose low FDG SLR as reliable marker of CRT response, but one 

should be aware of the radiation burden and the dedicated patient preparation protocol for FDG-

PET. In non-ischemic HF patients, who usually do not have indications for nuclear imaging, 

risks and benefits should be assessed individually and search for other CRT predictors might 

be considered [31]. 

In our study, definition of CRT response was based only on the magnitude of volumetric 

reverse-remodelling which has been shown to correlate with clinical improvement and survival 

during long-term follow-up. It is, however, by no means an ideal surrogate parameter and an 

outcome analysis will have to confirm our conclusions in the future[118]. 
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CMR was not feasible in 40% of patients due to the presence of implantable devices or poor 

renal function. It would be interesting to explore the feasibility to reliably assess septal scar 

with alternative modalities, such as echocardiography or nuclear imaging in patients with 

contra-indications for CMR or in centers with low CMR availability or expertise. 

 

CONCLUSIONS 

Low FDG SLR predicts CRT response with high sensitivity and specificity, especially in non-

ischemic heart failure patients. Combination of low FDG SLR with septal scar further 

increases the diagnostic accuracy to reliably separate CRT responders from non-responders. 

Further studies are needed to verify whether this imaging approach can prospectively be used 

to better identify patients who will most likely respond to CRT. 
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CHAPTER IV 

Assessment of myocardial perfusion with 99mTc-Teboroxime using a 

dedicated cardiac SPECT camera 

 

[Manuscript in preparation] 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

This chapter addresses the following research questions: 

 Are the characteristics of 99mTc-Teboroxime suitable for perfusion assessment?  

 Is it feasible to image and quantify myocardial perfusion with 99mTc-Teboroxime using 

a dedicated cardiac camera in a pig model? 
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ABSTARCT 

Aim: Absolute myocardial blood flow (MBF) and myocardial flow reserve (MFR) provide 

additional diagnostic and prognostic information compared to relative perfusion in patients with 

coronary artery disease (CAD). The introduction of dedicated cardiac cadmium-zinc-telluride 

(CZT) SPECT cameras enables dynamic imaging and makes perfusion quantification feasible. 

However currently used 99mTc-based tracers suffer from non-linear extraction at higher flow 

rates. Here, we aim to assess MBF and MFR in a pig model using a CZT SPECT and 99mTc-

Teboroxime, a radiotracer with linear myocardial uptake and rapid myocardial clearance. 

Materials and methods: Healthy (n=5) and infarcted (n=3) pigs underwent a two-day rest-

adenosine stress imaging protocol. A 30-min dynamic acquisition (Discovery NM530c) was 

performed after administration of 370 MBq 99mTc-Teboroxime. Since no kinetic model for 

99mTc-Teboroxime is commercially available, MBF quantification was performed using 

different commercially available and validated models for 99mTc-tetrofosmin, 99mTc-sestamibi 

and 201Tl. In healthy pigs SPECT-derived MBF values, obtained with each of the algorithms, 

were correlated with microspheres-derived MBF (a gold standard), in order to evaluate the 

algorithm that best fitted the results of 99mTc-Teboroxime. This algorithm was further applied 

for the quantification of SPECT MBF in infarcted pigs. 

Results: 99mTc-Teboroxime was successfully synthesized and demonstrated a fast wash-out 

from the myocardium. Segmental SPECT- and microspheres-derived MBF was homogeneous 

across the heart in healthy pigs. However, among 2 healthy animals with completed rest-stress 

imaging protocol, increased flow at stress was only observed in one case, while in another 

animal MFR was around 1. None of the kinetic models perfectly reflected the kinetics of 99mTc-

Teboroxime, but the lowest bias with microspheres-derived MBF values was observed with 

1CM 99mTc-sestamibi model (0.32 ml/g/min). However, the limits of agreement were high 

(LOA: -0.30 – 1.95 ml/g/min). This model was further applied for perfusion quantification in 

infarcted pigs, where a heterogeneous MBF was observed, with a lower perfusion in the 

infarcted region.  

Conclusion: Non-invasive imaging and assessment of absolute MBF and MFR with 99mTc-

Teboroxime is feasible using a dedicated cardiac SPECT camera. Our study demonstrated the 

fast myocardial wash-out that could enable rapid serial studies, but further optimization of 

kinetic models specifically developed for 99mTc-Teboroxime and comparison to routinely used 

99mTc- tracers is warranted to evaluate possible clinical applications.   
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INTRODUCTION 

Coronary artery disease (CAD) is the leading cause of morbidity and mortality in the 

United States, Europe and developed countries. Moreover, as the population ages and life 

expectancy increases, cardiovascular diseases will have an even bigger socio-economic impact 

and therefore multimodal imaging of CAD still remains of major clinical and research interest 

[119,120].  

Radionuclide myocardial perfusion imaging (MPI), represented by single photon emission 

tomography (SPECT) and positron emission tomography (PET), has been widely implemented 

in the work-up of stable patients with suspected or known CAD for several decades. MPI has 

proven its value to assess myocardial ischemia, treatment choice and prognosis [67,68,121]. 

SPECT MPI is limited to only visual or semi-quantitative assessment of myocardial perfusion, 

which may cause an underestimation of the extent of atherosclerotic burden and ischemia, 

especially in patients with multi-vessel or main stem disease [69,70]. In contrast to SPECT, 

PET allows dynamic imaging with subsequent computation of quantitative information on 

myocardial blood flow (MBF) and myocardial flow reserve (MFR), hereby overcoming the 

shortcomings of SPECT. Despite obvious advantages for PET MPI, wide implementation of 

PET imaging is currently hampered by a relatively high cost, limited availability and 

requirement of an on-site cyclotron or generator. As consequence, the majority of MPI 

(especially in Europe) is still performed on conventional SPECT cameras, acknowledging the 

limitations of the technique.  

However, the advent of new cardiac dedicated SPECT cameras with either multi-pinhole or 

multi-parallel hole solid state cadmium-zinc-telluride collimators (CZT), represented by 

Discovery NM 530c (GE Healthcare, Haifa, Israel) and D-SPECT (Spectrum-Dynamics, 

Cesarea, Israel), respectively, revolutionized the field of nuclear cardiology, enabling for the 

first time dynamic SPECT acquisition. Indeed, recent preclinical and clinical studies have 

demonstrated a good correlation between MBF/MFR values, derived from different perfusion 

tracers (99m Tc-sestamibi, 99mTc-tetrofosmin and 201Tl-thallium), and either microspheres or 

15O-H20 as reference standard [76,78]. Nevertheless, the 99mTc-labeled radiotracers are 

suboptimal for an accurate perfusion assessment due to their relatively low extraction fraction, 

especially at high flow rates, that may underestimate the apparent flow increase at stress [79–

81]. On the other hand, 201Tl has a higher and more linear extraction fraction, but has worse 

image quality due to low photon energy and exposes patients to a higher radiation. With the 

advent of dedicated cardiac cameras and limitations of current SPECT tracers, the interest in a 
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previously developed imaging agent 99mTc-Teboroxime has been renewed. 99mTc-Teboroxime 

has a high and linear extraction fraction at high flow rates and fast myocardial kinetics[81–83]. 

The latter impeded its wide use with conventional Anger cameras, but can be a valuable 

hallmark in the era of cardiac-dedicated SPECT systems.  

Therefore, the aim of our study was to assess the feasibility to image myocardial 

perfusion and quantify MBF and MFR with 99mTc-Teboroxime using a dedicated cardiac 

camera in a pig model in comparison to colored microspheres serving as reference. 
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METHODS 

Radiosynthesis 

Cold kits for radiosynthesis of 99mTc-Teboroxime were made and supplied in lyophilized form 

by the radiopharmacy unit of KU Leuven according to previously published reports (US patent 

4,705,849 (1987) and 6,056,941 (2000) by A. Nunn and E. Schramm). Radiosynthesis was 

performed according to the protocol described by Zheng et al. [122]. In brief, 99mTc-

Teboroxime was synthesized by adding 740 MBq of 99mTc-pertechnetate to the vial. The vial 

was heated for 5 minutes in a boiling water bath and then cooled to room temperature before 

adding 9 ml of 20% propyleneglycol solution. Radiochemical purity of the prepared radiotracer 

was determined by radio high pressure liquid chromatography on a XBridge C18 column (Jana, 

4.6 mm x 150 mm, 5µm). 

 

Biodistribution  

Ex vivo biodistribution studies with 99mTc-Teboroxime were performed in 12 wild type mice (n 

= 3 per time point, weight 26-34 g). Mice were anesthetized with 2.5% isoflurane in oxygen at 

a flow rate of 1L/min and 37 kBq was injected via the tail vein. At specific time points (2, 15, 

30 and 60 minutes) after tracer administration, mice were sacrificed by decapitation and 

blood and major organs were collected in tared tubes and weighed. Radioactivity in blood and 

organs was counted using an automated γ-counter (Wallac 2480 Wizard 3q, Perkin Elmer, 

Waltham, USA). Obtained values were expressed as percentage of injected dose per gram tissue 

(% ID/g).  

Large animal study 

Eight female domestic cross-bred pigs weighing 25–30 kg (n = 5 healthy controls and n = 3 

infarcted pigs) were included in the experiment. A schematic representation of the experimental 

protocol is shown in Figure 1.  

 

Figure 1. Schematic overview of the experimental study protocol. CMR -cardiac magnetic 

resonance, SPECT - single photon emission tomography. 
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Induction of myocardial infarction was performed according to the established protocol in our 

laboratory. To prevent life-threatening arrhythmia during the percutaneous intracoronary 

intervention, animals were pretreated with 200 mg amiodarone (Cordarone, Sanofi, Diegem, 

Belgium) 2x/d for 3 days before myocardial infarction induction. One day before and on the 

day of myocardial infarction animals received 300 mg clopidogrel (Plavix, Sanofi, Paris, 

France) and 100 mg aspirin (Dispril, Reckitt Benckiser, Brussels, Belgium). The day of the 

procedure, pigs were sedated with 2.5 mg/kg Xylazine (Vexylan, CEVA Sante Animale, 

Brussels, Belgium) and Telazol (tiletamine 4 mg/kg and zolazepam 4 mg/kg (Zoletil100, Virbac 

Animal Health, Carros, France)). After intubation, anesthesia was induced with an intravenous 

bolus injection of 3 mg/kg propofol (Diprivan, AstraZeneca, Brussels, Belgium) and maintained 

with a continuous infusion of 10 mg/kg/hr propofol and 18 µg/kg/hr remifentanil (Ultiva, GSK, 

Genval, Belgium). Mechanical ventilation was started immediately after anaesthesia induction. 

Coronary arteries for angiography were reached through the intra-arterial sheath, inserted into 

the carotid artery (8fr). To prevent thromboembolism a bolus of 10,000 IU heparin (Heparine 

Leo, Leo Pharma, Wilrijk, Belgium) and 500 mg acetylsalicylic acid (Aspegic, Sanofi, Diegem, 

Belgium) were injected through the sheath. A guide wire was introduced in the left anterior 

descending artery (LAD) under fluoroscopic guidance and myocardial infarction was induced 

by 90 min balloon inflation (2.5610 mm Maverick balloon at 6 atm), distal to the second 

diagonal branch of LAD. Acute ischemia was followed by 2 h of reperfusion. Invasive 

monitoring of blood pressure and 3-lead electrocardiographic monitoring was performed during 

the entire experimental procedure. To prevent infection of the cervical wound 2.5 mg kg-1 

enrofloxacin (Baytril, Bayer, Brussels, Belgium) was administered intramuscularly at the end 

of experiment. Subsequent analgesia was achieved with 0,3 mg of Buprenorphine (Temgesic, 

2 mg/ml), that was intramuscularly injected every 8 h during 48 h after myocardial infarction 

induction. Clopidogrel (Plavix, Sanofi, Paris, France) 75 mg/day and aspirin (Dispril, Reckitt 

Benckiser, Brussels, Belgium) 100 mg/day were orally administered till the pig was euthanized. 

On day 3 after myocardial infarction all animals received cardiac magnetic resonance (CMR) 

(TRIO-Tim, Siemens, Erlangen) after intravenous infusion of gadolinium (gadoterate 

meglumine 0.2 mmol kg−1) for assessing the presence, extent and location of myocardial scar.  

For each SPECT scan, all animals underwent the same sedation, intubation, general anesthesia 

and mechanical ventilation, as described above. Additionally, a pigtail catheter (6fr) was 

advanced into the left ventricle (LV) through an intra-arterial sheath inserted into the carotid 

artery (8fr). To prevent thromboembolism a bolus of 10,000 IU heparin (Heparine Leo, Leo 

Pharma, Wilrijk, Belgium) was injected through the sheath. To prevent wound infection 2.5 

https://www.sciencedirect.com/topics/medicine-and-dentistry/clopidogrel
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mg/kg enrofloxacin (Baytril, Bayer, Brussels, Belgium) was administered intramuscularly at 

the end of each experiment. Each pig was euthanized at day 5 after the first SPECT scan using 

an in-house protocol with propofol and saturated KCl. 

 

Ethical approval 

Both animal experiments were approved by the in-house ethical committee (Ethische 

Commissie Dierproeven, KU Leuven), with permit numbers P011/2016 and P021/2016. 

Animals were housed and treated according to the Guide for the Care and Use of Laboratory 

Animals (National Institute of Health, USA), and the European Directive 2010/63/EU and the 

Belgian Royal Decree of 29 May 2013. 

 

SPECT acquisition 

All cardiac images were acquired on a Discovery NM 530c (GE Healthcare, Haifa, Israel). 

SPECT acquisitions included a two-day rest-adenosine stress imaging protocol with 99mTc-

Teboroxime and were performed at day 0 and day 3 in the group of healthy animals, while 

acquisition in the infarcted group were performed on day 21 and 24 after induction of 

myocardial infarction (Figure 1). A CT-scan (120 kVp, 1.0mA, 2.0 rmp) was acquired on 

Discovery NM/CT 670 (GE Healthcare, Haifa, Israel) prior to each SPECT imaging for 

subsequent attenuation correction (AC) of the emission data.  

Pigs were positioned in left lateral decubitus and fixed in a box for all imaging 

modalities. To allow accurate positioning of the heart in the center of the CZT camera, a small 

activity of 201TI (20 MBq) was injected followed by a 10-min acquisition (Figure 2).  

 

Figure 2. Schematic overview of the SPECT and microspheres stress protocol. Note that the 

rest protocol was identical to stress, except for the adenosine injection. Co-injection of 

colored microspheres with 99mTc-Teboroxime was performed only in healthy pigs.  
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Upon positioning the heart in the center of the field-of-view, a dynamic 35-min list-mode 

acquisition was started together with intravenous injection of 370 MBq 99mTc-Teboroxime. 

99mTc-Teboroxime was injected using an infusion pump (Nemoto Sonic Shot GX) at a rate of 9 

ml over 20 s, followed by a 9 ml saline flush over 20 seconds [78]. A pharmacological stress 

examination was performed using intravenous adenosine (140 µg/kg/min) for 10 minutes, 

starting 4 minutes prior to tracer and microsphere injection (Figure 2).  

 

SPECT image reconstruction and analysis 

All images were reconstructed with and without CT-based AC on a standard workstation 

(Xeleris, GE Healthcare, Haifa, Israel) using a manufacturer-supplied iterative reconstruction 

algorithm with 50 iterations. AC was performed by manual co-registration of the acquired 

SPECT and CT images.  

List-mode data of all animals were re-binned into 100 frames of 20 sec, that were 

subsequently used to generate time-activity curves (TAC) of different regions. For this, regions 

of interest (ROIs) were manually drawn on a reference image using dynamic analysis tool 

(Xeleris 4.0, GE Healthcare, Haifa, Israel) and were automatically copied to all 100 

reconstructed frames. The reference image was chosen visually and corresponded to the image 

with good visualization of the heart (Figure 3). At least 3 ellipsoidal ROIs were drawn in the 

LV myocardial wall, one ROI was placed in the LV cavity for blood pool activity and one ROI 

was placed in the liver – organ of major 99mTc-Teboroxime excretion (Figure 3). All ROIs were 

normalized and per injected activity.  

 

 

 

Figure 3. Representative example of ROIs placed in the blood pool, LV myocardial wall 

and liver in a healthy animal. Shown ROIs are drawn on the reference image and will be 

subsequently automatically copied to 100 dynamic frames. 
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Changes in the myocardium/liver and myocardium/blood pool ratios during rest and 

stress SPECT acquisitions were used to determine the optimal time window to generate static 

images. Perfusion scans were displayed in conventional short axis (SA), vertical long axis 

(VLA), horizontal long axis (HLA) and as polar maps. Image quality was assessed visually, 

taking into account liver interference with the inferior wall, contrast between structures, and 

sharpness of the myocardial edges. 

For absolute quantification of MBF, list-mode data were re-binned in 18 frames of 10 

sec and 4 frames of 120 sec, and analyzed with 4DM Reserve software (Xeleris 4.0, GE 

Healthcare, Haifa, Israel). Because of the lack of a well-validated and available kinetic model 

for 99mTc-Teboroxime in 4DM, in healthy animals quantification of MBF was performed using 

available 1-tissue compartment (1CM) and net-retention (NR) models for 99mTc-labeled 

radiotracers, 13N-NH3 and 201Tl.  Perfusion was quantified per segment using the 17 segment 

American Heart Association heart model[89]. Segmental MBF values, obtained with each of 

the algorithms, were correlated with segmental microspheres-derived MBF (a gold standard), 

in order to evaluate the algorithm that best fitted the kinetics of 99mTc-Teboroxime. This 

algorithm was further applied for the quantification of SPECT MBF in infarcted pigs. 

Additionally, SPECT MBF was calculated per coronary artery territory (LAD, left circumflex 

(LCX), right coronary artery (RCA)), as mean perfusion of the corresponding segments, and 

for the whole myocardium (global), as mean perfusion of the 17 segments. MFR was calculated 

per segment, per vascular territory and for the whole myocardium, as a ratio of the 

corresponding stress and rest MBF values. 

 

Microspheres protocol and analysis 

Microspheres were only administered in healthy animals. Simultaneously with 

radiotracer injection, 2 million eosin or yellow 15 µm dye extraction Dye-Trak microspheres 

(Triton Technologies, San Diego, USA), diluted in 10 ml of saline, were injected in the LV 

cavity during rest and stress respectively. Injection was done over 20 sec followed by a 20 mL 

saline flush. Reference blood samples were withdrawn from the carotid artery for 3 minutes at 

a speed of 7 mL/min starting 20 sec prior to microsphere administration (Figure 2).  

After sacrificing the animals, the whole heart was excised and 17 small samples (max 1 

gram of tissue) were harvested, corresponding to the 17 segments of the AHA model [89]. In 

order to evaluate the homogeneity of microsphere distribution, tissue samples from both 
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kidneys were also collected. The difference in perfusion between the kidneys ≤15% was 

considered within the acceptable limit.   

Microsphere processing and MBF quantification was performed according to the 

manufacturer’s protocol (User`s Manual for Dye-track and Dye-track VII+, Triton Technology 

Inc., San-Diego, USA). MBF was calculated for each kidney and for each of the 17 segments 

of the heart [89]. MBF per coronary artery territory was represented as an average MBF of the 

corresponding segments, while global MBF was calculated as an average of the 17 segments. 

MFR was calculated per segment, per vascular territory and for the whole myocardium as a 

ratio of the corresponding stress and rest MBF values. 

 

Statistical analysis 

Statistical analysis was performed using SPSS Statistics 20 (IBM, Chicago, IL, USA). The 

normality of data distribution was evaluated using the Wilk-Shapiro test. Continuous variables 

were presented as mean±standard deviation and compared using a t-test. The correlation 

microspheres-derived and SPECT-derived MBF was assessed with Pearson correlation 

coefficients. The agreement between two methods was assessed with a Bland-Altman test. A 

value of p<0.05 was considered statistically significant. 
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RESULTS 

Radiosynthesis of 99mTc-Teboroxime 

99mTc-Teboroxime was successfully synthesized with a radiochemical purity of > 95 % in all 

cases as determined by radio high pressure liquid choromatography.  

 

Biodistribution of 99mTc-Teboroxime 

The results of the biodistribution studies in mice at different time points are shown in Figure 4.  

Figure 4. Biodistribution results of 99mTc-Teboroxime in mice. Values are represented as 

percentage of injected dose per gram tissue (%ID/g ), averaged for 3 mice per each time 

point.   

 

A high myocardial uptake of 99mTc-Teboroxime at 2 minutes post injection (11.52±0.41 ID%/g) 

decreased very rapidly, with only 4.42±0.94 ID%/g of injected dose left in the heart 10 min post 

injection and 2.04±0.12 ID%/g of injected dose 60 minutes post injection.  

In contrast to the myocardium, radiotracer uptake in other organs was limited, except for the 

liver, intestines and kidneys, suggesting a predominant hepatobiliary excretion of 99mTc-

Teboroxime in combination with a renal clearance.  
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99mTc-Teboroxime was cleared quite rapidly from the blood with less than 1 % of the injected 

dose left in the blood after 10 minutes post injection. Interestingly, a high muscular uptake was 

observed and remained quite constant over a 60-min period. 

 

Large animal experiment 

SPECT study 

Out of 8 included animals, only 2 healthy and 3 infarcted pigs successfully completed the full 

protocol with both rest and stress SPECT acquisitions. In the other three healthy pigs, only a 

resting study without CT (n=1) and a stress study (n=1) were performed because of technical 

problems, whereas in another pig only 1 CT scan was acquired, that has been used for 

attenuation correction of both stress and rest images. In total, 7 AC (3 rest and 4 stress scans) 

images in the healthy pigs and 6 AC images (3 rest and 3 stress scans) in the infarcted pigs were 

obtained and analysed.  

 

Kinetics of 99mTc-Teboroxime in large animals 

The 99mTc-Teboroxime kinetics were analyzed on the 7 AC images obtained in control 

animals. A representative example of the TAC in the LV cavity, LV wall and liver is shown in 

Figure 5. 

 

 

Figure 5. Representative example of 99mTc-Teboroxime kinetics in LV cavity, LV wall and 

liver, demonstrated for rest (A) and pharmacological stress (B) SPECT acquisitions. A 

zoomed image demonstrates the first pass of the tracer in the LV cavity, that is immediately 

followed by rapid increase in tracer uptake in the LV wall and to the less extent in the liver. 

Note the fast tracer wash out from the blood pool and myocardium in contrast to its continuous 

accumulation in the liver during both rest and stress scans. Time of tracer injection is indicated 

by the black arrow. 
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The TAC of the LV cavity (blood pool) showed a high first pass followed by a rapid 

decrease of 99mTc-Teboroxime concentration in the blood pool, suggesting a fast clearance of 

the tracer from the circulation.  

The TAC of the LV myocardial wall demonstrated a fast tracer uptake by the heart 

immediately following the first pass. Afterwards, a decrease of tracer concentration in the heart 

was observed, reaching 50% of maximal uptake already at 502±167sec post-injection, 

corresponding to a fast myocardial wash-out of 99mTc-Teboroxime. There was a trend towards 

faster myocardial clearance during stress (427±60sec) compared to rest (588±212sec), however 

the difference was not significant (p>0.05).  

In contrast to the LV cavity and wall, there was a quite rapid and constant accumulation 

of radiotracer in the liver, reaching a maximum uptake at 629±255 sec, that remained relatively 

constant during the exam. There was no significant difference in liver kinetics between rest and 

stress studies. 

The dynamic changes in LV wall/ LV cavity as well as LV wall/liver ratios were similar 

between rest and stress acquisitions and an optimal time window for static reconstructions was 

defined between 100-400 sec after tracer injection (Figure 6). 

 

Figure 6. A representative example of the changes of LV wall/LV cavity and LV wall/liver 

count ratios in a healthy pig during rest SPECT acquisition. This example illustrates how the 

5 min optimal time-window (black dashed box, 100-400sec after tracer injection) was selected 

for subsequent visual assessment of myocardial images. Time of tracer injection is indicated by 

the black arrow.  
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Visual assessment of myocardial perfusion images 

All static 5-min (100-400 sec pi) SPECT AC scans of healthy and infarcted pigs demonstrated 

high contrast between myocardium and LV cavity and good delineation of the LV wall. 

Increased liver uptake was observed in all images but did not affect the diagnostic quality of 

the images except for one case (Figure 7,8). 

In contrast to a homogenous tracer distribution in healthy pigs, a clear apical perfusion defect 

corresponding to the LAD territory was observed in infarcted animals. The perfusion defect at 

stress exceeded the defect at rest, indicating the presence of inducible ischemia. The location 

and extent of the perfusion defect perfectly corresponded to the regions of late gadolinium 

enhancement (LGE) on CMR scans (Figure 7,8). 

 

Figure 7. Representative 5-min static AC reconstructions, showing a homogeneous tracer 

uptake in the myocardium in the healthy pig (upper raw) and a perfusion defect in the 

anterior wall in the infarcted pig (lower raw). Perfusion defect is larger at stress compared to 

rest, being indicative of inducible ischemia in the peri-infarct area. Note the high tracer uptake 

in the liver that does not influence image interpretation. 
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Figure 8. Representative example of CMR and SPECT scan of the infarcted animal. Note the 

match between the perfusion defect on CZT SPECT scans with the region of LGE on CMR. 

 

Microsphere-derived MBF 

For the analysis of microsphere-derived MBF, we focused only on the 2 healthy pigs with 

complete rest and stress imaging protocols. In both pigs, segmental analysis demonstrated a 

relatively homogenous MBF across the myocardium, both during rest and stress. Segmental 

perfusion values at rest were similar among both animals and corresponded to 1.08±0.2 

ml/min/g and 1.05±0.18 ml/min/g, respectively. However, while segmental MBF significantly 

increased at stress in one animal (2.97±0.53 ml/min/g), stress MBF of another animal was 

similar to values at rest (1.02±0.14 ml/min/g). Similarly to segmental analysis, stress MBF per 

vascular territory and for the whole myocardium was increased only in one animal, resulting in 

a global MFR of 2.8. Another animal did not respond to adenosine stress and had global MFR 

around 1.0.  

The difference in perfusion between the kidneys during the same experiment varied between 1 

and 15%. 
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Kinetic model for 99mTc-Teboroxime 

Segmental and regional analysis of SPECT-derived MBF in both healthy pigs that completed 

the full protocol demonstrated a relatively homogenous perfusion across the heart during rest 

and stress, independently of the applied algorithm. In analogy to the microsphere results, stress 

induced hyperemia was only observed in one animal. Despite the similar patterns of perfusion 

distribution between applied algorithms, the differences in absolute MBF and MFR values was 

pronounced, with the highest stress MBF observed with Tc 1CM algorithm  (Figure 9). 

 

Figure 9. Representative example of global rest and stress SPECT-derived MBF of a healthy 

pig, quantified using different available commercial algorithms. Note similar perfusion 

pattern but the pronounced difference in the absolute MBF values between the algorithms. The 

pig demonstrated a response to adenosine injection, with the most pronounced increase in 

stress flow, observed with Tc 1CM model. 1CM – 1-tissue compartment kinetic model; NR - 

net-retention model. Tc – Technetium sestamibi, Tl – Thallium, NH3 – Ammonia. 
 

 

Segmental SPECT-derived MBF correlated well with corresponding microsphere 

measurements, independently of the applied perfusion algorithm (all r>0.56, p≤0.03) (Figure 

10). The lowest bias between microspheres and SPECT-derived MBF values was obtained 

when Tc algorithm, based on 1CM kinetic model was used (-0,32 ml/g/min), however at the 

expense of wide limits of agreement (LOA from -1,83 to 1,19 ml/g/min). All kinetic models, 

except for the Tc 1CM model, underestimated the absolute flow derived from SPECT in 

comparison to the microsphere measurements.  
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Figure 10. Correlation plots (left) and Bland-Altman plots (right) between microspheres-derived 

MBF and SPECT MBF, derived from different algorithms for perfusion quantification. All data 

points correspond to MBF calculated per segments of both pigs with completed rest – stress protocol. 

Data points are colored according to the corresponding coronary territory (LAD – green, LCX – 

orange, RCA –blue). 1CM – 1 tissue compartment kinetic model; NR - net-retention kinetic model. 

 

SPECT-derived MBF in infarcted animals 

In the group of 3 infarcted animals with the completed rest and stress SPECT imaging protocols, 

SPECT MBF was quantified using Tc 1CM model. In this group of animals, a heterogeneous 

MBF was observed, with a lower stress MBF and MFR values in the area of LAD, 

corresponding to the infarcted region.  

An overview of SPECT MBF, quantified with Tc algorithm, based on 1CM kinetic model, for 

every infarcted pig is shown in Figure 11.  



113 
 

 

Figure 11. An overview of regional SPECT-derived MBF and MFR per each infarcted 

animal, participated in the experiment. MBF was calculated based on the Tc-sestamibi 1CM 

model. Note lower stress MBF and MFR in LAD territory, corresponding to the area of 

myocardial infarction. 
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DISCUSSION 

This study demonstrates the feasibility to image myocardial perfusion and quantify 

MBF and MFR with 99mTc-Teboroxime using a cardiac-dedicated CZT SPECT camera in a 

large animal model. 

99mTc-Teboroxime was successfully synthesized and ex vivo biodistribution studies in 

mice showed a high and specific myocardial uptake, along with a fast myocardial wash-out. 

Our findings are in agreement with previously published studies showing 70% myocardial 

clearance of 99mTc-Teboroxime within 15 minutes after administration [122,123]. The excretion 

of 99mTc-Teboroxime occurs mainly through the hepatobiliary system and to a lesser extent via 

the urinary system which is also in line with previous studies [123]. However, absolute values 

of biodistribution studies were significantly higher in our study, compared to the study by 

Zheng et al [122]. In his paper the reported radioactivity in the heart and blood at 2 min post 

injection were respectively 11.52±0.41 %ID/g and 2.38±0.25 %ID/g versus 3±0.37%ID/g and 

0.47±0.05%ID/g, observed in our study, though the myocardium/blood ratio were quite similar. 

This discrepancy can be at least partially explained by the animal model used in both studies - 

mice vs rats.  

In our study, in vivo kinetics of 99mTc-Teboroxime was investigated only in healthy 

animals, in which there is a minimal influence of external factors (ischemia, scar) on tracer 

behavior in the heart. Similar to the ex vivo biodistribution studies, in vivo images revealed fast 

myocardial kinetics with T1/2 of respectively 9 and 7 minutes at rest and during stress. These 

values correspond well to reported myocardial half-lives, with somewhat faster myocardial 

wash out at stress [124–126].  

In vivo biodistribution revealed a high liver uptake, which has been already described in 

several other studies [122,124,126]. This could interfere with myocardial activity in the inferior 

wall, resulting in suboptimal image quality and difficulties to reliable interpret perfusion 

studies. Therefore we defined an optimal 5-minute time window between 100 and 400 sec post 

injection to allow adequate visual assessment while minimizing liver interference. Even though 

liver activity is always present, in our study image interpretation was only hampered in one 

case but nevertheless this could be a potential drawback for clinical applications. Our optimal 

time window is within the window recommended by the study of Li et al., who suggested that 

acquisition within the first 15 min after 99mTc-Teboroxime injection provides good image 

quality with a conventional Anger camera [124]. 
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Visual analysis of static images demonstrated a homogeneous 99mTc-Teboroxime 

distribution in the heart of healthy pigs, while in infarcted animals a clear perfusion defect was 

observed in the territory of LAD. This perfusion defect was larger at stress, indicating the 

presence of a border zone ischemia, which perfectly matched the location of the infarct on LGE 

CMR serving as gold standard.  

Microspheres-derived MBF was used as a reference standard in healthy animals. 

Obtained MBF values at rest were similar to the values previously reported in pigs, ranging 

between 0.9 and 1.2 ml/min/g [127,128]. Furthermore, MFR observed in one pig with 

successful induced coronary vasodilation was also within the range of reported values in 

previous studies  (MFR of 1.6-5) [128–130], corroborating that microsphere-derived values, 

obtained in our study, could serve as a standard for perfusion and flow reserve quantification. 

In another animal, stress MBF values were similar to rest MBF values, indicating that the pig 

did not adequately respond to the pharmacological stress agent. The latter can be explained by 

a suboptimal dose of adenosine used to induce maximal coronary vasodilation. Indeed, some 

studies have shown that the evident effect of adenosine infusion on coronary vasodilation in 

pigs was only observed with higher doses of adenosine ranging from 240 μg/kg/min to 500 

µg/kg/min [131,132]. 

 Due to the lack of a well-validated kinetic model for 99mTc-Teboroxime, SPECT-

derived MBF and MFR were calculated using validated algorithms and models for routinely 

used perfusion tracers. We observed a moderate correlation between SPECT-derived and 

microsphere-derived MBF, independently of the perfusion algorithm applied, but imaging 

derived absolute values were underestimated by all approaches except for the 99mTc 1CM. This 

flow quantification algorithm demonstrated the lowest bias between SPECT-derived and 

microspheres-derived MBF, but the limits of agreement on Bland-Altman plot were rather wide, 

pointing out that even this model is not perfectly suited to assess to quantify flow with 99mTc-

Teboroxime. Nevertheless, the 99mTc perfusion protocol was further applied in infarcted 

animals, where perfusion heterogeneity in segmental and regional MBF and MFR was 

observed, with lowest values in the LAD territory corresponding to the infarcted area.  

Despite the observed correlation between microspheres- and SPECT-derived 

parameters, none of the kinetic models demonstrated a perfect line of identity between both 

methods. The latter can be, at least partially, explained by the peculiar mechanism of 99mTc-

Teboroxime uptake and wash out from the myocardium that is different from other 99mTc-

labeled compounds or PET perfusion tracers[133]. However, despite the difference in absolute 
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values between microsphere-derived and SPECT-derived MBF and MFR, a similar trend 

between these values was observed in the pigs. 

Our study has several limitations. First, there is currently no well-validated kinetic 

model for 99mTc-Teboroxime available in commercial software packages. Therefore, in the 

current study, we applied different available kinetic models for 99mTc, 201TI, and 13N-Ammonia 

for flow and flow reserve quantification, however none of these models perfectly reflect the 

myocardial kinetics of 99mTc-Teboroxime. Secondly, we observed a variable response to 

adenosine among the animals with only 5 animals completing the experimental protocol of 

which 4 responded to adenosine stress. Finally, in the current study we have only evaluated the 

feasibility of using 99mTc-Teboroxime in a large animal model but the performance of this tracer 

has not been compared to routinely used radiotracers for MPI. 

 

CONCLUSIONS  

The results of our proof-of-concept study demonstrate the feasibility to non-invasively assess 

and quantify myocardial perfusion and flow reserve with 99mTc-Teboroxime using a dedicated 

cardiac CZT camera. However, development and validation of kinetic models dedicated for 

99mTc-Teboroxime are needed for accurate quantification of absolute MBF. 
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DISCUSSION 

In the first part of the thesis manuscript, we explained the pathophysiology of LV remodelling 

in the presence of prominent markers of successful CRT response (LBBB, mechanical 

dyssynchrony) and found a potential application for nuclear imaging in selection of patients, 

who will most likely benefit from CRT implantation. The main findings and conclusions of this 

part are: 

1. LBBB causes heterogeneity in regional cardiac perfusion and metabolism 

In the group of non-ischemic HF CRT-candidates, we have demonstrated, that the presence of 

LBBB causes a redistribution of regional absolute myocardial perfusion and metabolism, as 

assessed with 13N-NH3 and 18F-FDG PET-CT, respectively. More specifically, highest 18F-

FDG uptake and absolute MBF were observed in the lateral wall, lowest values in the septum 

and intermediate values for both perfusion and metabolism in the anterior and inferior walls 

(Chapter I, Figure 1 and Figure 2A). Since these findings were observed in a group of patients 

with non-ischemic cardiomyopathy, the influence of scar/ischemia on the obtained results can 

be almost completely excluded. We therefore assume that regional redistribution of myocardial 

perfusion and metabolism in LBBB patients represents an adaptation to the differences in 

regional workload in an asynchronously contracting ventricle. Indeed, it has been demonstrated 

that septum of LBBB heart contracts early against the low LV pressure and relaxed lateral wall, 

losing its contribution to the cardiac output, but rather displacing the blood towards the lateral 

wall and stretching lateral segments. In contrast, the lateral wall has to compensate for the low 

septal contribution to cardiac output. Being pre-stretched by the septum, it contracts with the 

greater force, thus bearing an excessive workload[37]. This discoordinated myocardial 

contraction with the differential regional workload distribution results in a physiological 

adaptation of energetic and oxygen demands, causing regional perfusion and metabolism 

heterogeneity, as observed in our study. The strong linear correlation between 18F-FDG glucose 

metabolism and amount of myocardial work has been already demonstrated earlier by our group 

in a preclinical sheep LBBB model, and only further strengthens and supports our 

hypothesis[37].  

Our results are in line with previous studies that explored cardiac metabolism with 18F-FDG 

PET in LBBB patients [38,39]. 18F-FDG SLRs, obtained in our study also perfectly matched 

the range presented by other authors in a similar patient cohort [39,94]. In contrast to concordant 
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results for metabolic activity,  results on myocardial perfusion have rather been conflicting. 

While some studies showed similar to our results septal hypoperfusion, other studies reported 

homogeneous perfusion across the heart in patients with LBBB[39,57]. In order to try to explain 

the differences across the studies, we evaluated and compared different approaches of perfusion 

assessment (see below). 

 

2. The different approaches of perfusion assessment with 13N-NH3 PET influence 

the perfusion results in patients with LBBB 

In order to find at least a partial explanation for the controversial myocardial perfusion 

results in LBBB patients, described in the literature, we compared different approaches of 

perfusion assessment with 13N-NH3 PET/CT in the same cohort of non-ischemic HF patients. 

More specifically,  absolute quantification of perfusion in ml/g/min, calculated using different 

kinetic models, was compared to a semi-quantitative approach, that implies assessment of tracer 

concentration (SUV), derived from “late” static images. We have demonstrated that absolute 

quantification of myocardial perfusion results in a lower perfusion in the septal and a higher 

perfusion in the lateral wall, independently of the applied kinetic model, while no significant 

differences were observed between both walls using the semi-quantitative approach (Chapter 

I, Figure 2). The latter can be explained by the metabolization of 13N-NH3 in myocardial tissue. 

It is well known that upon entering the intracellular compartment, 13N-NH3 is metabolically 

trapped, and takes part into the amino acid metabolism[48]. The differences in regional (amino 

acid) metabolism, present in LBBB patients, may differently influence regional tracer retention 

and wash out (Chapter I, Figure 3A). The latter may explain why tracer concentration on the 

late (10-30 min after tracer injection) static 13N-NH3 images is not proportional to regional 

absolute perfusion. This is further supported by the lack of a correlation between absolute flow 

values (ml/g/min) and late tracer uptake (SUV). Thus, in contrast to absolute perfusion 

quantification, derived from images immediately after tracer injection, late (10-30 min) static 

images do not represent a pure perfusion alone, but are rather a composite of regional perfusion 

and metabolism. These observations may be an explanation for the conflicting results on 13N-

NH3 PET perfusion in literature [40,134]. They further indicate that in patients with LBBB 

myocardial perfusion assessed with 13N-NH3 PET should be quantified based on tracer kinetic 

modelling. 
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3. Reliable assessment of viability with PET can be challenging in patients with 

LBBB 

We have demonstrated that a significant number of non-ischemic HF patients with LBBB 

present the areas of perfusion/metabolism reverse mismatch in the septum and mismatch in the 

lateral wall, when evaluated with the clinical algorithm using static ‘late’ 13N-NH3/
18F-FDG 

PET images (Chapter I, Figure V). As mentioned above, the presence of these patterns is most 

likely explained by a physiological adaptation of regional oxygen and energy demands in the 

dyssynchronous heart. Our study has clearly demonstrated that even in the absence of ischemia, 

these mismatch patterns typical for hibernation in an ischemic population, can be observed in 

LBBB patients. Our findings rise the important question and awareness about the accuracy of 

this method to evaluate myocardial viability or hibernating myocardium in ischemic patients 

with LBBB, where it might be challenging to distinguish hibernation from physiological 

adaptations in a dyssynchronous heart. 

4. Presence of mechanical dyssynchrony causes heterogeneity in regional cardiac 

perfusion and metabolism 

As one of the steps towards a better understanding of the pathophysiology of LV remodelling 

in dyssynchronous heart, we explored the regional changes of absolute cardiac perfusion and 

metabolism in the presence of mechanical dyssynchrony, that have recently emerged as a 

reliable marker of successful CRT response. In this chapter we focused mainly on the septal 

and lateral wall, as earlier work had shown that those are affected the most by dyssynchrony 

(Chapter I Figure 1 and Figure 2A). 

We have demonstrated that the presence of mechanical dyssynchrony, represented by the 

presence of either SF or AR or both on echocardiography, causes the heterogeneous regional 

absolute perfusion and metabolism. In contrast, patients without mechanical dyssynchrony, 

present a more homogeneous perfusion and metabolism across both walls (Chapter II, Figure 

1). We could also demonstrate that the regional alterations in both glucose metabolism and 

MBF linearly correlated with regional myocardial work. The latter supports the notion that 

observed perfusion and metabolism changes reflect a physiological adaptation of the heart to 

the altered workload, and as a consequence to the regional oxygen and energy demands 

(Chapter II, Figure 2) [37,38,100]. It was further interesting to note that in patients with 

mechanical dyssynchrony, the septum can even waste energy, when being stretched by the 
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opposite segments. This is reflected by the negative work that was observed in the septum, 

when assessed with echocardiography strain technique (Chapter II, Figure 2). Interesting, that 

while 18F-FDG PET metabolism also represents a surrogate of  myocardial work, in contrast to 

echocardiography, it cannot reliably distinguish its wasted portion. The reason behind is that 

18F-FDG uptake provides the information on both the metabolism, needed to perform external 

work, and the basic metabolism of the cell. Even when the septum wastes energy, a minimum 

of 18F-FDG uptake will still be observed, representing in this case the basic metabolic needs of 

the region. On the other hand, echocardiography stress-strain loops provide information on 

external myocardial work, both positive and negative, but lacks the information about the basic-

metabolism of the cell.  

5. Regional cardiac metabolism, but not cardiac perfusion, assessed with PET before 

CRT implantation, is associated with the extent of volumetric reverse remodelling 

after CRT implantation 

In the non-ischemic HF CRT candidates we have demonstrated that 18F-FDG SLR assessed 

with PET before CRT implantation correlated linearly with the extent of volumetric reverse 

remodelling after CRT implantation, with the lower SLR associated with more pronounced 

reverse remodelling. When these findings were put in perspective to regional work, it was 

concluded that a very low SLR, reflecting very little contribution of the septum and high 

contribution of the lateral wall to LV function was associated with better functional 

improvement 12 months after CRT implantation. It is interesting to note that only 18F-FDG SLR 

and not 13N-NH3 MBF SLR was associated with volumetric reverse remodelling after CRT 

(Chapter II, Figure 4). This can be partially explained by more pronounced difference in 

regional 18F-FDG uptake than in regional MBF, observed in CRT candidates (Chapter I Figure 

4). 

6. 18F-FDG PET can be used to guide the therapy of HF patients 

After observing in Chapter II, Figure 4 a linear correlation between 18F-FDG SLR before CRT 

implantation and the extent of volumetric reverse remodelling after CRT in non-ischemic HF 

patients, we hypothesized that low 18F-FDG SLR can find its place in the reliable differentiation 

of CRT responders from non-responders.  

Before testing 18F-FDG SLR as a predictive parameters, we first wanted to confirm that the 

linear correlation between 18F-FDG SLR and the extent of volumetric reverse remodelling 
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persisted in a HF population with both ischemic and non-ischemic origin (Chapter III, Figure 

2A). We were able to demonstrate a statistically significant correlation between both parameters 

in the whole patient cohort, albeit slightly weaker (r=0.41) compared to the non-ischemic cohort 

alone (r=0.62) (Chapter II, Figure 4).  

In Chapter III Figure 3 we have demonstrated that 18F-FDG SLR has a high overall 

performance to predict  CRT response. It is important to mention that the cut-off values for 18F-

FDG SLR were highly dependent on the type of patient preparation protocol for 18F-FDG 

acquisition. When using preparation specific cut-off values, 18F-FDG SLR could predict CRT 

response with high sensitivity and specificity in non-ischemic HF patients. However, specificity 

dropped significantly when the same thresholds were applied on the ischemic population. The 

latter can be explained by the fact that a low SLR can also be caused by the presence of septal 

scar that decreases the potential of regional functional recovery, hence is unfavorable for CRT 

response. Low 18F-FDG SLR is a very sensitive, but relatively unspecific marker in the presence 

of ischemic disease, and should therefore always be accompanied with septal scar assessment 

before CRT implantation. 

Multivariate analysis, including 18F-FDG SLR, extent of septal scar and currently used 

guideline criteria for CRT implantation, represented by LBBB, QRS width and LVEF, revealed 

that 18F-FDG SLR and the extent of septal scar were the only significant determinants of 

successful CRT response. Combination of both can reliably differentiate CRT responders from 

non-responders with high sensitivity and specificity, independently of HF etiology (Chapter 

III, Figure 4). Patients with low SLR and smaller septal scar extent had a higher chance to 

become CRT responders. The principle finding of this chapter is illustrated in Chapter III 

Figure 5, where two patients with similar 18F-FDG SLRs below the cut-off value at first sight 

are considered possible responders. However, low 18F-FDG SLR in one patient was caused by 

a septal scar, whereas in the other patient it was solely attributed to regional changes in 

myocardial work. Therefore only the last patient responded to CRT implantation, highlighting 

the need to accompany 18F-FDG SLR with the scar assessment in ischemic patients. 
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In the second part of the manuscript, that was devoted to improve the management of patients 

with CAD, we have demonstrated the possibility to quantify absolute myocardial perfusion with 

99mTc-Teboroxime using a novel cardiac-dedicated CZT SPECT camera. The main findings and 

conclusions of this part are: 

7. 99mTc-Teboroxime characteristics are suitable for perfusion assessment 

Before in vivo evaluation, biodistribution studies in mice confirmed several important 

characteristics of 99mTc-Teboroxime (Chapter IV, Figure 4). The tracer has high myocardial 

tracer uptake with fast myocardial wash-out, limited tracer accumulation in non-excreting 

organs as well as high tracer accumulation in the liver. The latter might compromise the reliable 

assessment of tracer uptake in the inferior wall, therefore requires to look for the optimal 

acquisition window. Our biodistirubution findings are in line with the earlier biodistribution 

studies, confirming fast tracer myocardial kinetics of 99mTc-Teboroxime, that limits tracer 

application with the conventional SPECT cameras, but may serve as an advantage for novel 

fast cardiac dedicated SPECT cameras.  

8. It is feasible to quantify myocardial flow reserve with 99mTc-Teboroxime using a 

dedicated cardiac camera in a pig model  

Our proof-of-concept experiments in a large animal model showed the feasibility to image 

myocardial perfusion. We could demonstrate that the good image quality scans can be obtained 

during a 5 min-static acquisition, starting 100 sec after tracer administration (Chapter IV, 

Figure 7). Furthermore, we have also shown the possibility to quantify myocardial perfusion 

and flow reserve with  99mTc-Teboroxime using a dedicated cardiac camera. Even though the 

kinetic models used in our study were suboptimal to reflect the kinetics of 99mTc-Teboroxime, 

we were able to demonstrate regional changes in absolute perfusion in the infarcted animals. 

Further optimization of kinetic models specifically developed for 99mTc-Teboroxime and 

comparison to routinely used 99mTc-tracers is warranted to evaluate possible clinical 

applications and advantages over currently used protocols. 

  



125 
 

 

 

 

 

 

 

 

 

 

PART V 

    

CONCLUSIONS AND FUTURE PERSPECTIVES 
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Conclusions 

The first part of PhD project could shed some light on the pathophysiology of LV remodelling 

in the presence of promising markers of CRT response, such as LBBB and mechanical 

dyssynchrony, and resulted in the following conclusions: 

 Presence of LBBB or mechanical dyssynchrony is associated with the low myocardial 

perfusion and metabolism values in the LV septum and higher values in the LV lateral 

wall; 

 Regional redistribution of perfusion and metabolism in dyssynchronous heart follow the 

similar redistribution of regional myocardial work and represent the physiological 

adaptation of oxygen and energy supply to the regional heart demands; 

 The larger is the difference in regional glucose metabolism, expressed as septal-to-

lateral wall metabolism ratio, before CRT implantation, the more beneficial it is for a 

patient after CRT implantation; 

 The predefined septal-to-lateral wall glucose metabolism ratio in combination with 

septal scar extent can reliably differentiate CRT responders from non-responders, 

independently of HF etiology, for the first time listing 18F-FDG septal-to-lateral wall 

ratio among the tools for CRT prediction. 

The second part of PhD project brought to light the possibility to improve the management 

of patients with CAD and led to the following conclusions: 

 99mTc-Teboroxime possesses properties favourable for the quantification of  myocardial 

perfusion with recently introduced ultrafast cardiac-dedicated SPECT CZT cameras.  

 It is feasible to non-invasively visualize and quantify myocardial perfusion and flow 

reserve with 99mTc-Teboroxime using a dedicated cardiac CZT SPECT camera, 

however, a development and validation of kinetic model dedicated for this tracer is 

further required. 
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Future perspectives 

While our experimental and clinical studies allowed us to address the predefined research 

questions presented in this thesis, some questions and findings should be further unravelled. 

Are the changes in perfusion and metabolism related to LV dyssynchrony absolute or 

relative?  

In order to comprehensively understand the pathophysiological changes that accompany LV 

dyssynchrony, presented in Chapter I and Chapter II, we would like to explore whether the 

alterations observed in myocardial perfusion and metabolism in non-ischemic LBBB patients 

are absolute or rather relative, by comparing our results to findings in ‘healthy volunteers’.  

Is the different regional kinetics of 13N-NH3 attributed only to abnormal LV activation? 

It would be interesting to explore the regional temporal kinetics of 13N-NH3 in different patient 

groups such as healthy controls and a CAD cohort. This will help us to understand whether the 

different regional temporal kinetics of 13N-NH3 is attributed only to abnormal LV activation, as 

was demonstrated in Chapter I, or whether this can also be caused by other conditions.  

Is combined assessment of glucose metabolism and viability superior to other imaging-

derived markers of CRT response, such as regional myocardial work and septal 

flash/apical rocking? 

Although combined assessment of glucose metabolism with PET and viability with CMR 

demonstrated a high overall performance to predict CRT response (Chapter III), PET is 

associated with a radiation burden for the patient and requires a dedicated patient preparation. 

Therefore, we plan to compare the predictive value of PET to other non-invasive imaging-

derived markers of CRT response, such as regional myocardial work, and SF/AR, in order to 

see whether glucose metabolism is superior and therefore PET imaging, especially in non-

ischemic HF patients, is justified. 

Can septal scar be reliably assessed with nuclear imaging or echocardiography as 

compared to the gold standard LGE CMR? 

Presence of implantable devices and poor renal function has prevented us from performing  

CMR in about 40% of the recruited patients. Therefore, the prediction model developed in our 

study could not be applied in patients lacking information on viability/scar. Therefore we plan 
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to explore the feasibility of other modalities, such as echocardiography or nuclear imaging, to 

reliably assess the myocardial scar, what can be especially important in patients with contra-

indications for CMR or in centers with low CMR availability or expertise. 

Is the performance of 99mTc-Teboroxime at least non-inferior to routinely used clinical 

tracers? 

Whereas our experimental findings in Chapter IV provided evidence for good image quality 

and possible perfusion quantification with  99mTc-Teboroxime using a cardiac SPECT CZT 

camera, further optimization/development of a 99mTc-Teboroxime-specific kinetic model and 

comparison to routinely used 99mTc-labeled tracers should be performed before pursuing this 

path. 
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