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Thesis summary 

Left bundle branch block (LBBB) causes delayed electrical activation of the left ventricle. 

This causes the left ventricular (LV) lateral wall to contract later than the interventricular 

septum, because it is activated through fibres from the right ventricle. The result is 

asynchronous contractions (dyssynchrony), which negatively affects LV function. Typically, 

there is an early septal contraction, prior to opening of the aortic valve. Septum is then mostly 

stretched during the rest of systole, as a result of the delayed and forceful LV lateral wall 

contraction. The uncoordinated contractions result in an asymmetric distribution of 

myocardial workload within the ventricle, where septum performs little work, while the LV 

lateral wall performs compensatory increased work compared to normal. The pathological 

septum movement, with an initial shortening and then lengthening, can also be visualized 

directly by cardiac imaging and is named septal flash. 

Cardiac resynchronization therapy (CRT) restores synchronous activation of the left ventricle 

through pacing leads both in the right and left ventricle (biventricular pacemaker). Current 

guidelines recommend CRT in patients with LBBB, LV ejection fraction ≤35% and heart 

failure symptoms. CRT improves symptoms and reduces mortality in many patients, but the 

large amount of non-responders remains a persistent problem. Myocardial scar is associated 

with poor response to CRT, while septal flash indicates increased likelihood of response to the 

treatment. Cardiac magnetic resonance (CMR) is gold standard for identifying scar, but not 

always available. Accuracy of alternative imaging techniques is not well studied. The poor 

septal function in LBBB (septal flash and uneven LV work distribution) has traditionally been 

assessed by echocardiography, while feasibility and clinical relevance of these parameters 

assessed by CMR is largely unknown.  

In the present thesis, we have studied regional LV function in LBBB to improve 

understanding of LV dyssynchrony on myocardial function and CRT response. We tested the 

feasibility of a new method to calculate regional myocardial work in LBBB using CMR. We 

also explored how glucose metabolism and strain/work, correlate with regional LV scar in 

dyssynchronous ventricles. Finally, we hypothesized that a viable but dysfunctional septum is 

a substrate for CRT, which can be identified by CMR. In a prospective, multicentre study, we 

studied patients referred for CRT based on current guidelines. Included patients performed 

comprehensive CMR and echocardiography, as well as PET if possible. CMR with late 

gadolinium enhancement (LGE) was used to determine scar. In the first paper, we also 

included healthy controls without LBBB, these were examined with CMR and 

echocardiography.   

The thesis is based on three papers. In the first paper, we examined if we could identify the 

uneven work distribution typical for LBBB using strain from CMR (derived from a 

semiautomatic software) and a non-invasive estimate of LV pressure. In patients with heart 

failure and LBBB, we found, as expected, significantly lower amount of myocardial work in 

septum compared to the LV lateral wall. In contrast, in the healthy controls without LBBB, 

there was a homogenous work distribution and no regional differences. Despite some 

variations in the absolute numbers of myocardial work, we found good reproducibility 

between readers. We also demonstrated good correlation between work by CMR and the more 

established equivalent method by echocardiography. Moreover, we showed that the 

inhomogeneous work distribution correlated well with regional glucose metabolism by PET, 

which we used a marker of myocardial energy demand. The study was relatively small, and 

the findings should be validated in larger cohorts and with different strain software. 

Nevertheless, our results show that the method is useful to evaluate regional LV function in 
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patients with heart failure and LBBB, which may be particularly useful in patients with poor 

echocardiographic image quality. 

In paper two, we aimed to determine if glucose metabolism by PET and strain by 

echocardiography could be used to identify LV scar in patients with heart failure and LBBB. 

LGE-CMR was used as reference standard for scar. The main finding in this paper is that 

glucose metabolism by PET is a good alternative to CMR to identify transmural LV lateral 

wall scar (area under the curve (AUC) 0.96). Strain by echocardiography was only moderately 

accurate (AUC 0.77) and must be interpreted with caution. Relatively preserved peak strain in 

the LV lateral wall suggests that transmural scar in this region is unlikely, while reduced 

strain is inconclusive in terms of scar. Neither PET nor echocardiography could distinguish 

reduced septal metabolism/strain due to LBBB itself from reduced values due to septal scar. 

Hence, PET and echocardiography cannot identify septal scar in dyssynchrony. The findings 

should have implications for cardiac imaging prior to CRT implantation, strengthening the 

role of CMR in the pre-operative setting. 

In the third paper, we tested if septal scar and septal flash, both derived from CMR, could 

predict CRT response. We included all patients from the prospective, multicentre study with 

available CMR and follow-up data (n=136). Patients with preserved renal function were 

examined with gadolinium contrast (n=128). Primary endpoint was CRT response defined as 

LV reverse remodelling at six months follow-up. Septal scar and septal flash were significant 

predictors of CRT response. Septal scar reduced the likelihood of response, while septal flash 

increased the probability. The parameters combined predicted CRT response with AUC 0.86. 

In patients without septal scar, response rate was excellent (96%), irrespective of other 

parameters. In comparison, response rate was only 58% in patients with septal scar. 

Importantly, septal flash accurately separated responders from non-responders in this latter 

group. If patients with septal scar also had septal flash, there was still a high likelihood of 

response (78%). In contrast, in patients with septal scar and no septal flash, response rate was 

low (23%). A novel algorithm based on a simple, dichotomous determination of septal scar 

and septal flash identified CRT responders with 86% accuracy. Of special promise, was the 

finding that the algorithm was equally accurate in the subgroup of patients with intermediate 

QRS-duration, where the indication for CRT is more uncertain according to current 

guidelines. Septal scar and septal flash, both alone and together, predicted long-term survival 

without heart transplantation. The study was observational, and our findings should be 

validated in randomized trials before clinical practice can be changed. 

In total, the results from the present thesis demonstrate that CMR may characterize both 

structural (scar) and functional (low work/septal flash) changes in septum in patients with 

heart failure and LBBB. Moreover, through such characterization, CMR may identify a septal 

substrate for CRT response. Our results show that a combined assessment of septal scar and 

septal flash by CMR as single image modality accurately identifies CRT responders. 

Echocardiography and PET, on the other hand, cannot identify septal scar, and rely on CMR 

for this relevant information. Based on these findings, we advocate increased priority for 

CMR in patients referred for CRT.  
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Norsk sammendrag 

Venstre grenblokk innebærer en forsinkelse i den elektriske aktiveringen av venstre 

ventrikkel. Dette gjør at lateralveggen av venstre ventrikkel kontraherer på et senere tidspunkt 

i systolen enn det interventrikulære septum. Resultatet blir asynkrone kontraksjoner 

(dyssynkroni) med negative effekter på venstre ventrikkels funksjon. Typisk sees tidlig 

kontraksjon i septum, før aortaklaffen åpner seg. Deretter vil septum for det meste strekkes 

gjennom resten av systolen, som et resultat av den sene og kraftfulle kontraksjonen i venstre 

ventrikkels laterale vegg. De ukoordinerte kontraksjonene medfører en asymmetrisk fordeling 

av arbeid innad i venstre ventrikkel hvor septum gjør lite arbeid, mens lateralveggen 

kompenserer og gjør mer arbeid enn normalt. Den patologiske septumbevegelsen, med initial 

forkortning og deretter strekking, kan visualiseres direkte ved hjelp av kardiale 

bildemodaliteter, og har fått navnet septal flash. 

Kardial resynkroniseringsterapi (CRT) gjenoppretter synkron aktivering av venstre ventrikkel 

ved å aktivere både høyre og venstre ventrikkel samtidig (biventrikulær pacemaker). Dagens 

retningslinjer sier at pasienter med venstre grenblokk, ejeksjonsfraksjon ≤35% og symptomer 

forenlig med hjertesvikt er kandidater for CRT. På gruppenivå er CRT vist å bedre symptomer 

og overlevelse, men det er et vedvarende problem at en stor andel av pasienten som får CRT i 

dag ikke responderer på behandlingen. Arr i venstre ventrikkel er assosiert med non-respons 

til CRT, mens septal flash indikerer økt sannsynlighet for gunstig respons. Magnetisk 

resonans (MR) er gullstandard for påvisning av arr, men er ikke alltid tilgjengelig. Det er ikke 

kjent hvorvidt ekkokardiografi og positronemisjonstomografi (PET) kan erstatte MR for å 

identifisere arr hos pasienter med dyssynkroni. Redusert septum funksjon hos pasienter med 

venstre grenblokk (bedømt som septal flash og ujevn arbeidsfordeling innad i venstre 

ventrikkel) har til nå stort sett vært gjort ved ekkokardiografi, mens egnethet og klinisk 

relevans av slike parametere bedømt ved MR har vært lite studert. 

I denne avhandlingen har vi studert regional venstre ventrikkel funksjon ved venstre 

grenblokk. Målet var å bedre forståelsen av hvordan dyssynkroni påvirker 

ventrikkelfunksjonen og CRT respons. Vi har validert en ny metode for å kvantifisere 

arbeidsfordelingen innad i venstre ventrikkel ved hjelp av MR. Vi har også undersøkt hvordan 

glukosemetabolismen og strain/arbeid korrelerer med arr i ulike deler av ventrikkelen ved 

dyssynkroni. Videre postulerte vi at en viabel, men dysfunksjonell septum, utgjør et substrat 

for CRT, som kan identifiseres ved hjelp av MR uten bruk av andre bildemodaliteter. I en 

prospektiv multisenterstudie studerte vi pasienter henvist til CRT på bakgrunn av nåværende 

retningslinjer. Pasienten gjennomførte omfattende MR undersøkelse og ekkokardiografi, en 

del også PET. MR med kontrastmiddel ble brukt til å påvise arr. I den første artikkelen 

undersøkte vi også friske kontrollpersoner uten grenblokk med MR og ekkokardiografi. 

Avhandlingen er basert på tre artikler. I den første undersøkte vi hvorvidt vi kunne påvise den 

ujevne arbeidsfordelingen typisk for venstre grenblokk ved å bruke en halvautomatisk 

programvare til å beregne strain fra MR, og kombinere det med et ikke-invasivt mål for 

venstre ventrikkeltrykk. Hos pasientene med hjertesvikt og venstre grenblokk fant vi, som 

forventet, signifikant lavere arbeid i septum enn i venstre ventrikkels laterale vegg. Hos de 

friske kontrollpersoner uten grenblokk derimot, fant vi en homogen arbeidsfordeling og ingen 

forskjell mellom de samme regionene. Selv om de absolutte tallene for arbeid avvek litt ved 

gjentatt undersøkelse, fant vi at funnene overordnet hadde god reproduserbarhet. Det var også 

god korrelasjon med tilsvarende arbeidsberegning ved ekkokardiografi, som er en etablert 

metode for arbeidsberegning. I tillegg fant vi at den ujevne arbeidsbelastningen korrelerte 

godt med regional glukose metabolisme bedømt ved PET, som vi brukte som markør på 

metabolsk behov og oksygenforbruk, og som forventes å samsvare med arbeidsfordelingen. 
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Studien var relativt liten, og funnene bør valideres i større grupper og med ulike 

programvarer. Likevel viser resultatene at metoden kan være nyttig til å vurdere regional 

funksjon hos pasienter med venstre grenblokk, og vil kunne spesielt være nyttig hos de med 

redusert ekkokardiografisk bildekvalitet. 

I artikkel nummer 2 ønsket vi å avgjøre om glukose metabolisme ved PET og strain ved 

ekkokardiografi kan brukes til å identifisere arr i venstre ventrikkel hos pasienter med 

hjertesvikt og venstre grenblokk. Vi brukte MR med kontrastmiddel som referanse for arr. 

Hovedfunnet i denne artikkelen var at glukose metabolisme ved PET er et godt alternativ til 

MR for å påvise transmurale arr i lateralveggen (areal under kurven (AUC) 0.96). Strain ved 

ekkokardiografi var bare moderat treffsikker (AUC 0.77) og må tolkes med forsiktighet. En 

relativt bevart strainverdi i lateralveggen tyder på at transmurale arr i denne regionen er lite 

sannsynlig, mens en redusert strainverdi er uegnet til å si om det foreligger arr eller ikke. 

Verken PET eller ekkokardiografi kunne skille redusert metabolisme/strain i septum på grunn 

av grenblokket i seg selv fra reduserte verdier på grunn av septale arr. Det betyr at PET og 

ekkokardiografi ikke bør brukes til å identifisere arr i septum ved dyssynkroni. Funnene er 

klinisk relevant, og bør få direkte kliniske implikasjoner for valg av bildemodalitet før CRT. 

I den tredje artikkelen testet vi ut om septale arr og septal flash, begge fra MR, kunne forutsi 

respons på CRT. Til denne studien inkluderte vi alle pasientene fra den prospektive 

multisenter studien som hadde gjennomført MR og hadde tilgjengelig oppfølgingsdata 

(n=136). Pasienter med adekvat nyrefunksjon fikk gadolinium kontrast (n=128). Primært 

endepunkt var CRT respons definert som revers remodellering av venstre ventrikkel ved seks 

måneders oppfølging. Arr i septum og septal flash var signifikante prediktorer for CRT 

respons. Septale arr reduserte sannsynligheten for respons, mens septal flash predikerte økt 

sannsynlighet for effekt av CRT. AUC for kombinasjonen av parameterne var 0.86. Av 

pasientene uten arr i septum, responderte hele 96%. Til sammenligning, responderte bare 58% 

i gruppen med arr i septum. Et viktig funn var at septal flash skilte godt mellom respondere og 

non-respondere i denne siste gruppen. Dersom septal flash var tilstede, var sannsynligheten 

for respons fortsatt god (78%), mens responsraten var lav (23%) hos pasientene med arr i 

septum som ikke hadde septal flash. Et flytskjema basert på enkel dikotom bestemmelse av 

septale arr og septal flash identifiserte CRT respondere med 86% treffsikkerhet. Flytskjemaet 

var like nøyaktig i undergruppen av pasienter med intermediær QRS-varighet, hvor 

indikasjonen for CRT er mer usikker i henhold til dagens retningslinjer. Parameterne 

predikerte langtidsoverlevelse uten hjertetransplantasjon. 

Total sett viser funnene i denne avhandlingen at MR kan kartlegge både strukturelle (arr) og 

funksjonelle (lavt arbeid/septal flash) endringer i septum hos pasienter med hjertesvikt og 

venstre grenblokk. Vi har også vist at MR på denne måten kan identifisere et septalt substrat 

for CRT respons. Kombinert vurdering av septale arr og septal flash fra MR identifiserte CRT 

respondere med høy grad av treffsikkerhet. Ekkokardiografi og PET, på den andre siden, 

kunne ikke identifiserer septale arr i denne pasientgruppen. Utkomme-studien (artikkel tre) 

var observasjonell og av begrenset størrelse, slik at funnene må valideres i randomiserte 

studier før det er indikasjon for endrede kliniske retningslinjer. Likevel mener vi funnene i 

avhandlingen betyr at hjerte-MR fortjener en større rolle enn i dag i utredning av pasienter 

henvist til CRT.  
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Introduction 

 

Dyssynchrony 

Dyssynchrony can be defined in different ways. In the present thesis, left ventricular (LV) 

intraventricular dyssynchrony is defined as uncoordinated regional contractions within the 

ventricle. These out-of-sync contractions are in contrast to the synchronous ventricular 

contractions in normal hearts. Synchronous LV contractions ensures effective pumping of 

blood from the ventricle into the ascending aorta, while uncoordinated wall motions alter LV 

performance and result in less effective pumping of blood. This thesis focuses on LV 

intraventricular dyssynchrony, which is considered the main substrate for cardiac 

resynchronization therapy (CRT) (1, 2). However, cardiac dyssynchrony can also be 

atrioventricular (AV) or interventricular. AV dyssynchrony results from a block in the AV-

node and may have negative effects on LV filling due to premature atrial contractions. 

Interventricular dyssynchrony is a consequence of divergent timing of contractions in the 

right and left ventricle (3). 

Simultaneous contractions of all LV regions depends on both rapid electrical conduction 

through a specialized conduction system and normal contractile forces within the 

myocardium. There are two main causes of LV dyssynchrony: electromechanical or primary 

mechanical (4). Electromechanical dyssynchrony results from blocks in the conduction 

system of the heart. Normally, the electrical impulses, originating from the sinus node and 

slowed in the AV-node, enter the base of the ventricle at the Bundle of His and then follow 

the left and right bundle branches along the interventricular septum. The bundle branches then 

divide into an extensive system of Purkinje fibres that conduct the impulses at high velocity 

and provides a rapid and synchronous activation of the ventricles. A block in the electrical 

conduction system means that the myocardial tissue distal to the block is activated late, 

because the impulses have to go through the slower conducting myocardial cells instead of the 

specialized conduction tissue. The late activated region contracts later in systole than the 

normally activated regions, and the time needed for the electric impulse to reach all LV 

segments is prolonged. Slowed conduction through the left bundle branch is called left bundle 

branch block (LBBB), and results in delayed activation of the LV lateral wall compared to 

septum and the right ventricular (RV) free wall because the LV is activated via the right 

bundle branch (Figure 1). If conduction through the right bundle branch is slowed, the 

conduction delay is called right bundle branch block (RBBB). Compared to LBBB, RBBB is 

less frequently of clinical relevance. This thesis focuses on LBBB, which is most relevant in 

LV dyssynchrony and CRT. 

Primary mechanical dyssynchrony is regional disparities in contractility despite an intact 

electrical conduction system. Causes may be regional myocardial ischemia, regional loading 

abnormalities or abnormalities in excitation-contraction coupling. As opposed to 

electromechanical dyssynchrony, primary mechanical dyssynchrony is not likely to be 

correctable by CRT (4, 5). 
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Figure 1. Illustration of left bundle branch block (LBBB). 

Slowed conduction through the left buncle branch (LBBB) results in delayed activation of the left 

ventricle (LV) compared to septum and the right ventricle (RV), because the LV is activated through 

the RV as indicated by the arrows (left part of the figure). This leads to longer QRS-duration and 

characteristic QRS-morphology on surface electrocardiogram (ECG) (right part of the figure). 

Reproduced and modified with permission from McMaster Textbook of Internal Medicine (6) with 

credit to artwork artist Dr Shannon Zhang (left part of figure) and ecgwaves.com (7) (right part of 

figure), respectively. 

 

Left bundle branch block 

LBBB results in characteristic features on the electrocardiogram (ECG) (Figure 1), but the 

exact definition of LBBB varies. The European Society of Cardiology (ESC) guidelines 

defines LBBB as 1) QRS-width ≥ 120 ms and 2) characteristic morphology of the QRS-

complex with QS or rS in lead V1, broad R waves in leads I, aVL, V5 or V6, and absent Q 

waves in leads V5 and V6 (8). These are widely recognized criteria applied in large clinical 

trials. However, it is worth noting that endocardial mapping studies have demonstrated that 

>30% of patients fulfilling the conventional ECG criteria do not have significant delays 

between activation start of the right and left endocardium (9, 10), and therefore do not 

actually have complete LBBB. In light of this, Strauss and co-workers advocate for stricter 

ECG criteria for complete LBBB, demanding a wider QRS (130 ms in women and 140 ms in 

men), as well as mid-QRS notching in at least two lateral leads (11). The value of “true 

LBBB” using Strauss’ criteria in improving selection of patients to CRT is not yet 

determined. RV pacing at the conventional pacing site (the RV apex) induces an LBBB-like 

electrical activation pattern of the LV, and may lead to myocardial derangements similar to 

LBBB (12, 13). Like LBBB, RBBB causes specific features on the ECG. Patients with broad 



17 

 

QRS complexes without typical features of LBBB or RBBB are classified as non-specific 

intraventricular conduction delay (IVCD) (8). 

The prevalence of LBBB increases with age, suggesting it is likely an acquired phenomenon 

(14). Reported prevalence in general population studies is 0.5-1% in middle-aged men (15, 

16). In patients with chronic heart failure (HF), however, prevalence of LBBB is much higher, 

approximately 20-30% (17-19). LBBB in this patient group is also associated with increased 

disease severity and mortality (18). The cause-and-effect relationship between LBBB and 

mortality in HF has been vigorously debated, but several studies have reported LBBB to be a 

strong independent predictor of mortality in HF (18, 20).  

There are gaps in knowledge about the aetiology of LBBB, because it usually has a silent 

onset. Furthermore, LBBB often coexists with other cardiovascular diseases such as arterial 

hypertension, coronary artery disease, valvular heart disease and cardiomyopathies. In some 

individuals, however, LBBB may be an incidental finding in subjects with no symptoms and 

apparently normal hearts (14, 21, 22). Tolerance of LBBB on cardiac function varies between 

individuals. Possible explanations may be coexisting diseases that directly affect myocardial 

function independent of LBBB, and different anatomical location and extent of LBBB 

(despite similar surface ECG) (9, 22, 23).  

In a normal heart, all LV segments contract almost simultaneously, against similar LV 

pressure (LVP). This is, however, not the case in many patients with LBBB. Typically, in 

LBBB, the early activated septum contracts before aortic valve opening (AVO), when LVP is 

low (pre-ejection shortening) (Figure 2). This early septal contraction does not contribute to 

LV stroke volume, but causes stretch of the LV lateral wall, which results in a higher preload 

than normal. When the late activated pre-stretched LV lateral wall contracts later in systole, 

the contraction is extra forceful (according to the Starling mechanism). Contraction of the LV 

lateral wall causes blood to be displaced towards septum. As a result, septum is stretched and 

displaced towards the right ventricle (rebound stretch). Contraction of the lateral wall leads to 

LV ejection, but systolic function is impaired because of markedly reduced septal 

contribution. Furthermore, the added workload on the lateral wall due to septal dysfunction 

stimulates adverse LV remodelling with septal thinning and lateral wall hypertrophy (24). 

Because of uncoordinated regional contractions, LBBB is often characterized by markedly 

reduced septal work compared to LV lateral wall work (24-26). Correspondingly, there is 

generally reduced septal glucose metabolism and myocardial perfusion relative to the lateral 

wall, which is a direct consequence of impaired septal systolic thickening and reduced septal 

workload (24, 27, 28). However, because the ECG criteria are not optimal markers of delayed 

LV activation and dyssynchrony, these regional heterogeneities in function are not present in 

all patients who fulfil the ECG-criteria for LBBB. This may explain some of the shortcomings 

of ECG in identifying patients likely to respond to CRT (29).  

The dyssynchronous LV contraction may both cause and aggravate mitral regurgitation in 

LBBB, further reducing effective stroke volume (30). Present knowledge of the consequences 

of dyssynchrony on LV diastolic function is more limited, but experimental studies have 

demonstrated that LBBB markedly reduces LV filling time (31), indicating that LBBB also 

negatively affects LV diastolic function. Furthermore, a dysfunctional left ventricle may 

indirectly lead to RV failure by increasing LV filling pressure, causing pulmonary 

hypertension and increased RV afterload. 

 



 

Figure 2. Different features of left bundle branch block (LBBB).  

a) In LBBB, the early activated septum contracts in the pre-ejection phase before aortic valve 

opening (AVO), when left ventricular (LV) pressure is low (pre-ejection shortening). The 

early septal contraction causes pre-stretch of the LV lateral wall, which then later in systole 

contracts more forcefully due to higher preload. Contraction of the LV lateral wall stretches 

septum (rebound stretch). Reproduced with permission (32).  

b) The septal stretching described in a) represents negative myocardial work, resulting in a septal 

pressure-strain loop that rotates both clockwise and counter-clockwise. The coloured area 

illustrates negative work. In contrast, the loop from the LV lateral wall rotates counter-

clockwise as a result of normal systolic shortening. Hence, the LV lateral wall performs 

positive work. Reproduced with permission (25). 

c) Septal flash (septal beaking) as seen by M-mode echocardiograph. Septum initially moves 

leftward in early systole prior to opening of the aortic valve. Then, when the LV lateral wall 

contracts, septum is pushed rightward. Reproduced with permission (32). 

d) Septal hypo-metabolism in LBBB, by 18F-fluorodeoxyglucose (FDG) Positron Emission 

Tomography (PET). Segments are reported as percentage of the segment with the highest 

glucose uptake. Metabolic activity corresponds to myocardial work. Reproduced with 

permission (25) 

e) Illustration of non-ischemic septal scar (midwall fibrosis) by late gadolinium enhancement 

(LGE) cardiac magnetic resonance (CMR).



Cardiac imaging 

Echocardiography uses ultrasound waves to create images of the heart chambers, valves and 

surrounding structures. It is the first line imaging modality in diagnosing and follow-up of 

patients with heart failure, and assesses both ventricular contractile function, valvular function 

and parameters of LV diastolic function, in addition to for example pericardial effusion. 

Echocardiography is readily available, poses no exposure to radiation and has no 

contraindications. On the other hand, the technique is operator-dependent and hampered with 

poor image quality in some patients. 

Cardiac magnetic resonance (CMR) uses a magnetic field and computer-generated radio 

waves to create images of the heart. The unique strength of CMR is the ability to characterize 

myocardial tissue non-invasively independent of wall motion in any 3-dimensional 

acquisition plane, either without or enhanced by a gadolinium based contrast agent. CMR 

image quality is independent of acoustic window, allowing depiction of the heart in patients 

where echocardiography is inconclusive. However, CMR is less available and more expensive 

than echocardiography, and temporal resolution (frame rate) is lower. The CMR situation 

brings risk for unsatisfactory medical surveillance. In this respect, it may make patients with 

serious arrhythmia and heart failure prone to fatalities. Additionally, it is essential that 

patients cooperate while in the magnet to avoid motion artefacts. 

In nuclear imaging, external detectors (gamma cameras) detect radiation emitted by 

radioactive tracers, most often administered intravenously. Procedures based on oral, 

subcutaneous, intramuscular, intracutaneous or intrathecal administration also exist. Single 

photon emission computed tomography (SPECT) and positron emission tomography (PET) 

scans are today the two most common nuclear imaging modalities. The acquired tracer uptake 

can further be fused with images from for example computerized tomography (CT) to provide 

accurate anatomical location of the radioactive tracer. The tissue density map registered with 

the CT is also used for radiation attenuation correction of the nuclear images. Depending on 

tracer, PET can assess both regional glucose metabolism and myocardial perfusion. Compared 

to SPECT, PET offers higher spatial resolution, but is more expensive and less accessible. 

Nuclear imaging is prone to moderate image quality due to low photon flux, attenuation 

artefacts and partial volume effect. 

LV systolic function has traditionally been characterized by EF, defined as the fraction of 

stroke volume and end-diastolic volume (EDV). EF is often used in clinical guidelines to 

guide patient treatment, but contractile function may be impaired despite normal EF (33). 

Strain imaging is a newer technique that measures myocardial deformation. It is a 

dimensionless index describing the percentage change in a myocardial segment length relative 

to baseline in the longitudinal, circumferential or radial direction. Negative strain values are 

by convention assigned to shortening and thinning, while strain values for lengthening and 

thickening are positive. Strain allows for more accurate assessment of systolic function than 

EF, and is more sensitive to subtle regional impairments.  

The most established strain technique is strain by speckle-tracking echocardiography (STE). 

STE is based on tracking of “speckles”, which are natural acoustic markers of grey scale 

ultrasound images. These speckles are distributed throughout the myocardium. Deformation 

curves are produced by tracking the relative positions of speckles in different anatomical areas 

or standardized segments, and reported as myocardial strain (34). However, STE requires high 

image quality with a specific frame rate (50-70 frames/s). Poor acoustic windows hinders 

strain by STE in a substantial amount of patients (35, 36). 



20 

 

CMR also assesses myocardial strain. The most validated CMR technique to measure 

myocardial deformation is myocardial tagging. The tagging technique measures regional 

deformation by applying non-invasive demagnetization lines throughout the myocardium, and 

track their movements through cardiac cycle. Strain by CMR tagging has high intrer- and 

intraobserver reproducibility. One the other hand, tagging is hampered with suboptimal spatial 

and temporal resolution, as well as tag fading throughout cardiac cycle. Furthermore, clinical 

usefulness of the technique is limited due to the need for specialized scanning sequences and 

complex post-processing analyses. The recently introduced technique of CMR feature 

tracking (FT) allows strain measurement from ordinary cine sequences, measuring 

deformation along the endocardial or epicardial border. The features tracked are anatomic 

elements, which are found by methods of maximum likelihood in two regions of interest 

between two frames. The endocardial/epicardial borders (excluding papillary muscles and 

trabeculae) are first defined manually. Then, the automatic algorithm identifies a relatively 

small window on one image and searches for the most comparable image pattern in a window 

of the same size in successive images of the sequence. The displacement found between the 

two patterns is interpreted as local displacement of the tissue (strain). The main limitation of 

the method is artefacts due to through-plane motion, as features moving out of plane cannot 

be tracked. CMR-FT is also limited by pixel size (displacement of less than pixel size may not 

be detected). Furthermore, blood motion can affect the tracking close to the endocardial 

regions, which may result in unreal strain values, and good tracking requires high image 

quality with adequate spatial and temporal resolution. The main advantages of CMR-FT is 

that the method does not require additional image acquisition time in the scanner as it can be 

acquired on routine CMR cine acquisitions, and is rapid and semi-automated (37, 38). This 

makes it more accessible than tagging and a relevant alternative to STE, for example in 

patients with poor echocardiographic image quality. 

 

Indices of LV electromechanical dyssynchrony by echocardiography and CMR, such as 

asymmetric work distribution and visual dyssynchronous contraction pattern (septal flash) 

will be discussed in the following. LV dyssynchrony by nuclear imaging, beyond the regional 

disparities in glucose metabolism and perfusion, is considered outside the scope of this thesis. 

 

Myocardial work 

Indices of myocardial shortening, such as EF or strain, suffer from load-dependency (39). 

Afterload (wall stress) represents the load on the ventricle during contraction, and is 

determined by (transmural) ventricular pressure, wall thickness and radius of curvature (Law 

of Laplace) (40). Preload is the load prior to contraction. The uncoordinated contractions of 

walls in LBBB results in heterogeneous wall stress due to different LV geometry between 

regions. This reduces the usefulness of strain and EF in patients with LBBB, where septal 

shortening (strain) may be preserved, but loading conditions abnormal. Myocardial work, on 

the other hand, incorporates load, and may therefore provide a more comprehensive 

assessment of myocardial function than shortening indices alone (25, 26). Myocardial work 

reflects both regional oxygen consumption (41) and glucose metabolism (25). Global LV 

work coincides with the area of the LV pressure-volume loop, while the area of the local 

myocardial force-segmental length loop corresponds to regional myocardial work (42). 

Calculations of force (which is similar to wall stress), however, is cumbersome as it requires 

continuous recordings of both pressure, wall thickness and radius of curvature. A more 

relevant clinical measure is achieved by substituting myocardial force with LVP and segment 
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length with strain (Figure 3). This index of myocardial work has been shown to be a 

reasonable estimate of myocardial work in various clinical scenarios (43).  

 

 

Figure 3. Schematic illustration of a pressure strain loop. 

Arrow indicates counter-clockwise rotation during systole, which means systolic shortening and 

positive work.  

LV=left ventricular; MVC=mitral valve closure; AVO=aortic valve opening; AVC=aortic valve 

closure; MVO=mitral valve opening 

 

A non-invasive LVP curve, personalized to fit the individual patient by timing of valvular 

opening/closing and scaled by the patient’s systolic brachial cuff pressure, has been 

extensively tested and validated (25). Of note, this curve is only validated for pressure-strain 

loop analysis, and cannot be used to calculate diastolic pressure. Moreover, systolic brachial 

cuff pressure is only validated for this purpose in the absence of significant LV outflow 

obstruction, and not in patients with severe aortic stenosis (25). 

Normally, ventricular segments shorten in systole, when LVP increases, and by definition 

perform positive work. Contrary, segments that lengthens in systole perform negative work. 

Net work is positive work minus negative work. The early systolic septal shortening in LBBB 

represents little work because it occurs at a time point when LVP is low. The late-activated 

(and pre-stretched) LV lateral wall, on the other hand, performs a high amount of work. By 

incorporating the effects of variable loading, myocardial work captures these differences 

between regions, while peak strain may be essential the same (44). Furthermore, in contrast to 

peak strain, which only captures a single point of time, the myocardial work index provides a 

quantitative measure of regional myocardial function throughout systole. 

The non-uniform distribution of myocardial work in LBBB is reflected in divergent pressure-

strain loops from the two opposing regions. As illustrated in Figure 2, in the LV lateral wall, 

the loop rotates counter-clockwise as a result of normal systolic shortening, and hence 

performs positive work. The septal pressure-strain loop, on the other hand, rotates both 

clockwise and counter-clockwise, as septum is stretched throughout most of systole, resulting 

in a large amount of negative work (25).  
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Strain by STE combined with non-invasive LVP has been shown to be a valuable measure of 

regional myocardial function in LBBB, and correlates well with both invasive pressure-

segment length in experimental studies and with regional glucose metabolism by FDG-PET in 

patients with LBBB (25). Still, inadequate echocardiographic image quality precludes strain 

assessment in some patients. Myocardial work can also be assessed by strain by CMR 

myocardial tagging in combination with invasive LVP (26). However, clinical utility is 

limited, as previously mentioned. There is a need for an alternative clinically relevant method 

to measure regional myocardial work in patients with poor echocardiographic image quality. 

The present thesis explored the feasibility of calculating septal and lateral wall work in LBBB 

using strain by FT-CMR and non-invasive LVP. 

 

Septal flash 

Septal flash is a hallmark of LV electromechanical dyssynchrony, which was first introduced 

in the field of CRT by Parsai and co-workers in 2008 (45). However, a dyssynchronous LV 

contraction pattern was first described in the 1970s using M-mode echocardiography, and 

named septal beaking (Figure 2) (46, 47). Later, the same phenomenon was identified as a 

rapid early-systolic colour shift on colour M-mode and named septal flash. 

Septal flash is characterized by a rapid leftward-rightward movement of the interventricular 

septum that mainly takes place during the isovolumic contraction phase, prior to AVO. The 

pathological septal movement can be seen by simple eye-balling of images or using m-mode 

echocardiography. Pre-ejection shortening and rebound stretch can also be identified by 

characteristic strain patterns. The first part of the movement is characterized by an early septal 

leftward motion during LV pre-ejection phase. The second part consists of rightward motion 

of septum at the time of LV lateral wall contraction (Figure 2) (45, 46). Although considered 

a feature of LBBB, the prevalence of septal flash among patients with LBBB varies 

substantially (45–63%) (48, 49). Coexisting cardiac disease that affects regional contractility 

in the LV lateral wall and septum may affect the appearance of septal flash (50). 

This thesis focuses on septal flash. However, other features of electromechanical 

dyssynchrony, such as apical rocking, is strongly interrelated with septal flash (49). Apical 

rocking refers to the “rocking motion” of the apex seen in many patients with LBBB. The 

early septal shortening first pulls the apex rightward, before the vigorous LV lateral wall 

contraction moves the apex leftward. This right-left motion causes a characteristic transverse 

motion of the apex, hence the name apical rocking (51). 

The introduction of CRT in modern heart failure treatment has led to a renewed interest in the 

abnormal septal motion in LBBB. Septal flash and apical rocking assessed by 

echocardiography has repeatedly been shown to be associated with CRT response in 

observational and retrospective studies (45, 49, 52, 53). CMR also assesses septal flash, but 

may be inferior to echocardiography in detecting rapid short-lived septal deformation due to 

lower temporal resolution (frame rate) (54). Clinical relevance of septal flash assessed by 

CMR has been scarcely investigated (55). 

 

Myocardial fibrosis 

Myocardial fibrosis may be focal or diffuse. Focal fibrosis (scar) is called replacement 

fibrosis since fibrotic tissue replaces necrotic cardiomyocytes, and is considered irreversible. 
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In contrast, diffuse fibrosis occurs without cardiomyocyte necrosis, is in principle localized 

between cardiomyocytes and affects the myocardium in a rather uniform and global 

distribution. Diffuse fibrosis is potentially reversible (56).  

CMR precisely defines the extent and location of focal fibrosis (scar) by the technique of late 

gadolinium enhancement (LGE), and LGE extent correlates excellently to localized myocyte 

necrosis on histological examination (57). For distinction between fibrosis and viable 

myocardium, LGE-CMR relies on administration of a contrast agent, usually gadolinium 

based. The gadolinium chelate is a tracer that freely distributes in extracellular space, but does 

not cross the intact cell membrane. Due to a combination of increased extracellular volume 

and slower washout kinetics, there is a relative accumulation of gadolinium in areas of 

necrosis, fibrosis, infiltration, and inflammation in the late washout phase. Since gadolinium 

shortens T1 relaxation time in nearby water protons, it produces brighter signal intensity in T1 

weighted sequences. The inversion recovery LGE sequences are designed to increase intensity 

difference caused by even quite small T1 time differences. Hence, local areas with fibrotic 

myocardium appears bright white, in contrast to the normal nulled black myocardium.  

LGE-CMR is considered reference standard to identify myocardial scar, of both ischemic and 

non-ischemic aetiology (58). Furthermore, LGE allows differentiation of ischemic 

cardiomyopathy (ICM) from dilated cardiomyopathy (DCM), and directly informs on the 

underlying pathogenesis in DCM in some cases. In ICM, LGE is usually located 

subendocardially or transmurally, in line with the perfusion territories of epicardial coronary 

arteries. In DCM, the distribution of LGE tends to be patchy, subepicardial or midmyocardial 

(59). LGE is associated with worsened LV function, abnormal cardiac remodelling and 

increased ventricular stiffness (60). Furthermore, in DCM, as well as ICM, patients with 

visible LGE have worse prognosis and outcome, including all-cause mortality, HF 

hospitalizations and sudden cardiac death (61, 62), supporting independent risk stratification 

of LGE beyond the contribution of EF. Approximately one-fourth of DCM patients have 

midwall LGE, illustrated in Figure 2 (61, 62). 

Despite high accuracy, LGE-CMR is limited by accessibility and contraindications in some 

patients. Hence, there is a need for alternative methods to image myocardial scars. Alternative 

techniques include FDG-PET and echocardiography. The principle behind FDG-PET as 

method to identify scar, is that myocardial uptake of the radioactive glucose analogue reflects 

metabolic activity and, hence, viability of the myocardium. Echocardiography may assess 

myocardial shortening by strain imaging, which would be directly related to viability since 

non-viable myocardium does not contract. When only part of the wall is viable, there is 

reduced contraction as reflected in reduced systolic strain. Metabolism and strain correlate 

with infarct mass in hearts with otherwise preserved contractility and normal electrical 

conduction (63, 64). In CRT candidates, however, scar imaging by FDG-PET and strain may 

be challenging, because these patients have variable degree of myocardial dysfunction 

independent of scar. Furthermore, LBBB itself markedly affects regional myocardial function 

and metabolism within the ventricle irrespective of scar.  

No previous study has validated scar imaging by FDG-PET against the reference standard 

LGE-CMR in CRT candidates. Former studies have investigated the agreement between 

strain and LGE in pre-specified patient groups with ischemic cardiomyopathy only (65-67). 

However, strain has not previously been validated against LGE-CMR in an unselected 

population of CRT candidates, as encountered in clinical practice, including both ICM and 

DCM. There is a need to determine if assessment of myocardial metabolism by FDG-PET and 

LV systolic function by strain echocardiography can identify LV scar in patients referred for 

CRT, defined by LGE-CMR. 
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In contrast to focal fibrosis (scar), LGE imaging does not visualize diffuse fibrosis. The more 

recently introduced technique of CMR T1-mapping, on the other hand, allows these diffuse 

conditions to be diagnosed by measurement of T1 values and calculation of extracellular 

volume (ECV). Currently, with a few exceptions, T1 mapping is not implemented in clinical 

practice and is mainly a research tool. Diffuse (interstitial) fibrosis is considered outside the 

scope of this thesis. 

 

Heart failure 

Heart failure (HF) is a clinical syndrome of symptoms and signs caused by a structural and/or 

functional cardiac abnormality, resulting in an inadequate cardiac output and/or elevated 

intracardiac pressures at rest or during stress (68). Patients typically present with shortness of 

breath, fatigue and/or peripheral oedema. The signs and symptoms of HF result partly from 

compensatory mechanisms by which the body attempts to adjust for a primary deficit in 

cardiac output. Although these compensatory neurohormonal mechanisms provide valuable 

support for the heart in normal physiological circumstances, they also have a fundamental role 

in the development and subsequent progression of chronic HF. The principal neurohormonal 

systems involved in the response to HF are the sympathetic nervous system and the renin-

angiotensin-aldosterone system (RAAS). The effect is progressive cardiac dilation and/or 

alterations in cardiac structure (remodelling) where myocardial fibrosis replaces normal 

cardiomyocytes (69, 70). 

HF is common and its prevalence increases with age. In the developed world approximately 

1-2% of the adult population is affected, and prevalence is >10% in the age group over 70 

years (71-74). The prognosis of HF is generally poor, with 1-year mortality of 20% in all 

patients hospitalized for HF, even higher among the oldest (75, 76). The diagnosis of HF is 

based on patient history, physical examination, ECG, cardiac imaging and laboratory testing 

of natriuretic peptides (usually BNP or NT-proBNP). For further information on diagnostic 

criteria, the reader is encouraged to consult current guidelines (68, 77).  

Depending on the time course and the primary affected ventricle, HF may be classified as 

acute or chronic, and right-sided or left-sided. Symptomatic burden is commonly graded 

according to the New York Heart Association (NYHA) functional classification, from class I 

(no symptoms) to IV (symptoms at rest) (68). The syndrome of chronic LV HF is further 

subdivided in categorizes based on LV EF, as measured by echocardiography. If EF is 

considered preserved (typically ≥50%), the patient is described as having HF with preserved 

EF (HFpEF), while a clearly reduced EF (<40%) is denoted as HF with reduced EF (HFrEF). 

HF with EF in between (40-49%) is termed HF with mildly reduced EF (HFmrEF) (68). 

HFrEF and HFpEF typically have different underlying aetiologies, demographics, co-

morbidities and response to treatment, although the entities overlap (78). HFmrEF is 

recognized as a “grey area” with characteristics of both the other groups. This thesis focuses 

on HFrEF, where CRT is most relevant. 

The general goals of treatment are to reduce symptoms and mortality of HF, increase physical 

capacity and quality of life, and prevent recurrent hospital admissions due to worsening HF. 

Acute HF can represent a life-threatening condition where specific treatment options 

consisting of cardio-pulmonary support may be necessary. The further discussion focuses on 

treatment of chronic LV HFrEF. Underlying aetiology (coronary artery disease, hypertension, 

arrhythmias, valvular pathology, myocarditis etc.) should be treated according to current 

guidelines, customized to the individual patient (68). 
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Pharmacotherapy is the cornerstone of treatment for HFrEF, and should be implemented 

before considering device therapy, and alongside non-pharmacological interventions. The 

2021 ESC guidelines recommend a tetrad of 1) an angiotensin-converting enzyme inhibitor 

(ACE-I)/angiotensin receptor-neprilysin inhibitor (ARNI), 2) a beta-blocker, 3) a 

mineralocorticoid receptor antagonists (MRA), and 4) a sodium-glucose co-transporter 2 

(SGLT2) inhibitor as cornerstone therapies for patients with HFrEF (68). Angiotensin 

receptor blockers (ARBs) are alternatives to ACE-I, for example in patients intolerant for 

ACE-I (79). Guidelines recommend up titrating the medications to maximum tolerated 

evidence-based doses. Diuretics should be used in addition to the above medications in 

patients with symptoms and/or signs of congestion. Other drugs may be used for selected 

patients with HFrEF (68).  

In contrast to HFrEF, clinical trials have until recently failed to demonstrate effect on clinical 

endpoints in patients with HFpEF. In the last years, however, SGLT2-inhibitors have 

demonstrated reduced cardiovascular mortality and HF hospitalisations in patients with 

HFpEF, regardless of coexisting diabetes (80). Additionally, ARNI and MRA have gained a 

place in the guideline directed therapy of HFpEF, primarily in patients with EF in the lower 

spectrum (81). Latest results show that the glucagon-like peptide-1 (GLP-1) receptor agonist 

semaglutide reduces symptoms and increases functional capacity in patients with HFpEF and 

obesity (82). Similar to HFrEF, diuretics should be used to reduce congestion and improve 

symptoms. Identification and treatment of specific causes such as amyloidosis, and 

management of contributing comorbidities such as hypertension, coronary artery disease and 

atrial fibrillation are essential parts of the care of HFpEF patients. 

In addition to medical therapies, implantable cardioverter-defibrillator (ICD) and CRT are 

device therapies for selected groups of patients with heart disease. Implantation of an ICD is 

recommended in patients who have recovered from a ventricular arrhythmia causing 

hemodynamic instability (secondary prevention), and for patients with symptomatic HF 

(ischemic heart disease or dilated cardiomyopathy) with EF ≤35% (primary prevention) (68). 

An ICD does not affect the progression of the HF, but prevents sudden cardiac death from 

arrhythmias. Eligible patients should have a life expectancy substantially longer than 1 year 

and with good functional status (68). CRT will be discussed separately. Additionally, selected 

patients with end-stage LV HF who fulfil specific criteria may be candidates for heart 

transplantation or left ventricular assist device, which is a mechanical pump that pumps blood 

from the LV and transfers it to the ascending aorta. These are highly specialized treatment 

options beyond the scope of this thesis. 

 

Cardiac resynchronization therapy 

CRT, also known as biventricular pacing, involves simultaneous pacing of the right and left 

ventricle. In addition to a conventional RV endocardial lead (with or without a right atrial 

lead), CRT involves an additional coronary sinus lead placed for LV pacing. The LV lead 

should preferably be placed in a posterolateral vein to pace the otherwise usually last 

activated myocardial region. The aim is to reverse the pathological consequences of 

uncoordinated activation, restoring AV-, intra- and interventricular synchrony. CRT decreases 

morbidity and mortality, improves functional status and reverses pathological LV remodelling 

in selected patients with chronic HFrEF, compared to optimal medical treatment alone (83, 

84) (Figure 4). 
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Figure 4. Cardiac resynchronization therapy (CRT) reduces morbidity and mortality in heart 

failure compared to optimal medical treatment alone. 

 

Reproduced with permission (83), Copyright Massachusetts Medical Society. 

 

 

Based on current guidelines, CRT is recommended treatment of chronic HF in patients with 

prolonged QRS (≥ 130 ms and LBBB, or ≥150 ms and non-LBBB morphology), with reduced 

LV function (EF ≤ 35%) in NYHA functional class II-IV, despite optimal medical therapy (8, 

68). Benefit is less clear for patients in atrial fibrillation, hence criteria are somewhat stricter 

and recommendations weaker. Patients in NYHA class I may also profit from CRT according 

to a meta-analysis, suggesting that CRT may also be beneficial in earlier stages of HF (85). 

For CRT to be successful, biventricular pacing close to 100% of the time is essential (86, 87). 

In patients with atrial fibrillation, AV node ablation should be considered if inadequate 

amount of biventricular pacing (8).  

 

Patients with indication for a conventional pacemaker where a high proportion of RV pacing 

is expected, should be considered for CRT as first line option (88). Guidelines recommend 

upgrading from a traditional pacemaker to CRT in patients with EF ≤ 35% on optimal medical 

therapy with significant amount of RV pacing (8). CRT is contraindicated in patients with 

narrow QRS (89). 

 

The CRT device comes as two options: a sole biventricular pacemaker with pacing only 

(CRT-P) or combined with a defibrillator (CRT-D). The decision on what device to implant is 

based on patient comorbidity, age, functional stage and whether the main purpose of the 

treatment is symptom relief or life prolongation. The defibrillator comes with increased costs 

and complications, and the mortality benefit is uncertain in non-ischemic HF (90). 

 

Despite convincing effect of CRT in many patients, approximately one-third of the patients 

who fulfil current selection criteria do not show clinical improvement, and some even 
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deteriorates. Furthermore, the therapy is costly, and afflicted by risk of serious device related 

complications (91). Factors known to increase the likelihood of favourable response to the 

treatment include female gender, longer QRS duration, LBBB morphology, non-ischemic 

aetiology and absence of myocardial scar (8). The relative importance of QRS duration and 

QRS morphology (LBBB vs. non-LBBB) is an ongoing debate (92-95). Recent studies also 

suggest that there might be a “point of no return” where severely depressed LV systolic 

function implies little chance of CRT response (96, 97). 

 

Current guidelines rely on ECG criteria to identify electrical dyssynchrony and thereby 

probable CRT response (8). However, baseline QRS-duration is only a moderate predictor of 

CRT response (29). Furthermore, there are discrepancies between electrical activation by 

ECG and mechanical contraction by echocardiography in a considerable amount of patients 

with LBBB (98). Hence, there is a need for better predictive tools to reduce the number of 

non-responders, especially in the subgroup of patients with intermediate QRS-duration (130-

150 ms), where response is particularly variable and guidelines recommendations weaker (8). 

In light of this, extensive research has been conducted to identify suitable indices of LV 

dyssynchrony, predominately from echocardiography (99-101), but also from CMR (102-104) 

and nuclear imaging (105, 106). The majority of the indices are timing indices, based on 

regional heterogeneity in timing of contractions, either within the left ventricle or between the 

ventricles. Although initially useful in single-centre studies, none was advantageous over 

current guidelines in a multicentre setting (107). One reason for the shortcoming of time-to-

peak indices may be that they are sensitive to non-electrical causes of LV dyssynchrony (for 

example scar or fibrosis) (4, 5, 108). If the cause of dyssynchrony is non-electrical, correction 

by CRT is not likely. Hence, timing indices may be suboptimal markers of a CRT substrate 

(109, 110). As a result, recent focus has shifted from timing indices towards identifying 

specific contraction patterns associated with electromechanical dyssynchrony, primarily the 

abnormal septal contraction pattern in LBBB (111-113).  

Former observational studies have indicated that a poorly functioning septum, whether 

identified visually as abnormal wall motion (septal flash/apical rocking) (45, 49), reduced 

septal myocardial work (114, 115) or low septal glucose metabolism (116), may reflect septal 

dysfunction correctable by CRT. Findings that CRT normalizes these changes (25, 49, 117, 

118) favour the idea of reduced septal function as a target for CRT. Nevertheless, not all 

patients respond to CRT despite an apparent septal substrate. We hypothesize that septal 

recovery to CRT may depend on irreversible septal structural changes (scar). 

Transmural posterolateral wall scar is an established risk factor for reduced response to CRT 

(119-125). In comparison, the significance of septal scar is less clear (121, 122).  Still, there is 

accumulating evidence that also septal scar negatively affects CRT response (126, 127). This 

is a plausible finding when considering recovery of septal function a main mechanism for 

CRT response.  

Beyond assessing LVEF (most commonly by echocardiography), cardiac imaging has no 

explicit role in selecting patients for CRT. Guidelines recommend to avoid placing the LV 

lead in non-viable tissue, but routine scar assessment is not included in current selection 

criteria, neither is imaging assessment of LV dyssynchrony (8). 

The persistently high proportion of non-response to CRT are probably caused by multiple 

factors, ranging from suboptimal patient selection criteria, technological failure to maximize 

the potential of the therapy, as well as post-implant monitoring. Targeting implantation of the 

LV lead at the site of latest mechanical activation as measured by strain improves response 

rate (128). Optimizing AV-delay in non-responders using echocardiography is suggested to 
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improve response, but the clinical value is uncertain (8). The adaptive CRT algorithm allows 

fusing of LV pacing with the intrinsic electrical activation (provided PR-interval is normal), 

to achieve a more physiological LV activation (129). The present thesis focuses on improving 

patient selection to CRT by cardiac imaging.  
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Aims 

 

General aims 

The overall aim of this thesis was to study regional LV function in LBBB to improve 

understanding of LV dyssynchrony on myocardial function and CRT response. We sought to 

explore if CMR-FT in combination with non-invasive LVP is a relevant measure of regional 

myocardial function in LBBB. Furthermore, we investigated how regional LV function, in 

terms of glucose metabolism and strain/work, correlate with regional LV scar in 

dyssynchronous ventricles. Finally, we hypothesized that a viable, but dysfunctional septum is 

a substrate for CRT. We postulated that this substrate is identifiable by CMR as single image 

modality, and that CMR therefore can improve patient selection to CRT beyond current 

guidelines criteria. 

 

Specific aims 

Paper 1 

We aimed to test the feasibility of calculating regional myocardial work from strain by CMR-

FT and non-invasive LVP in patients with HFrEF and LBBB.  

 

Paper 2 

We aimed to determine if myocardial metabolism by FDG-PET and LV systolic function by 

strain echocardiography could identify LV scar in patients referred for CRT, compared to 

LGE-CMR as reference standard. 

 

Paper 3 

We aimed to test the hypothesis that combined assessment of septal scar and LV 

dyssynchrony (septal flash) by CMR as single image modality predicts response to CRT in a 

prospective, multicentre study. 
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Materials and methods 

 

Study population 

Two hundred and thirty-six patients referred for CRT implantation were prospectively 

included at Oslo University Hospital, Rikshospitalet (Norway) (n=101), University Hospitals 

Leuven (Belgium) (n=50), Rennes University Hospital (France) (n=71), OLV Clinic, Aalst 

(Belgium) (n=11) and Karolinska University Hospital (Sweden) (n=3). Patient inclusion 

lasted from September 2015 to November 2017. Potential CRT candidates were referred from 

local hospitals to their respective tertiary centre, where suitability was assessed and, if deemed 

appropriate, CRT implanted. During study inclusion, approximately 200 CRTs were 

implanted in Oslo, 300 in Rennes and 120 in Leuven. This means that roughly 35% of 

patients that received CRT in the main contributing centres were included. Inclusion criteria 

was indication for CRT according to 2013 ESC guidelines (130). Study exclusion criteria 

were recent myocardial infarction or coronary artery bypass surgery, previous heart 

transplantation, implanted intraventricular assist device, severe aortic stenosis, uncorrected 

congenital heart disease or failure to obtain adequate LV volumes by echocardiography.  

The name of the study was “Contractile Reserve in Dyssynchrony: A Novel Principle to 

Identify Candidates for Cardiac Resynchronization Therapy (CRID–CRT)”. The study was 

registered at clinicaltrials.gov (identifier NCT02525185).  

Of the total 236 patients, 153 performed a CMR scan and were subsequently considered for 

inclusion in one or more of the present studies. Main reason for not performing CMR was 

previous CMR unsafe intracardiac devices (n=53). For the remaining patients (n=30) reasons 

included patient refusal, intracranial metal implants and logistical causes/no available CMR 

slot. Three CMR examinations were excluded from further analysis because of technical 

failure/reduced image quality. The remaining 150 patients were considered for inclusion in 

one or more of the studies according to study inclusion criteria (described later). Of these, 

eight patients were examined without contrast agent because of reduced renal function (eGFR 

≤ 45ml/min/1.73m2). A flowchart illustrating patient inclusion for the different studies is 

presented in Figure 5. Naturally, there was a great overlap between patients included. Of the 

37 patients in paper 1, all were also included in paper 2, while 35 were included in paper 3. 

The remaining two were excluded from the outcome-paper because criteria for CRT was not 

fulfilled (LVEF>35%) or because the leads had to be extracted shortly after implantation (due 

to endocarditis). The ten patients that did not fulfil the inclusion criteria for paper 2, did not 

receive CRT, and were consequently also excluded from paper 3. One patient did not fulfil the 

criteria for CRT because LVEF had improved substantially since the time of referral, but was 

still eligible for inclusion in paper 2. Correspondingly, so were the three patients without 

appropriate follow-data (Figure 5). The eight patients that were examined without 

administration of a contrast agent were all excluded from paper 2, but included in paper 3 

(except for scar analyses). 

FDG-PET was performed at two centres (Oslo and Leuven). Of the 151 patients potentially 

eligible, 93 patients successfully underwent a FDG-PET scan. The main reason for not 

undergoing PET was patient refusal/no available time slot (n=51). Others were discarded 

from analysis due to inadequate image quality (n=6) or failure to carry out preparation 

protocol because of insufficiently controlled diabetes mellitus (n=1). 
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Figure 5. Flowchart illustrating patient inclusion in all three studies. 

CMR=cardiac magnetic resonance; PET=positron emission tomography, LBBB=left bundle branch 

block; CRT=cardiac resynchronization therapy 

 

Medical history, including cardiac symptoms (NYHA class) and medications, as well as a 12-

lead electrocardiogram (ECG) were obtained at study enrolment, usually the day before CRT 

was implanted. The author of this thesis, together with PhD fellow John Moene Aalen and 

study nurse Kari Melberg, included all study patients in Oslo. 

Paper 1 also included nine control subjects without LBBB or other known cardiac disease. 

These subjects were recruited through voluntary enrolment in the community. Normal QRS 

duration was defined as ≤ 120ms. 

The Regional Committee for Medical Research Ethics at all participating centres approved the 

studies, which complied with the Declaration of Helsinki. Written informed consent was 

obtained from all study participants.  

 

Paper 1 

Paper 1 was a feasibility study to investigate if regional myocardial work could be assessed 

from strain by FT-CMR and non-invasive LVP in patients with HF and LBBB. The estimated 

regional myocardial work distribution was compared to work distribution assessed by speckle 

tracking echocardiography and non-invasive LVP, and to the distribution of glucose 

metabolism by FDG-PET. Glucose metabolism was used as a marker of myocardial energy 
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demand and hence as a useful correlate for regional myocardial work. The distribution of LV 

workload in patients with LBBB was compared to the results of healthy controls with normal 

ECGs.  

For this study, we aimed for a homogenous patient population, minimizing confounding 

factors that could influence the results. We therefore studied patients with strict LBBB as 

defined by Strauss and co-workers (11) selectively, and excluded patients with myocardial 

scar by LGE-CMR or renal failure not permitting administration of a contrast agent (eGFR ≤ 

45ml/min/1.73m2). We also excluded patients with atrial fibrillation at the time of 

examination given the difficulty in obtaining strain traces and myocardial work in the case of 

significant R-R variability. Furthermore, to achieve the highest possible number of patients 

with FDG-PET, we included patients from the two centres that performed FDG-PET only 

(Oslo and Leuven) (Figure 5).  

In total, 37 patients with HF and LBBB (QRS-duration 165±15ms), as well as nine healthy 

controls (QRS-duration 90±9ms), were studied. 

 

Paper 2 

In paper 2, we investigated if assessment of myocardial metabolism by FDG-PET and LV 

systolic function by strain echocardiography can identify LV scar in patients referred for 

CRT. In addition to strain, we measured myocardial work from strain combined with non-

invasive LVP. As reference method for scar, we used LGE-CMR. Focus was on the LV 

lateral wall and septum. For this study, we included all patients from the multicentre study 

with QRS width >120 ms, no signs of reversible ischemia and available echocardiographic 

images who completed a successful LGE-CMR scan (n=132) (Figure 5). Reversible ischemia 

was excluded based on clinical history, supplemented with coronary angiography if 

considered necessary by the physician in charge. All patients underwent echocardiography 

and 53 completed FDG-PET to assess regional glucose metabolism. 

 

Paper 3 

Paper 3 was a prospective observational study where we investigated if combined assessment 

of septal scar and LV dyssynchrony by CMR as single image modality could identify CRT 

responders beyond current guidelines criteria. We performed CMR with LGE to define 

myocardial scar. LV dyssynchrony was assessed visually as septal flash on cine sequences, 

and as asymmetric LV work distribution (by FT-strain and non-invasive LVP). The 136 

patients with available CMR and follow-up data from the total study population were 

included. Reasons for lack of follow-up data were CRT not implanted (n=11), study 

withdrawal (n=1), no available follow-up echocardiography (n=1) and lead extraction due to 

endocarditis (n=1) (Figure 5). Study inclusion criteria was indication for CRT according to 

European Society of Cardiology (ESC) 2013 guidelines (130). To assess volumetric response, 

echocardiography was repeated at 6±1 months follow-up. Survival was assessed at 39±13 

months follow-up. 

LBBB in paper 2 and 3 was defined according to the guidelines of the European Society of 

Cardiology (68).  
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Cardiac Magnetic Resonance 

Patients were scanned with a 1.5 or 3.0 Tesla unit (in Oslo, Rennes and Stockholm: Aera, 

Skyra or Verio, Siemens, Erlangen, Germany, in Leuven: Ingenia, Philips Healthcare, Best, 

the Netherlands, in Aalst: Signa HDXT, GE, Boston, US). Frame rate was 31±3 frames per 

heart cycle. 

 

Left ventricular volumes and ejection fraction 

Long- and short axis cine sequences were acquired using a steady-state free precession 

sequence. Acquisition was performed with ECG gating and during breath-holds as routinely 

performed in clinical practice. Short axis slices to cover the entire left ventricle were obtained. 

From these images, endo- and epicardial borders were delineated, and subsequently LV 

volumes and EF measured with Segment software v2.0 R5270 (Medviso AB, Lund, Sweden) 

(131).  

 

Myocardial strain 

Circumferential strain from cine images was analysed for paper 1 and 3. Analyses were 

performed semi-automatically with FT software (2D CPA MR; TomTec Imaging Systems, 

Unterschleissheim, Germany) in mid-ventricular short-axis view. The endocardial border was 

delineated manually and adjusted to achieve optimal tracking throughout heart cycle. 

Tracking quality was evaluated visually by the operator, and if a case had inadequate tracking 

despite repeated adjustments, it was excluded. In paper 1, no patient was excluded due to 

inadequate tracking, but in paper 3, six patients were excluded for this reason.  

 

Regional non-invasive myocardial work index 

We used the previously mentioned non-invasive estimate of LVP curve to calculate an index 

of segmental myocardial work based on pressure-strain analysis. In 2012, the method was 

innovated in our lab and validated against invasive LVP (25). First, a large number of 

invasively measured LVP traces were sampled. Then, peak LVP, and the isovolumic and 

ejection phases, were normalized to create an average reference curve. The reference curve is 

subsequently adjusted to the individual patient by adding timing of valvular events (provides 

information on cardiac phases) and scaled by peak LVP (usually approximated as brachial 

systolic cuff pressure). The work index (mmHg·%) is calculated by multiplying the rate of 

segmental shortening (strain rate) with instantaneous LVP from the individually adjusted 

reference curve. This is integrated over time from mitral valve closure to mitral valve 

opening, and the result is net work performed during systole, which largely corresponds to the 

area of the pressure-strain loop.  

For all work analyses in the present studies, the estimated LVP curve was derived from a 

semi-automated analysis tool (Echopac, version 202, GE Vingmed Ultrasound, Horten, 

Norway), and adjusted to the duration of the cardiac phases by visual assessment of valvular 

events by CMR and echocardiography, respectively. Strain was assessed as described in the 

respective sections. Polar maps were constructed using a 17-segment model (AHA) (132). 

“Septum” was defined as the anteroseptal and septal segments and the “LV lateral wall” as the 
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lateral and posterolateral segments. Blood pressure was measured by the brachial cuff method 

at the beginning of the echocardiographic examination. Septal and LV lateral wall work were 

calculated as the average of the two associated segments. LV segments that shorten in systole, 

when LVP increases, by definition do positive work. Contrary, elongation in systole when 

LVP increases by definition implies negative work. We calculated net work as the sum of 

positive and negative work. Lateral-to-septal work difference, which was used as a measure of 

LV dyssynchrony in paper 3, was calculated as the difference in net work between the LV 

lateral wall and septum. In paper 1, we used pressure-strain curves to illustrate the 

deformation pattern in LBBB.  

The author of this thesis performed the strain and work analyses by FT-CMR, without 

knowledge of echocardiographic volume data. For the reproducibility testing in paper 1, a 

colleague in Oslo performed repeated analyses. 

 

Septal flash 

In paper 3, septal flash was used as parameters of abnormal septal function and LV 

dyssynchrony. Septal flash (45) was defined as an early and fast left-right motion 

(thickening/thinning) of the interventricular septum that starts and mostly ends during the 

isovolumic contraction phase prior to aortic valve opening, illustrated in Figure 6.  

 

Figure 6. Schematic illustration of septal flash by CMR cine images. 

Patient A displays an early contractile motion of the interventricular septum (septal flash) with no 

apparent motion of the lateral wall during iso-volumic contraction phase. Patient B demonstrates no 

pre-ejection septal movement (no septal flash). 
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We determined septal flash visually as a binary phenomenon (yes or no) on cine sequences 

from the apical 4-chamber long axis view or any of the short axis views. To test 

reproducibility of septal flash, we performed inter-centre variability testing in 25 randomly 

selected patients. The author of this thesis performed the analyses of septal flash in all 

patients, without knowledge of echocardiographic volume data. A colleague in Leuven 

performed repeated analyses to test inter-centre reproducibility. 

 

Late gadolinium enhancement 

LGE was assessed in 142 of the 150 patients with successful CMR scan, while eight patients 

were examined without administration of a contrast agent because of reduced renal function 

(eGFR ≤ 45ml/min/1.73m2). LGE images were obtained after intravenous injection of either 

0.15 (n=86) or 0.20 (n=51) mmol/kg gadoterate meglumine (Doteram™, Guerbet, Villepinte, 

France), or 0.15 mmol/kg gadobutrol (Gadovist™, Bayer AB, Stockholm, Sweden) (n=3), or 

0.15 mmol/kg gadobenate dimeglumine (MultiHance®, Bracco, Milan, Italy) (n=2).  

Presence of LGE was determined visually by an experienced radiologist, and classified as 

ischemic or non-ischemic. Thereafter, if present, fibrotic foci were quantified semi 

automatically with the freely available Segment software v2.0 R5270 (Medviso AB, Lund, 

Sweden) (133) from a stack of short axis slices using the automatic algorithm EWA 

(expectation maximization, weighted intensity, a priori information) (Figure 7).  

 

 

Figure 7. Illustration of transmural LV lateral wall scar identified by LGE-CMR. 

The image is a short-axis view, with the contours of the left ventricle manually drawn. The scarred 

regions (LGE) appear bright white and are delineated by the semi-authomatic software. The 

transmural lateral wall scar extends to the anterior and inferior walls.  

LV=left ventricular, LGE-CMR=late gadolinium enhancement cardiac magnetic resonance.  
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The automatic quantification of scar size was corrected manually if appropriate. Papillary 

muscles were regarded as part of the ventricular cavity. Polar maps were constructed using a 

17-segment model (AHA) (132), and the apical segment (segment number 17) were excluded 

from analysis. Myocardial scar was reported as percentage LGE of total tissue volume per 

segment (paper 2) or per wall (average of associated segments) (paper 3). LGE was analysed 

and reported the same way independent of underlying aetiology (ischemic or non-ischemic). 

Any LV myocardial LGE was reported, including RV insertion fibrosis and midmural LGE.   

All patients with previous infarctions were excluded from paper 1. In paper 2, we defined 

non-transmural scar as LGE <50% of segmental tissue volume, and transmural scar as 

LGE≥50% of segmental tissue volume. In paper 3, we used LGE as a continuous variable in 

regression and ROC curve analysis. However, in the same paper, we also categorized patients 

by using septal LGE as a binary parameter (present or not present) in the suggested flowchart. 

 

Echocardiography 

Transthoracic two-dimensional echocardiography was performed in all patients. A Vivid E9 

or E95 ultrasound scanner (GE Vingmed Ultrasound, Horten, Norway) was used to acquire 

grey-scale echocardiographic images from the parasternal and apical views. Average frame 

rate was 65±10 frames/s. Together with John Moene Aalen, the author of this thesis 

performed the echocardiograms in patients from Oslo. 

Ventricular volumes and LV ejection fraction were calculated by the biplane Simpson’s 

method at baseline and at 6 months follow-up. Longitudinal strain was measured by speckle 

tracking echocardiography from the three apical views using an 18-segment model (Echopac, 

GE Vingmed Ultrasound, Horten, Norway) in paper 1 and 2. A colleague from Oslo blinded 

to the scar analyses, performed the strain analyses. The same investigator also calculated 

segmental myocardial work by pressure-strain analysis as described in previous sections. In 

paper 1, “septum” and “the LV lateral wall” was defined similarly to CMR analysis 

(anteroseptal/septal segments and lateral/posterolateral segments, respectively). In paper 2, we 

averaged the two apical septal and the two apical lateral wall segments from 

echocardiography (18 segments) to achieve comparable results with CMR (16 segments 

used). 

Radial strain, originally intended included in paper 2, was excluded from analysis because 

measurements were often unsuccessful due to thin LV wall in many patients. 

 

Positron Emission Tomography 

Segmental glucose metabolism was assessed by 18F-fluorodeoxyglucose (FDG) Positron 

Emission Tomography (PET) at two centers (Oslo and Leuven). Scanners used were Biograph 

64 or 16 HiRez PET/CT (Siemens, Erlangen, Germany) and Discovery MI PET/CT (GE 

Healthcare, Chicago, Illinois, US). Patient preparation consisted of a hyperinsulinemic 

euglycemic clamping method (134) or an oral glucose loading protocol. After stabilization of 

the glucose levels, 370 MBq FDG was administered and a 40 minutes acquisition was 

performed 45 minutes after injection. 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. Attenuation correction with CT was performed. Polar maps using a 17 

segment model (AHA) (132) were constructed, and segmental values expressed in percentage 
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of the segment with maximum mean glucose uptake. The investigation was performed during 

resting conditions and the patients were instructed to avoid exercise the days before. 

In paper 1, where glucose metabolism was used as a correlate to regional myocardial work, 

septal and lateral glucose uptake was calculated as average of the respective segments 

(corresponding to the segments from which regional work was derived). In paper 2, where 

agreement to LGE-CMR was tested, all segments except the apex (segment 17) were reported 

separately. A trained colleague in Leuven performed all the PET analyses. 

 

Endpoints 

In paper 1, we used work calculations from STE-strain and non-invasive LVP as a 

comparison to work by FT-strain and non-invasive LVP. We chose this reference method 

because of its previous extensive testing and validation in different scenarios (25). To 

strengthen our findings further, we also used glucose metabolism by FDG-PET as a marker of 

myocardial energy demand and as a correlate for regional myocardial work (in patients with 

available FDG-PET results). To test reproducibility of the work estimates, we performed 

inter- and intraobserver analysis. 

In paper 2, we used segmental LGE to define myocardial scar, to which agreement of strain 

by echocardiography and FDG-uptake by PET were tested. As stated previously, transmural 

scar was defined as LGE ≥ 50% of segmental volume, and non-transmural scar as LGE < 50% 

of segmental volume. 

Primary endpoint in paper 3 was reverse remodelling at six (6±1) months follow-up defined 

as ≥15% reduction in LV end systolic volume indexed to body surface area (ESVi). Volumes 

were measured by echocardiography using the biplane Simpson method from the apical 2- 

and 4-chamber view. Due to significant inter- and intraobserver variability of such 

measurements (135), all volumes were measured at three different locations (Oslo, Leuven 

and Rennes) by different observers blinded to other parameters. In case of disagreement on 

response, a majority decision was made. We used the average of agreeing volumes to 

determine CRT response, and change in LVESVi was used as a continuous variable in 

regression analysis to identify predictors of reverse remodelling. 

Secondary endpoint in paper 3 was death of any cause or heart transplantation, and was 

assessed at 39±13 months follow-up. 

 

CRT implantation 

The decision to implant CRT was based on current ESC guidelines, and the responsible 

electrophysiologist made the final decision. Implantation procedure and device manufacturer 

were according to clinical routine at the respective centres. Coronary venography was used to 

guide implantation, and the LV lead was placed in a lateral or posterolateral vein if possible, 

preferably away from scar. The device was programmed in a conventional biventricular 

pacing mode and retested prior to hospital discharge. 
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Statistics 

Continuous variables are expressed as mean ± standard deviation (SD) if normally distributed, 

or as median (interquartile range) if distribution is skewed. Categorical variables are presented 

as percentages. Comparisons between groups were performed with two-sampled t-tests, 

Mann–Whitney U test or chi-square test as appropriate. 

To measure the linear relationship between continuous variables in paper 1, we used scatter 

plots and Pearson’s correlation coefficient. Intra- and inter-observer variability was assessed 

by intraclass correlation coefficient (ICC) (paper 1 and 3) and Bland–Altman plots with 

calculation of the 95% limits of agreement (paper 1). In paper 3, we used linear regression 

analysis with left ventricular end systolic volume change as dependent continuous variable to 

identify significant predictors for reverse remodeling (primary endpoint). Receiver operating 

characteristic (ROC) curves with area under the curve (AUC) and 95% confidence interval 

(CI) were used to evaluate agreement of different parameter to scar (paper 2) and to determine 

properties of suggested approaches to select CRT responders (paper 3). To test combined 

assessment of two parameters, we first performed logistic regression analysis to calculate 

probability of response, which was subsequently used to construct ROC curves. ROC curves 

were compared by the Hanley and McNeil method (MedCalc Software version 19.8) (136). 

To assess long-term survival (secondary endpoint in paper 3), we used hazard ratio with 95% 

CI from Cox regression and log-rank test from Kaplan-Meier curves. Censoring was 

administrative due to individuals entering the study on different time points and, hence, 

different observation times. 

All tests were two-tailed, and a P-value <0.05 was considered statistically significant. SPSS 

version 25.0 (IBM Corporation, Armonk, NY) was used for analyses.  
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Summary of results 

 

Paper 1 

 

All patients had ECG features of LBBB according to Strauss, while controls had normal 

ECGs. QRS-duration in the two groups was 165±15 and 90±9 ms, respectively (p<0.001). 

Systolic blood pressure was similar between groups (133 ±23 vs 129±19 mmHg, p=0.62). All 

studied subjects were in sinus rhythm. 

In the LBBB patients, circumferential strain by FT-CMR demonstrated a classical LBBB 

deformation pattern and associated pressure-strain loops (Figure 8). Contrarily, in the control 

subjects, the septal and LV lateral wall strain traces were more synchronous and the pressure-

strain loops more homogenous. Patients with LBBB displayed higher amount of myocardial 

work in the LV lateral wall compared to septum (1978±1084 vs 51±537 mmHg·%, p<0.001). 

In contrast, there was no difference in workload between the two walls in the controls 

(2182±747 vs 2131±563 mmHg·%, p=0.73). Both net septal work and septal/LV lateral wall 

work ratio were significantly lower in LBBB patients compared to controls (p<0.001 for 

both). LV lateral wall work was not different between the groups (p=0.37).  

Reproducibility of the measurements was good. Repeated analysis by two independent 

observers showed a mean difference in regional work of 11 mmHg·%, with an average work 

of 870 mmHg·%. Repeated work analyses by the same observer revealed a mean difference of 

41 mmHg·%, with an average work of 897 mmHg·% (Figure 9). Inter- and intra-observer 

ICC was 0.96 (95% CI 0.91-0.98) and 0.98 (95% CI 0.96-0.99). 

To further support our hypothesis that regional myocardial work by FT-CMR and non-

invasive LVP is a relevant measure of function in LBBB, we used analogous work estimates 

from STE and glucose metabolism by FDG-PET for comparison. Strain traces, pressure-strain 

loops and regional work distribution derived from echocardiography were very similar to the 

ones from CMR, and correlation between segmental values was good (average r=0.71 within 

the same patient). Corresponding to the asymmetric work distribution there was an imbalance 

in regional glucose metabolism within the ventricle, where septal glucose uptake was reduced 

compared to lateral wall uptake (51.1±17.6% vs 94.5±4.2%, p<0.001) (Figure 10). The 

correlation between segmental values of regional work by CMR and glucose metabolism by 

FDG-PET was strong, with average r=0.80 and individual values ranging from 0.54 to 0.96.  
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Figure 8. Calculation of pressure-strain loops from non-invasive LVP and circumferential strain 

from FT-CMR. 

Data from one representative LBBB-patient (upper panel) and one control with normal electrical 

conduction (lower panel). 

Estimated LVP curves (A) and strain traces (B). In the healthy control, the strain traces from septum 

and the LV lateral wall are synchronous. In contrast, the strain traces from the LBBB patient shows 

classical LBBB deformation pattern, where the septal segment, after an early short contraction, is 

mainly stretched through most systole. The lateral wall is slightly stretched during early systole, 

followed by a forceful contraction. 

Pressure-strain loops (C and D). In the LBBB patient, the pressure-strain loop from the lateral wall 

rotates counter clockwise, indicating positive work throughout the entire heart cycle. In septum, on the 

other hand, the pressure-strain loop rotates clockwise during part of systole (negative work), reducing 

net work. The pressure-strain loops from the LV lateral wall and septum in the healthy control both 

perform positive work (counter clockwise rotation).  

AVC=aortic valve closure; AVO= aortic valve opening; FT-CMR=feature tracking cardiovascular 

magnetic resonance; LV=left ventricular; LVP=left ventricular pressure; MVC=mitral valve closure; 

MVO=mitral valve opening; Psyst=systolic arterial cuff pressure  
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Figure 9. Correlation and agreement between reproducibility analysis of myocardial work by 

FT-CMR and non-invasive LVP. 

Scatterplots with linear regression lines (left) and Bland-Altman plots (right) for inter- and 

intraobserver variability of regional myocardial work in 15 randomly selected patients. 

FT-CMR=feature tracking cardiovascular magnetic resonance; LVP=left ventricular pressure; LV=left 

ventricular 

 

 

Figure 10. Regional distribution of glucose metabolism and myocardial work in LBBB. 

Low septal metabolism by FDG-PET (upper panel) and myocardial work by FT-CMR and non-

invasive LVP (lower panel) compared to the LV lateral wall in one representative patient with LBBB. 

Segments with reduced metabolism correspond to segments with reduced work. 

FDG-PET=fluorodeoksyglucose positron emission tomography; FT-CMR=feature tracking 

cardiovascular magnetic resonance, LBBB=left bundle branch block; LVP=left ventricular pressure  
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Paper 2 

In total, 2106 segments were available for scar analysis. Mean QRS-width was 164±17ms, 

and 91% of the patients had LBBB. 

Patients with no myocardial scar and patients with septal scar had markedly reduced 

myocardial glucose metabolism in septum compared to the LV lateral wall. Maximum 

glucose uptake was generally located in the LV lateral wall, except in patients with transmural 

lateral wall scar, who had clearly reduced glucose metabolism in this region (Figure 11). 

FDG-PET identified transmural scars (LGE≥50%) in the LV lateral wall with high accuracy 

(AUC=0.96, 95% CI 0.90-1.00) (Figure 12). Optimal cut off was glucose uptake <70% 

relative to the segment with highest uptake. Using this cut off, sensitivity and specificity for 

identifying transmural lateral wall scar was 94% and 91%, respectively.  

In contrast to the LV lateral wall, there was substantial overlap in glucose metabolism in 

septal segments with no myocardial scar (52%, 95% CI: 25-86%) and septal segments with 

transmural scar (42%, 95% CI: 21-74%). In both cases, septal metabolism was clearly 

reduced compared to the LV lateral wall (Figure 11). The weak association between glucose 

metabolism by FDG-PET and scar by LGE-CMR in septal segments means that FDG-PET 

did not identify septal scar in this patient population. 

Corresponding to regional asymmetry in glucose metabolism, the LV lateral wall had higher 

absolute values of peak systolic strain compared to septum in ventricles with no scar (-12.6%, 

95% CI: -1.3 to -24.7 versus -8.9%, 95% CI: -0.4 to -20.1, p<0.001). The asymmetry in FDG 

metabolism correlated with asymmetry in workload (r=0.44, p=0.001). 

The accuracy of peak systolic strain to identify lateral wall transmural scar was only 

moderate, with AUC of 0.77 (95% CI: 0.71-0.84) (Figures 11 and 12). However, absolute 

peak systolic strain >10% identified lateral wall segments without transmural scar with high 

sensitivity (80%) and high negative predictive value (96%). In contrast to rather preserved 

strain, peak strain <10% was inconclusive with regard to transmural scar. 

The accuracy of peak systolic strain to identify transmural septal scar was low (AUC 0.69, 

95% CI: 0.60-0.78) (Figures 11 and 12). Myocardial work provided no added value to identify 

transmural scar in neither the LV lateral wall nor septum, compared to peak systolic strain. 

Neither FDG-PET nor echocardiography identified non-transmural scar (LGE<50%) in either 

wall.  
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Figure 11. The ability of peak systolic strain by echocardiography and glucose metabolism by 

FDG-PET to identify transmural LV lateral and septal scar in CRT candidates compared to 

LGE-CMR, illustrated in three representative patients.  

The images are from patients where LGE-CMR shows no myocardial scar (upper panels), transmural 

scar in the LV lateral wall (middle panels) and transmural scar in the septum (lower panels). Green 

and red arrows indicate peak septal systolic strain for septum and LV lateral wall, respectively. 

The figure illustrates the heterogeneous distribution of myocardial workload and glucose metabolism 

in LBBB. The patient with no scar has markedly reduced septal strain and metabolism relative to the 

LV lateral wall. In the patient with lateral wall scar there is reduction in both metabolism and strain in 

the lateral wall relative to septum. In the patient with septal scar, there are reductions in both septal 

metabolism and strain. Please note that the patient with no septal scar has approximately similar 

reduction in peak systolic strain as the patient with septal scar, and both patients have reductions in 

septal metabolism relative to the lateral wall. 

LV=left ventricular, LBBB=left bundle branch block, LGE-CMR=late gadolinium enhancement 

cardiac magnetic resonance, FDG-PET=18F-fluorodeoxyglucose Positron Emission Tomography, 

AVC=aortic valve closure. 
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Figure 12. ROC curves of the ability of peak systolic strain and glucose metabolism to identify 

transmural scars (LGE ≥50%) in the LV lateral wall and septum 

Glucose metabolism by FDG-PET predicted transmural scars in the LV lateral wall with high 

accuracy, with glucose uptake of 70% as optimal cut off. Myocardial strain and work by 

echocardiography were less precise. Neither FDG-PET (glucose metabolism) nor echocardiographic 

parameters identified transmural septal scars. 

ROC=receiver operating characteristic; AUC=area under the curve; CI=confidence interval; LV=left 

ventricular; LGE=late gadolinium enhancement; FDG-PET=18F-fluorodeoxyglucose Positron 

Emission Tomography 
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Paper 3 

Baseline patient characteristics are presented in Table 1. In the total population (n=136), 103 

patients (76%) responded to CRT in terms of reverse remodelling. In the subgroup with 

intermediate QRS-duration of 130-150ms (n=29), response rate was 62%. As expected, 

responders had broader QRS complexes and were more likely to have LBBB morphology 

compared to non-responders. Eighteen patients (13%) died or underwent heart transplantation 

during follow-up. 

Multivariable regression analysis, including septal LGE, septal flash, QRS-duration and QRS-

morphology (LBBB/no LBBB), identified septal LGE and septal flash as the only significant 

independent predictors of reverse remodelling (Table 2). Septal LGE reduced the likelihood 

of positive CRT response, while septal flash was associated with increased likelihood of 

response. Furthermore, percentage septal LGE and septal flash showed significant 

incremental value to a multivariable model for CRT response including QRS-duration, QRS-

morphology, heart failure aetiology and indexed LV ESV (both p<0.01, R2=0.44). The 

combined approach of percentage septal LGE and septal flash predicted CRT response with 

AUC=0.86 (95% CI: 0.78-0.94) in the complete population and AUC=0.99 (95% CI 0.97-

1.00) in the subgroup with intermediate QRS-duration (Figure 13). 

There was a declining response rate with increasing amount of septal LGE. However, the 

mere presence of septal LGE significantly reduced the likelihood of CRT response. If there 

was no septal LG, response rate was excellent (93%). In comparison, response rate was only 

58% if septal LGE of any amount was present (p<0.001, compared to no septal LGE). 

However, if patients with septal LGE also had septal flash, there was still a high likelihood of 

response (78%). In contrast, in patients with septal LGE and no septal flash, CRT response 

rate was low (23%). An algorithm based on dichotomously categorising these two parameters 

(Figure 14) correctly classified 86% of all patients as responders or non-responders. 

Importantly, the accuracy of the method was similar in the subgroup of patients with 

intermediate QRS-duration, where 93% of patients were correctly classified.  

Patients that were classified as likely responders by the algorithm were also had significantly 

better long-term survival without heart transplantation compared to patients that were 

classified as likely non-responders (hazard ratio 0.27 (95% CI: 0.10-0.79)) (Figure 15). 

Reproducibility testing of septal flash revealed agreement in 24 of the 25 randomly selected 

patients. Intercentre ICC was 0.96 (95% CI 0.90-0.98), indicating excellent reproducibility. 
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Table 1. Baseline clinical and CMR characteristics 

 All patients 

(n=136) 

Responders 

(n=103) 

Non-responders 

(n=33) 

P-value 

Age (years) 66±10 67±9 64±11 0.071 

Male sex (%) 68 63 82 0.046 

NYHA functional class 2.3±0.6 2.3±0.6 2.4±0.6 0.125 

Medications (%) 

   ACE-inhibitor/ARB 

   Beta blocker 

   Aldosterone antagonist 

 

96 

91 

41 

 

97 

89 

41 

 

94 

97 

44 

 

0.403 

0.178 

0.797 

Sinus rhythm (%) 95 96 91 0.239 

Heart failure etiology (%) 

   Ischemic 

   Non-ischemic 

 

31 

69 

 

22 

78 

 

56 
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<0.001 

<0.001 

QRS duration (milliseconds) 164±17 166±16 158±18 0.021 

Left bundle branch block (%) 91 95 79 0.004 

LV EDV indexed (ml/m2) 145±46 139±46 164±41 0.008 

LV ESV indexed (ml/m2) 76±32 73±31 88±32 0.580 

LV ejection fraction (%) 27±8 28±8 23±6 0.003 

Anterior LGE (%) 

Septal LGE (%) 

Inferior LGE (%) 

Lateral LGE (%) 

0 (0-6.5) 

0 (0-12.2) 

0 (0-9.8) 

0 (0-5.5) 

0 (0-0.1) 

0 (0-3.2) 

0 (0-3.9) 

0 (0-0) 

12.2 (0.8-36.2) 

16.3 (1.7-39.6) 

10.5 (0.4-30.1) 

5.6 (0-23.1) 

<0.001 

<0.001 

<0.001 

<0.001 

Septal flash (%) 76 89 36 <0.001 

Lateral-to-septal work 

difference (mmHg·%) 

1551±1080 1710±1085 1061±917 0.003 

Continuous variables are given as mean±standard deviation or median (interquartile range), as 

appropriate. P-value reports comparison of responders vs. non-responders.  

CMR=cardiac magnetic resonance; LBBB = left bundle branch block; NYHA = New York 

Heart Association; LV = left ventricular; LGE=late gadolinium enhancement  
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Table 2. Multivariable linear regression analysis with left ventricular end systolic 

volume change as dependent continuous variable 

 Multivariable analysis 

Regression variable B 95% CI VIF P-value 

QRS duration (ms) -0.036 -0.249 to 0.177 1.158 0.738 

Left bundle branch block (yes/no) -9.18 -21.31 to 2.94 1.110 0.136 

Septal LGE (%) 0.521 0.311 to 0.731 1.153 <0.001 

Septal flash (yes/no) -18.39 -27.16 to -9.61 1.325 <0.001 

Constant term -8.513    

 

N=125. R2=0.40. Septal LGE is given as a continuous variable (%). 

CI=confidence interval; VIF=variance inflation factor; LGE=late gadolinium enhancement 

 

 

 

Figure 13. Receiver operator characteristic curve for predicting CRT response by the combined 

approach of percentage septal LGE and septal flash. 

a) In all available patients (n=127). 

b) In the subgroup of patients with intermediate QRS-duration (n=29). 

CRT=cardiac resynchronization therapy; LGE=late gadolinium enhancement; AUC=area under the 

curve; CI=confidence interval 
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Figure 14. Novel algorithm to improve patient selection for CRT. 

Without septal scar (LGE), response rate to CRT) is excellent (93%), irrespective of other parameters. 

If septal scar is present, and the patient displays septal flash, response rate is also high (78%). 

However, if septal scar is present and there is no septal flash, response rate to CRT is low (23%). The 

algorithm correctly separated CRT responders from non-responders with 86% accuracy. 

CRT=cardiac resynchronization therapy; LGE=late gadolinium enhancement 

 

 

Figure 15. Patients without septal LGE and/or with septal flash have significantly better long-

term survival as compared to patients with septal scar and no septal flash. 

Kaplan-Meier curve stratified according to whether patients had 1) no septal LGE and/or with septal 

flash – and classified as likely responders (green) or 2) septal LGE and no septal flash – and classified 

as likely non-responders (red).  

LGE=late gadolinium enhancement; SF=septal flash  
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Discussion 

The present thesis explores the potential of CMR to identify different aspects of regional 

myocardial function and structure in LV dyssynchrony, and their relevance in identifying 

CRT responders. In paper 1, we demonstrated that calculation of regional myocardial work in 

LBBB is feasible by strain by FT-CMR and non-invasive LVP. In paper 2, we showed that 

while FDG-PET is a relevant alternative to CMR to identify transmural lateral wall scar in 

CRT candidates, only CMR identifies septal scar in the same patient group. We also 

demonstrated that strain by echocardiography is less reliable to identify scar in both regions 

and should be interpreted with caution. In paper 3, we explored the potential of CMR as 

single image modality to improve patient selection to CRT. In short, we found that a 

combined approach based on septal scar (LGE) and septal flash, by CMR only, accurately 

identifies CRT responders. In total, our findings support more extensive use of pre-implant 

CMR in CRT candidates, given that CMR is the only image modality to simultaneously 

provide relevant information on both septal structure and function, and hence may be a 

powerful tool to improve responder rates to CRT. 

 

Clinical value of myocardial work 

The main advantage of myocardial work in describing LV systolic function, compared to 

strain alone, is the incorporation of afterload. As previously described, this may be especially 

important in patients with LBBB, where loading conditions are abnormal, and a substantial 

amount of septal shortening is performed during low LVP (26). Additionally, the work index 

takes into account both positive and negative work, the latter a result of systolic stretching. 

The resulting net work represents function throughout systole, either globally or regionally, 

and not just shortening at a specific time point. 

 

In paper 1, we demonstrated that regional myocardial work by strain from FT-CMR and non-

invasive LVP is a relevant measure of regional myocardial function in LBBB. We showed 

that the workload was markedly different in the early activated septal region compared to the 

late activated lateral region in LBBB, which is consistent with previous findings by 

established methods for work calculations (25, 26). Moreover, CMR-derived work correlated 

with STE-derived work and glucose metabolism by FDG-PET (a marker of myocardial 

energy demand). In contrast to the LBBB patients, the healthy controls displayed a 

homogenous LV work distribution. The low amount of work performed in septum adequately 

distinguished the LBBB patients from the control subjects, while there was no difference in 

lateral wall work between the two groups, in line with previous findings of septal dysfunction 

as hallmark of LBBB (25, 26).  

Other studies have also demonstrated that in the early stages of LBBB-induced HF, septal 

work is reduced, while lateral wall work is preserved or increased When the LV lateral wall 

function starts to deteriorate, the progression of HF in LBBB accelerates (137). The reduction 

in septal performance in early phases of electromechanical dyssynchrony may not be 

identified using strain alone, as the absolute value of peak systolic negative strain may be 

maintained. However, because the timing of peak strain is in early systole when LVP is low, 

this shortening is contributing little to effective pumping of blood, hence septal work is low.  

 

In the main echocardiographic paper from the CRID-study, we showed that a high difference 

in net work between the LV lateral wall and septum, assessed by echocardiography and non-
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invasive LVP, indicates positive CRT response (138). The findings in paper 3 demonstrate 

that the corresponding parameter derived from CMR also is a marker of good CRT response. 

Low septal compared to LV lateral wall work implies a potential for improving septal 

function (work) by resynchronizing the LV with CRT. In line with this, the acute 

redistribution of regional myocardial work between the septal and LV lateral wall is an 

important determinant of reverse remodelling after CRT implantation (139). The acute 

redistribution of work load may more precisely identify CRT responders than the pre-CRT 

work difference, because it takes into account the capacity of the myocardium to successfully 

recruit and homogenize the work heterogeneity (which may be limited for example in case of 

septal scar). An obvious disadvantage of the method is that work needs to be calculated after 

CRT has already been implanted. This makes the parameter less clinical useful to improve 

patient selection. 

Additionally, recent studies indicate that the myocardial work index may a valuable 

supplement in identifying CRT patients at increased risk of ventricular arrhythmias, where 

low global constructive work is associated with increased arrhythmic risk (140). 

The myocardial work index is also relevant as a measure of RV function, potentially superior 

to other standard echocardiographic parameters (141). In an experimental model, pre-implant 

RV free wall work appeared to be an independent determinant of CRT response. LBBB 

reduces the workload on the RV free wall due to abnormal rightward septal motion. Hence, 

restoring septal function by CRT increases RV free wall work (142). A failing RV probably 

does not tolerate the extra workload, which may explain why patients with RV failure respond 

poorly to CRT. RV function as an independent predictor of CRT response is in accordance 

with previous studies (143, 144). 

 

Other areas of use for the work index may include patients with non-ST-elevation acute 

coronary syndrome, where it more accurately than strain alone identifies acute coronary 

occlusion (145). Furthermore, myocardial work may potentially be clinically useful to 

distinguish chemotherapy-induced cardiotoxicity from normal afterload-dependent reduction 

in strain. Recent literature suggest a 10-15% relative reduction in global longitudinal strain 

(GLS) to identify cardiotoxicity in patients undergoing oncologic treatment (146). However, 

in healthy controls, GLS may be reduced below this threshold as a result of increased blood 

pressure solely (while global myocardial work is preserved or increased) (147). Hence, 

diagnosing cardiotoxicity based on reduction in GLS may result in many false positives, with 

potentially large implications for the patient in question, who may be encouraged to 

discontinue essential treatment. The role of myocardial work in the follow-up of these patients 

requires further investigation, and is explored in an ongoing study from our group. 

Application of the work method should also be explored in patients with HFpEF to 

demonstrate LV systolic dysfunction. 

  

Identification of LV lateral wall scar in CRT candidates 

In paper 2, we validated FDG-PET as method to identify myocardial scar in CRT candidates, 

compared to LGE-CMR as reference standard. Our finding that glucose uptake <70% relative 

to maximum uptake accurately identifies transmural lateral wall scar is clinically relevant, and 

may have implications for the decision to implant CRT and for positioning of the LV lead. 

Accordingly, FDG-PET is a good alternative to CMR to identify these important scars in 

patients potentially eligible for CRT. The threshold of 70% glucose uptake is relatively high, 

and restricted to the LV lateral wall in patients with LBBB. In comparison, 50% relative 
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glucose uptake is considered threshold for viability in other patient groups (148). This 

apparent inconsistency is probably related to the abnormal distribution of myocardial 

metabolism in LBBB, with relative hypo-metabolism in septum compared to the LV lateral 

wall. Previous CRT studies have adopted the 50% threshold (149). The results of paper 2 may 

have implications for what threshold value should be used to define scar by FDG-PET in 

patients referred for CRT. However, because our study group was relatively small, and with a 

limited number of transmurally scarred lateral wall segments, optimal cut off value to define 

transmural lateral wall scar, should ideally be validated in a larger cohort. It has previously 

been shown that high glucose metabolism in the LV lateral wall (relative to septum) is a 

marker of positive CRT response (116, 150). 

 

In contrast to glucose metabolism by FDG-PET, echocardiographic strain was only 

moderately accurate in identifying clinically relevant lateral wall scar. However, relatively 

preserved lateral wall peak strain could rule out transmural scar in this region with high 

sensitivity and high negative predictive value. Hence, strain may have a role in excluding 

clinically relevant transmural lateral wall scar, and may have implications for LV lead 

placement. Consistent with our findings, Kydd et.al found that a cut off value of 10% radial 

strain identified segments with >50% segmental scar area with a high negative, but low 

positive predictive value (67). The same group has previously shown that peak segmental 

radial strain >10% at the site of the LV lead can be used to predict LV remodelling response 

following CRT (151). This finding further supports the assumption that relatively preserved 

lateral wall strain is clinically meaningful because it indicates that transmural lateral wall scar 

is unlikely. 

Reduced lateral wall strain, on the other hand, was inconclusive of scar according to our 

results, and should not be used to discriminate scar from viable, but dysfunctional tissue in 

this patient group. This finding is in apparent conflict with findings of previous studies that 

have found a strong association between LV lateral wall strain and scar (65, 66, 152). 

However, study populations are different as the former studies included pre-specified groups 

of patients with ischemic cardiomyopathy only, while we included all-comers of patients 

referred for CRT, irrespective of HF aetiology. In DCM patients, there is typically reduced 

shortening in the majority of LV segments regardless of tissue viability. This is a plausible 

explanation why low values of lateral wall strain had no diagnostic value as marker of 

myocardial scar in our patient group. Additionally, different gold standard for scar may also 

have affected the results, as some of the previously referred studies used absent tracer uptake 

by SPECT to define significant lateral wall scar, and not LGE-CMR (152). It is likely that 

absent tracer uptake in the LV lateral wall in patients with LBBB represents extensive 

scarring, probably exceeding the 50% LGE threshold. Moreover, the previously referred 

studies suggest different cut offs for strain to define scar. This may reflect the small patient 

population in each study, and supports the notion that peak strain should be used with caution 

to identify lateral wall scar in CRT candidates.  

Although the myocardial work index better reflects regional myocardial function in 

dyssynchrony compared to peak strain, the work indices were not superior to peak systolic 

strain in identifying myocardial scar in our study, and therefore provided no added value. This 

is probably related to the heterogeneity in the present patient population, where myocardial 

contractility is reduced of variable degree with or without scar. Hence, myocardial work 

index, like strain, has limited value in identifying myocardial scar prior to CRT. 
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Identification of septal scar in CRT candidates  

The results from paper 2 demonstrated that neither glucose metabolism nor strain could 

identify septal scar in CRT candidates, not even those with transmural involvement. This is 

probably related to the pathological septal function (low septal work) in LV dyssynchrony. As 

previously demonstrated in an experimental study by Prinzen and co-workers, reduced septal 

work in dyssynchronous ventricles reduces septal metabolic demand (26). This probably 

explains the reduced septal glucose metabolism observed in clinical studies (28). In paper 2, 

we tested this concept by calculating a ratio between local glucose metabolism and local 

myocardial work. Our results confirmed a significant association between asymmetry in work 

and metabolism between septum and LV lateral wall. The impaired septal function (work) in 

this population leads to reduced septal oxygen demand, and hence reduced metabolism to 

levels that overlapped with those in patients with septal scar. This likely explains why FDG-

PET did not identify septal scar in this patient group. 

In LBBB, septum is affected different from the other LV regions: Septal strain (function) is 

dependent on multiple factors beyond septal viability and contractility. Previous studies have 

demonstrated that moderately increased afterload markedly decreases septal shortening in 

LBBB (more than the normal afterload dependency of strain observed in healthy controls). On 

the other hand, with reduced LV lateral wall contractility, septal strain seems to improve (147, 

153). Other factors may also affect the degree of septal shortening, such as the degree of 

electrical delay of the lateral wall, local radius of curvature and the amount of remodelling 

(septal thinning). In total, the complex interactions of factors that influence septal shortening 

(strain) in dyssynchronous ventricles probably makes strain an unreliable marker of septal 

viability in this patient group.  

Of the tested parameters in paper 2, we found that negative myocardial work correlated more 

closely with percentage septal scar than strain and positive work. The correlation as inverse, 

as increasing amount of septal scar resulted in less negative work. This probably reflects that 

scarred (fibrotic) septal tissue is less likely to be stretched by remote segments. However, 

negative work was not a reliable measure of septal scar, and our results suggest that 

myocardial strain, work and glucose metabolism should not be used to identify septal scar in 

patients with HFrEF and LBBB. Such parameters of septal performance do not distinguish 

reasons for reduced septal function (LV dyssynchrony or septal scar). Consequently, 

assessment of septal structure by CMR, which is independent of dyssynchrony, is preferable. 

As previously mentioned, our material did not permit investigating agreement between LGE 

and perfusion imaging by SPECT. However, in principle, a similar limitation as for FDG-PET 

may apply to perfusion imaging since myocardial microvascular flow is autoregulated and 

determined by metabolism. In accordance with this, a previous study in patients with LBBB 

indicates that resting SPECT images may show fixed perfusion defects which may be 

misinterpreted as septal scar (154). Combined assessment of myocardial perfusion and 

metabolism may improve scar identification by nuclear imaging. Matched perfusion and 

metabolism defects indicates scar, whereas reduced perfusion and preserved metabolism 

(perfusion-metabolism mismatch) signals hibernation and viable myocardium (155). In 

LBBB, however, septal perfusion is relatively better preserved than septal metabolism 

(reversed mismatch) (27, 28). The diagnostic accuracy of a dual approach to identify septal 

scar in LBBB requires further investigation. 

Nuclear imaging studies have identified LV lateral wall scar as a predictor of poor response to 

CRT (123, 156), but failed to identify the significance of septal scar evident in CMR studies 

(122). This is in accordance with our findings that nuclear imaging does not recognize septal 
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scar in CRT candidates. Furthermore, because even minor septal LGE significantly reduces 

the likelihood of positive CRT response (paper 3), also non-transmural septal scars are 

important to identify in these patients. The smaller scars are even more difficult to identify by 

echocardiography and nuclear imaging. Therefore, LGE-CMR is necessary to characterize 

septal scar in CRT candidates. Accordingly, several echocardiographic and nuclear medicine 

studies on the improved CRT responder rate identification depend on LGE-CMR to identify 

septal scar (138, 150, 157). 

 

Septal scar as determinant of CRT response 

The results of paper 3 add to the growing evidence that septal scar (LGE) markedly affects 

CRT response rate. Previously, White et.al demonstrated that septal scar ≤40% provided a 

100% sensitivity and specificity for CRT response in a small cohort of 23 CRT recipients 

(126). Duckett and co-workers also found that septal scar was associated with poor acute and 

long-term response in their study of 50 patients (127). The authors of the latter study suggest 

that the underlying mechanism for non-response may be trouble with placing the RV lead in 

septum. This explanation, however, is questionable as LV only pacing augments systolic 

function in LBBB similarly to biventricular pacing (158, 159). More recently, Zweerink et al. 

identified septal LGE as a predictor of long-term survival after CRT in a larger cohort of 218 

patients (160).  

We found septal LGE to be a strong independent predictor for CRT response (reverse 

remodelling), as well as for long-term survival without heart transplantation. The 

unfavourable effects were not different whether LGE was ischemic or non-ischemic. Unlike 

the former study of White, the results of our larger study indicate that the mere presence of 

septal LGE, rather than the absolute amount, is the factor to affect response to CRT. In fact, 

our results showed that if there was no septal LGE, response rate was excellent (93%) 

irrespective of other parameters (in patients pre-selected based on current guidelines criteria). 

In contrast, if septal LGE was present, response rate was markedly lower (58%). Although we 

found successively declining CRT response rates with increasing amount of septal LGE, the 

most significant distinction, was between patients with no septal LGE and patients with small 

amounts of septal LGE. 

LGE is a marker of adverse structural remodelling that develops in response to myocardial 

injury and increased wall stress, and the degree of LGE varies in patients despite similar 

degrees of myocardial dysfunction (161). LGE is a substrate for re-entry circuits and 

associated with ventricular arrhythmias in both ICM and DCM (162, 163). Furthermore, LGE 

may lead to ventricular dilatation and remodelling, further increasing morbidity and mortality. 

LGE in DCM relates to increasing age, as well as the cumulative duration and severity of the 

underlying pathophysiological process (61, 62). Midwall (non-ischemic) LGE, apparent in 

approximately 25% of patients with DCM, is commonly located in septum, especially if the 

patient has concomitant LBBB. Midwall LGE is an independent predictor for mortality in 

DCM, even after correction for LV size and systolic function (62, 164-166). The cause-and-

effect relationship between midwall LGE and LBBB is not clear. On one hand, septal fibrosis 

could potentially interfere directly with the electrical activation of the ventricles because of its 

anatomical location. On the other hand, increased fibrotic remodelling may be a result of 

long-standing LBBB and unfavourable cardiac mechanics, or represent other underlying 

myocardial disease less responsive to CRT. Because both ischemic and non-ischemic LGE is 

clinically relevant in CRT candidates, we analysed and reported LGE the same way 

independent of aetiology in both paper 2 and 3. 
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Lateral wall scar and CRT response 

Although an established risk factor for reduced response to CRT, lateral wall LGE per se 

appeared less relevant in our material (paper 3). A plausible explanation for this apparent 

inconsistency could be the relatively low number of transmural lateral wall scar in our study. 

Suggested explanations for poor response in patients with transmural posterolateral wall scar 

include inefficient LV pacing in non-viable tissue (119-121) and modulated (improved) septal 

movement because of reduced lateral wall function (50, 153). An impaired/scared LV lateral 

wall is not able to stretch septum in systole (rebound stretch), and septal systolic shortening is 

therefore markedly improved compared to septal function in dyssynchronous ventricles 

without lateral wall scar (153). Consequently, there is little potential for improving septal 

function by CRT in these patients, as septal performance under the given condition is already 

maximized.   

Smaller, non-transmural lateral wall scars probably alter electrical conduction properties and 

lateral wall function/contractility less than transmural scars do. Therefore, it seems reasonable 

that their effect on CRT response is less pronounced. Moreover, large transmural lateral wall 

scar often extends into the inferior/anterior wall and septum. Hence, the effects of these scars 

may have been incorporated in septal LGE to some extent. Furthermore, as discussed in more 

detail later, lateral wall scar directly modulates the appearance of septal flash (167), which 

was a significant predictor for CRT response. In total, transmural scars in the posterolateral 

wall probably exerted its effect indirectly through other mechanisms, even though the 

significance of lateral LGE appeared minor compared to septal LGE in our study. 

 

Septal flash: the optimal marker of electromechanical dyssynchrony? 

Septal flash (and apical rocking) assessed by echocardiography has been shown to be a robust 

marker of positive response to CRT in observational studies (45, 49, 52). Clinical relevance of 

septal flash assessed by CMR, on the other hand, has been scarcely investigated in the past. 

Previously, Sohal and co-workers assessed septal flash by analysing time-volume curves in a 

study of 52 CRT recipients. They found that septal flash by CMR was an independent 

predictor of CRT response (55). Analysing time-volume curves is more cumbersome and 

time-consuming compared to the rapid visual interpretation we performed in paper 3. Visually 

assessed septal flash as a binary parameter (present/not present) proved to be a good 

parameter of CRT response in our material, with excellent inter-centre reproducibility, which 

makes it an appealing clinical parameter. However, it did not allow us to quantify the degree 

of pathological septal motion. Additionally, identification of septal flash requires training. 

Hence, reproducibility might have been lower if performed by less experienced readers. In a 

purely descriptive study, Revah et.al also demonstrated good reproducibility of CMR assessed 

septal flash (54). Compared to our study, which included all available CRT recipients, the 

patients in the study of Revah consisted of selected patients without myocardial scar (LGE). 

Apical rocking probably reflects more or less the same pathological septal movement as septal 

flash. However, we chose to leave apical rocking out of paper 3, due to slightly lower 

accuracy and reproducibility compared to septal flash. 

There is no consistent definition of septal flash throughout existing literature. The first 

component of abnormal septal motion in LBBB consists of the pre-ejection shortening (in the 

longitudinal and circumferential directions), septal thickening (in the radial direction) and 

leftward septal motion (transverse motion). The second component, which follows 

immediately after, is opposite, with septal rebound stretch, septal thinning and paradoxical 
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rightward septal motion. The original definition of septal flash by Parsai et al. (45) included 

both the leftward and the rightward septal motion, while others have included only the 

leftward motion (168). Moreover, there are divergent opinions as to whether or not pre-

ejection shortening assessed by strain should be counted as septal flash or not. A universal 

definition is essential for septal flash to be a reproducible marker of good CRT response.  

The mechanism of septal flash has been vigorously debated. Initial experimental studies 

concluded that the leftward septal motion was a result of passive septal displacement from 

altered transseptal pressure gradient. By this logic, septum is forced leftward when RV 

pressure (RVP) transiently increases relative to LVP, because the RV is activated prior to the 

LV (169, 170). Gjesdal et.al, however, demonstrated in more recent experiments that the pre-

ejection septal shortening in LBBB occurred against rising LVP, consistent with active 

contraction (171). Mathematical simulation models indicate that the early contraction of the 

RV free wall, pulling on and straightening the interventricular septum when unopposed by the 

LV lateral wall, is the main mechanism of the leftward septal motion during septal flash. 

Simulation studies have also demonstrated that while generation of the leftward motion of 

septal flash relies on early contraction of the RV, the early septal shortening followed by 

septal rebound stretch depends primarily on early onset of septal active stress generation 

relative to the LV lateral wall. Both septal flash and septal rebound stretch require the LV 

lateral wall to be late activated (50, 172). These results indicate that septal flash and septal 

rebound stretch have somewhat different underlying mechanisms, even though both can occur 

in LBBB. Along the same line, previous results indicate that that septal flash appears to be 

independent of EF, while septal rebound stretch is markedly associated with reduced EF and 

reduced septal shortening (32). 

In total, the precise mechanism of septal flash is incompletely understood and inevitably 

complex. Both passive and active components are likely to be involved. Additionally, non-

electrical factors may modulate the presence and magnitude of septal flash, which may 

explain why a substantial amount of patients with LBBB does not demonstrate septal flash 

(48, 49). As mentioned previously, loss of LV lateral wall contractility abolishes the 

paradoxical rightward septal motion, causing a pseudo-normalized septal motion pattern (50, 

153). Similarly, it has been documented that septal flash often is absent in patients with large 

LV lateral wall scar due to lack of rebound stretch. Most patients with anteroseptal scar, on 

the other hand, still display septal flash (153). Consequently, the hemodynamic effect of large 

LV lateral wall scar, an established risk factor for poor response to CRT, is incorporated in 

septal flash. 

Depending on the chosen definition, septal flash may or may not include assessment of LV 

lateral wall function. We defined septal flash according to the definition of Parsai (45). The 

reason for our choice is that is seems preferable to include the rightward septal motion 

assuming that LV lateral wall contractility is a key determinant of LBBB-induced septal 

dysfunction and CRT recovery potential. 

Septal flash is also influenced by the effect of RV function. Impaired RV contractility and RV 

volume overload may reduce or abolish the leftward septal motion of septal flash (172, 173), 

and poor RV function is associated with reduced CRT response (144, 174, 175). By 

integrating the effects of complex regional interactions, and contractile forces within the 

heart, septal flash may be an excellent marker of myocardial substrate amenable to correction 

by CRT. 
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Septal markers predict CRT response 

In paper 3, we demonstrated that combined assessment of septal scar (LGE) and septal flash 

by CMR as single image modality identifies CRT responders with high accuracy. The 

abnormal septal contraction pattern (impaired septal function) constitutes a substrate for CRT. 

In responders, CRT normalizes septal contraction pattern and improves septal function (45, 

49). However, the likelihood of correction depends on potential for septal reverse remodelling 

(LGE). 

Previous echocardiographic studies have explored different measures of impaired septal 

function as suitable substrates for CRT. Examples include the systolic stretch index, the 

baseline lateral-to-septal work difference, as well as the acute redistribution of workload from 

the lateral wall to septum after CRT (97, 138, 139). Along the same line, a former CMR study 

has shown that a low septal-to-lateral myocardial work ratio, assessed by CMR tagging and 

invasive LVP, is a marker of acute response to CRT (115). In paper 3, we demonstrated that 

also LV work asymmetry assessed by FT-CMR and non-invasive LVP is a relevant 

determinant of CRT response. However, our results showed that the work difference was less 

suited to separate responders from non-responders in the patients with septal LGE, where 

response was more heterogeneous. This poses a critical methodological limitation of the work 

method in identifying CRT responders as the LV work difference may be high both in cases 

of pure LV electromechanical dyssynchrony (with excellent response rate to CRT) and in 

cases with large septal scar and a viable LV lateral wall – and no electrical substrate for CRT 

response. 

Similar to myocardial work, septal hypo-metabolism relative to the LV lateral wall (by FDG-

PET) suggests good response to CRT (116, 150). Like work, though, metabolism is limited as 

parameter to identify CRT responders by the inability to identify the reason for low septal 

activity (pure LV dyssynchrony or septal scar). Accordingly, previous work has demonstrated 

that septal-to-lateral glucose uptake ratio identifies CRT responders with high accuracy in 

non-ischemic cardiomyopathy, but appears to be less precise in patients with ischemic 

cardiomyopathy (150). The poor agreement of both work and metabolism to septal scar 

(LGE) demonstrated in paper 2, is consistent with these methodological limitations.  

Septal flash, on the other hand, quite accurately identified CRT responders among patients 

with septal scar in our material. Hence, septal flash appears to reflect better the dyssynchrony 

pattern correctable by CRT in these patients. Furthermore, septal flash is also suited in 

patients with permanent atrial fibrillation (53), where strain/work may be less applicable due 

to irregular PR-intervals. Nevertheless, it is likely that abnormal septal motion, as well as 

asymmetric distribution of LV workload and metabolism, all reflect the same phenomenon; 

the inefficient septal contraction pattern in LBBB. 

Accuracy of both work and metabolism in predicting CRT response improves significantly 

when combined with information on septal scar (138, 150). Because neither echocardiography 

nor PET identifies septal scar in LBBB (paper 2), these former studies relied on supplemental 

information from CMR, in addition to either echocardiography or FDG-PET. By bypassing 

the need for multimodality imaging, the approach from paper 3 represents a simplification, as 

CMR singlehandedly may characterize the myocardial substrate responsive to CRT. 

In line with our findings, Zweerink and co-workers have recently demonstrated that systolic 

septal stretching, measured on CMR cine sequences, is a prognostic measure for good clinical 

outcome after CRT (160). Consistent with our results, that study also identified septal LGE as 

an independent predictor of long-term mortality. In the previous mentioned study of Sohal 

and co-workers (55), the authors did not identify (global) LGE as an independent predictor of 
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CRT response, in contrast to the great significance of LGE in our material. Different study 

groups, with a lower number of patients with LGE in Sohal et al.’s manuscript, might explain 

the discrepancies. Indeed, our results demonstrated that septal recovery to CRT depends on 

whether septal LGE is present or not. In total, the results of paper 3 adds to the growing 

evidence that septum plays an essential role in transferring the detrimental effects of LBBB 

on cardiac mechanics, and that septal dysfunction constitutes a substrate for CRT response. 

The sequential approach outlined in paper 3, where quantification of parameters is redundant, 

is relatively easy and quick to perform, compared to the more complex analyses of Zweerink 

and Sohal. Hence, it is probably more clinically appealing. On the other hand, it did not allow 

us to quantify the degree of septal dysfunction and its relation to CRT response. Importantly, 

the accuracy of the algorithm was similar in patients with intermediate QRS-duration. In these 

patients, indication for CRT is less clear compared to patients with QRS-duration >150 ms. 

Therefore, there is a greater need for parameters to discriminate patients likely to respond to 

CRT from those who probably will not benefit in this subgroup. It is, however, important to 

emphasize that our study was observational only with a limited amount of patients included. 

Previous echocardiographic studies on septal flash are also all observational or retrospective 

in design. There is a need for randomized clinical trials before considering implementing 

septal markers of CRT response in clinical practice. 

 

Restrictions on clinical use of CMR 

Patients with pacemakers and ICDs have commonly been withheld from magnetic resonance 

imaging (MRI) because of safety concerns. Concerns have involved life-threatening 

arrhythmias due to magnet-induced heating of the device, disturbances of the programming 

and memory of the generator caused by the MRI-unit, loss of arrhythmic protection due to 

lack of pacing, and inappropriate shocks from the ICD. However, fear of device or lead 

failure may have been excessive. In response to the increasing amount of patients with 

implanted pacemaker devices, MRI-conditional devices have been developed to allow these 

patients access to MRI. “Conditional” means that they are approved for MRI scans given 

certain conditions. Some general rules include minimum timespan of 6 weeks after device 

implantation, good battery voltage in the generator, re-programing to MRI-modus prior to 

examination (and programming back afterwards) and proper surveillance of patient in the 

magnet. The device will not be able to sense the patient’s intrinsic rhythm, therefore pacing 

should either be turned-off (for patients who are not pacing-dependent) or programmed 

asynchronously, for example in VVI (pacing-dependent patients). The shock function in ICDs 

must be turned off and a defibrillator must be stand-by. Therefore, individual risk assessment 

should be performed to define the proper level of surveillance during MRI examination. The 

device should always be re-checked after the MRI, including any changes in pacing capture 

threshold, and original settings reinstated. Several studies support the safety profile for MRI-

conditional devices, also when repeated MRI scans are performed (176-178). More recently, 

studies have shown that patients with non-MRI-conditional pacemakers/ICDs also can safely 

perform MRI scans when following recommended protocols (179, 180). Even though the 

procedure gets slightly more complicated, it seems reasonable that fear of complications from 

intracardiac electrical devices should not lead to underuse of clinically indicated MRI. 

During the course of patient inclusion for our study, local guidelines for handling of patients 

with pacemakers or ICDs were upgraded, allowing more patients MRI, provided indication is 

good (181). In our study, all study participants with non-MRI conditional devices were 

omitted from CMR to avoid any harm inflicted upon study participants. Hence, implanted 
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non-MRI conditional pacemaker/ICD was a main reason for not performing CMR. The 

weighting of the individual patient safety against more robust research results is a common 

situation in medical research, and individual safety of volunteers usually weighs heaviest. 

Nevertheless, it would have increased the strength of our research results if we had included 

patients with already implanted cardiac devices (“upgrades”), as they constitute a substantial 

amount of patients referred for CRT. 

Another factor that traditionally have restricted the use of CMR is the fear of nephrogenic 

systemic fibrosis (NSF). NSF is an idiopathic, progressive, and potentially fatal, multi-organ 

fibrotic disease with no known cure. The association between NSF and gadolinium based 

contrast agents (GBCA) in patients with advanced renal failure is well-established (182). 

However, the risk of NSF after GBCA exposure depends on which agent is used. The vast 

majority of the studied patients in our material received gadoterate meglumine (Dotarem®), 

which is classified as a group 2 GBCA agent. According to a recent meta-analysis, the risk of 

NSF from any group 2 GBCA administration in advanced renal failure (stage 4 or 5) is less 

than 0.007%. Hence, the potential diagnostic harms of withholding these agents for indicated 

examinations may outweigh the risk of NSF in this population (183). In light of this, recent 

guidelines open for administration of low-risk GBCAs even in patients with 

GFR<30ml/min/1.73m2, provided indication for examination is good and proper precaution is 

taken (184). In our study, we used a strict threshold of eGFR to allow contrast agent 

(≥45 ml/min/1.73m2,) again to be on the safe side. However, given the demonstrated 

importance of diagnosing septal LGE in CRT candidates, less stringent requirements for renal 

function may be advisable for further studies, as well as clinical practice. If patients with 

reduced renal function had been included, it would have increased the clinical relevance of 

our findings as renal failure often coexists with HF. 

Some patients may also develop acute adverse reaction to GBCAs. We did not experience any 

such reactions in our study. Moreover, pacing systems containing ferromagnetic material may 

hamper the diagnostic quality of CMR images. In our study, we performed CMR in one 

patient with a MRI-conditional ICD. In this patient, the generator caused artefacts in the 

anterior and anteroseptal segments, which were therefore excluded from LGE analysis. 

Furthermore, we abandoned strain/work analysis in all segments because of disturbances of 

the ECG signal. Despite the challenges we experienced in this patient, there are methods for 

reducing artefacts in CMR examinations of pacemaker patients, markedly improving image 

quality (185). Diagnostic image quality is probably dependent on experience and mass 

training. Hence, increased numbers of MRI-conditional devices in the coming years will 

probably result in better image quality in these patients. 

Finally, CMR is inevitably limited by cost and accessibility, and claustrophobia or inability to 

hold one’s breath throughout the sequences preclude CMR in some subjects. Many centres do 

not perform CMR at all. Even in centres that perform CMR, there often is a fierce battle for 

CMR spots. Limited accessibility means that the suggested approach to select patients for 

CRT based on CMR only (paper 3) may not be available to all CRT implanting physicians. 

Still, our results indicate that LGE-CMR offers essential information in CRT candidates, 

which probably should lead to higher priority for CMR than today. Further research is 

essential. 
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The predicament of defining CRT response 

Non-response to therapy has been a limitation of CRT since the introduction of the treatment 

over 20 years ago, but the proportion of non-responders vary depending on the definition and 

criteria applied in each study (91, 186). Lack of consensus regarding the definition of 

response complicates the evaluation and comparison between CRT trials. Markers of response 

include event-based measures (death, HF hospitalizations), indices of reverse LV remodelling, 

measures of functional capacity and quality of life, and composite endpoints. The main aim of 

the therapy may differ between patients. For patients with less advanced disease, preventing 

disease progression is essential. For patients with more progressive disease, on the other hand, 

alleviation of symptoms and lower morbidity are usually the main objectives (187). Hence, 

optimal marker of CRT response varies between patients. 

The most unbiased definition of CRT response is all-cause mortality, although it inevitably 

includes events unrelated to CRT. Furthermore, hard outcome measures like mortality and HF 

decompensations may be less suitable in patients with mild disease. In these patients, event 

rate during study follow-up is low irrespective of CRT, and any difference between groups 

will be more difficult to identify. Accordingly, CRT has failed to demonstrate decreased 

mortality and HF events in NYHA functional class I (188, 189), but the low number of 

patients and low event rate limit the knowledge we can draw from these studies. In contrast, 

CRT has convincingly demonstrated superior long-term survival compared to conventional 

HF therapy among patients in NYHA class III-IV (83) where adverse event rate is much 

higher. 

Other markers of CRT response, commonly applied in clinical trials, include surrogate 

markers, such as echocardiographic measures of reverse remodelling (reduced LV ESV, with 

or without concomitant improved EF, at follow-up compared to baseline). Change in LV ESV 

is a strong predictor of long-term mortality and HF hospitalizations in CRT recipients (190-

193). Additionally, it is a relevant parameter in all patients independent of pre-implant HF 

severity and symptoms. Consequently, ESV reduction is commonly employed in clinical trials 

as marker of CRT response. However, LV volume estimate by two-dimensional 

echocardiography is dependent on image quality and geometric assumptions, and is only 

moderately reproducible (194). Furthermore, there is no agreement on optimal threshold 

values for LV ESV reduction, which ranges from 10% to 25% among studies (107, 195, 196). 

A minimum of 15% reduction in LV ESV at 6 months follow-up compared to baseline was 

pre-defined primary endpoint in our study (paper 3), which is probably the most widely used 

threshold. We tried to minimize the effect of measurement inaccuracies by measuring LV 

volumes three times, by independent readers at different centres, and use majority decision in 

cases of disagreement on response. Reversed remodelling was measured 6 months after CRT 

implantation, when the reversal process is likely to have stabilized (195).  

On a general level, a binary classification of outcome is probably too simplistic to evaluate 

response to treatment. Furthermore, there is a wide spectrum of response to CRT, and no 

measurable improvement is not necessarily equal to non-response, as it is unknown if CRT 

has prevented further deterioration of HF in these patients. An advantage of using LV ESV as 

marker of response is that the variable can be applied both binary (response or non-response) 

and continuously (delta change in LV ESV). By using change in LV ESV as a continuous 

variable in regressions analysis, we demonstrated direct correlation between studied 

parameters and the degree of reverse remodelling (paper 3). 

Symptomatic improvement is often regarded as positive CRT response from a patient’s point 

of view, particularly for patients in NYHA functional class III-IV. However, as parameter of 
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CRT response, symptomatic relief alone has obvious limitations. Studies have demonstrated 

poor correlation between symptomatic response and prognosis in CRT recipients (190). A 

plausible explanation may be that less symptomatic patients experience little reduction in 

symptoms, but generally have longer life expectancy than patients with more advanced 

symptoms have. Consequently, patients may benefit from the treatment despite lack of 

symptomatic improvement, especially patients in NYHA class I-II, where symptomatic relief 

is less likely. Functional measures are also limited by the natural fluctuating course of HF, 

which makes it difficult to know if symptomatic change is related to CRT or not.  

Due to the lack of an ideal response parameter, response should preferably be evaluated 

against more than one parameter. As an example, while patients with ischemic 

cardiomyopathy are less likely to experience reverse remodelling compared to patients with 

DCM (197), mortality benefit may still be present in both groups (198). Accordingly, larger 

clinical CRT trails often use composite endpoints (for example Packer’s clinical composite 

score (199)) to define response to treatment. Composite endpoints are advantageous to single 

parameters as association to more than one measure of response increases relevance of the 

tested parameter. A composite endpoint in paper 3 would have strengthened the findings. LV 

reverse remodelling was predefined primary endpoint. To enhance clinical utility, we added 

long-term survival without heart transplantation as secondary endpoint. The pre-defined 

secondary endpoint was death at 12 months follow-up, but we extended follow-up time and 

included heart transplantation to increase number of events, and thus the strength of the study. 

Originally, we planned to include HF hospitalizations in the secondary endpoint, but 

information on cause of hospitalizations was unfortunately missing in a significant number of 

patients. Consistent results of septal LGE and septal flash as predictors of both reverse 

remodelling and long-term clinical outcome increases relevance of these parameters as 

markers of CRT response. In summary, there are advantages and disadvantages of all 

response parameters, and more than one parameter is favorable. Moreover, it emphasizes the 

need for randomized controlled trials. 

In addition to the challenges regarding definition of CRT response, there are diverse reasons 

for non-response to the treatment. This thesis focuses on optimizing patient selection, aiming 

to implant CRT in patients who are likely to benefit and not in patients, whose risks outweigh 

expected gain. There are however, several reasons for poor response to CRT associated with 

how the therapy is delivered. Reasons for suboptimal CRT delivery include lack of accessible 

posterolateral vein for LV lead placement, transmural scar in the region of the LV lead and 

suboptimal device settings with inadequate percentage biventricular pacing. Unfortunately, 

information on LV lead placement and percentage biventricular pacing was not available in 

paper 3. Such analysis in the non-responders could potentially explain why some patients who 

were expected to respond to CRT according to the suggested algorithm, failed to do so. Paper 

3 is also limited by the one-sided focus on intraventricular dyssynchrony and improvement of 

LV function. This is an oversimplification as CRT has several modes of action, including 

prevention of potentially fatal bradycardia, improvement of mitral regurgitation and 

correction of AV dyssynchrony. Although the effects on the LV is usually considered the 

main effect of CRT, there is no clear consensus on the relative importance of the various 

mechanisms and more data is needed (200). 

By today’s guidelines CRT response rate is particularly heterogeneous in patients with 

intermediate QRS-duration (130-150 ms) and non-LBBB morphology. Hence, it is in this 

patient group additional response parameters are most needed. Number one priority should be 

to avoid inflicting harm on patients, and because CRT comes with risks of complications and 

increased mortality in not eligible patients (89), it is essential not to implant CRT in patients 

who are not likely to benefit from the treatment. In this regard, a response parameter with a 
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high negative predictive value would be beneficial. On the other hand, such a strategy would 

inevitably result in withholding CRT to patients who would ultimately benefit from treatment. 

This balance poses an ethical dilemma, where both patient factors, risks of complications and 

economical aspects should be considered. In paper 3, we demonstrated that septal LGE and 

septal flash were equally accurate as predictors of CRT response in patients with intermediate 

QRS duration. Although promising results, patient number in this subgroup was low, and the 

results must be interpreted with caution. Randomized controlled trials are needed to validate 

our findings.  
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Methodological considerations 

 

Patient inclusion 

As previously mentioned, only approximately 35% of the patients that received a CRT in the 

largest contributing centres during the study period, were included in the CRID-CRT study. 

Furthermore, the proportion of included patients varied across the centres, which signals local 

differences. This may have caused a selection bias. In addition to the former mentioned 

reasons for study exclusion, logistical reasons precluded patient inclusion in some cases. 

Unfortunately, a systematic overview of reasons for non-inclusion is not available. This 

would have been beneficial, as it may have provided deeper into the interpretation and 

limitations of the present work. 

 

Myocardial work 

In all three papers, we calculated myocardial work based on strain and brachial systolic cuff 

pressure. There are several limitations of this methodology. First, the use of pressure instead 

of force/wall stress is a simplification that holds some uncertainty. Although optimal, force 

(or wall stress) is difficult to calculate in clinical practice, as it requires continuous recordings 

of radius of curvature and wall thickness, in addition to pressure. During dyssynchrony, wall 

thickness and radius of curvature differs between different LV segments at a given time-point, 

and such differences in regional wall stress is not taken into consideration when pressure is 

used to calculate regional work. However, previous work has demonstrated that substituting 

force with pressure provides a reasonable estimate of work in most circumstances (25, 201). 

Additionally, estimating wall stress based on Laplace’s principle assumes a symmetric 

geometry, while the ventricles in CRT recipients generally have undergone substantial 

eccentric remodelling. Thinning of the walls and increased diameter both result in increased 

wall stress compared to normal hearts. As a result, calculations of force by Laplace’s law may 

be less accurate in this patient group. Although work calculations based on force instead of 

pressure would change the numeric value of the work estimates, it would not change the 

overall picture with substantially increased work in the LV lateral wall compared to septum in 

LBBB. 

A similar limitation is the substitution of segment length with strain. Strain is, unlike segment 

length, a measure of relative deformation. Consequently, a given segmental shortening 

(reported in mm) may give markedly different strain (reported in %) depending on baseline 

length of the segment and size of the heart (202). This aspect is important to keep in mind, 

and restricts comparison of myocardial work between hearts of different sizes. Hence, this 

represents a challenge to using a specific cut-off in LV work difference to predict CRT 

response. Moreover, the use of strain and work instead of segment length and force does not 

provide a measure of work per se, expressed in joules, but rather an index of myocardial 

work, expressed in a less familiar unit mmHg·%. 

To calculate myocardial work by CMR, we extrapolated the LVP curve from the 

echocardiographic software (GE Echopac 202, Horten, Norway) as the pressure curve is not 

(yet) incorporated in the CMR software. Hence, inaccuracies in valvular events by both 

echocardiography and CMR may affect the work estimate. Through lower frame rate 

compared to echocardiography, this inaccuracy may be more prominent when CMR is used to 
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calculate myocardial work, but minor discrepancies in event timing are not decisive for work 

estimates (25). Brachial systolic cuff pressure was for obvious reasons not measured 

simultaneously as the CMR examinations. Instead, blood pressure was measured in 

conjugation with the echocardiographic examination. Although blood pressure may not be 

identical during these two situations, the measurements were performed in an equivalent 

resting condition on the same day in circulatory stable individuals. Furthermore, we studied 

relative magnitudes of myocardial work, which are not likely to change with slight variations 

in blood pressures. 

In patients with atrial fibrillation, systolic brachial cuff pressure does not necessarily capture 

the beat-to-beat variations in LVP characteristic of this patient group. Strain traces may also 

be more difficult to obtain in the case of significant R-R variability. Hence, atrial fibrillation 

represents a challenge when calculating myocardial work. All individuals in paper 1 and the 

vast majority of patients in paper 3 were in sinus rhythm, minimizing this problem. In paper 2, 

we used the average systolic blood pressure of three measurements to calculate work, and 

reported work as the average of three beats. Still, numerical variations in absolute work would 

probably appear if measurements were repeated. The overall asymmetric work distribution in 

LBBB, on the other hand, is likely to remain unchanged. 

In paper 1, we used work by STE and non-invasive LVP as reference modality to evaluate 

feasibility of work by FT-strain and non-invasive LVP. This choice could be debated. CMR 

tagging, which also is a well-established strain technique, would have been another 

alternative. Previous studies have demonstrated better agreement between FT-CMR and CMR 

tagging than between STE and CMR tagging in CRT candidates (203). On the other hand, 

CMR tagging is less clinically available and hampered with even lower temporal resolution 

than ordinary cine sequences used for FT. Furthermore, former validation studies have used 

longitudinal strain by STE for work calculations (25, 43), which led us to continue this 

approach for comparison to CMR-FT. The agreement between regional myocardial work and 

regional glucose metabolism by FDG-PET is well established, and used as reference method 

in previous similar studies (25), making it a natural basis for comparison. 

The results of the feasibility paper (paper 1) demonstrate that lower frame rate of CMR 

compared to echocardiography is less critical for work calculations. Through higher frame 

rate, echocardiography might detect the rapid pathological septal pre-ejection shortening 

superiorly to CMR. This shortening, however, happens early in systole, when LVP is low, and 

hence represents little work. The slower movements later in systole, when LVP is much 

higher, are decisive for work calculations. 

Lower frame rate of CMR also implies less accurate timing of valvular events compared to 

echocardiography. However, timing of systole (by closing and opening of the mitral valve) is 

also performed at time points where LVP is low. Consequently, minor inaccuracies will not 

change the overall picture of large heterogeneity in workload between regions in LBBB, 

although the absolute values of myocardial work are not accurate. We found similar 

heterogeneous work distribution by both work methods, corresponding to the asymmetric 

intraventricular distribution of glucose metabolism. 

We used mitral valve opening to define end-systole to continue the approach used in the 

validation paper by Russell and co-workers (25). According to this definition, all segmental 

shortening in systole is “positive work”, while all lengthening counts as “negative work”. 

However, one could argue that segmental shortening in the isovolumic relaxation (IVR) phase 

is undesirable (“wasted”). GE Healthcare’s analysing software (Echopac) therefore provides 

additional concepts, where the signs, by this logic, are inverted during the IVR period. This 
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means that “constructive work” is defined as segmental shortening in systole until aortic valve 

closure and as lengthening during IVR, while “wasted work” is defined as lengthening before 

aortic valve closure and as shortening during IVR. While these more advanced definitions 

provide sound physiological logic, they are more complex and less intuitive. We therefore 

decided to present our data in the most easily available format. When we compare “positive 

work” to “constructive work” and “negative work” to “wasted work”, the differences are 

minor, and not expected to change the main message of the studies. 

Strain by CMR-FT, as well as by STE, is more reproducible for global than for segmental 

values (204). As a result, also segmental work is afflicted with more uncertainty than global 

work values. This represents a limitation to paper 2, where segmental values of strain/work by 

STE were compared to segmental LGE. In paper 1 and 3, we evaluated regional myocardial 

work as average of two septal and two lateral segments, respectively, to minimize the effects 

of any segmental discrepancies. Furthermore, we focused on the two opposing LV regions at 

a mid-ventricular level only, for simplicity and reproducibility. Reproducibility analysis of 

regional work in paper 1 revealed rather large SD, but did not change the overall findings of 

heterogeneous LV work distribution in LBBB. Hence, the absolute numbers of the work 

estimates are not 100% accurate, but the method adequately captured the regional work 

differences in LBBB. An additional point is that segmental strain patterns (expressed in terms 

of the work index) seem to be more reproducible than strain values at specific time points 

(peak or end-systolic strain) (36). Currently, myocardial work is only a research tool and not 

recommended for clinical use. 

 

Myocardial strain 

Contrary to echocardiography, which measures deformation by tracking of myocardial 

“speckles”, CMR-FT algorithms focus on the endocardial and epicardial borders. The stronger 

weighing of endocardial deformation may explain some of the differences in results found in 

direct comparisons of CMR-FT and STE (204). Moreover, strain values, whether assessed by 

echocardiography or CMR, vary across patient age and gender (205, 206), as well as between 

different vendors (36-38). Lack of proper standardization remains an important limitation of 

the technique, and more research is warranted. In addition, global strain values are more 

reproducible than segmental values, independent of measured strain direction and image 

modality (204). 

 

Of the STE-derived strain parameters, longitudinal strain is the most reproducible, while 

circumferential strain is the most robust parameter from CMR-FT (37, 204). We chose the 

most reproducible measure for each image technique, although not identical. Endocardial 

fibres are predominantly oriented in the longitudinal direction, while midwall layers are 

predominantly circumferential (207). Although they measure deformation in different 

directions, it seems reasonable to assume that in patients with HFrEF and LBBB, all 

myocardial fibre directions are affected. Furthermore, conservation of mass makes sure that 

deformation in the long axis is always accompanied by deformation in the short axis. 

In paper 2, where we evaluated the agreement of strain by STE to scar (LGE), we chose peak 

systolic strain as the most suited strain measure of myocardial viability. Other alternatives 

could have been peak strain throughout heart cycle or end-systolic strain (strain at AVC). 

Peak strain throughout heart cycle, however, may also include shortening that occurs during 

diastole, and is therefore not necessarily an accurate measure of systolic function. Because 

early-diastolic LV pressure is lower than end-diastolic pressure, there will be net contraction 
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in early diastole due to passive forces only. In the LV lateral wall, peak systolic strain is often 

similar to end-systolic strain. However, this is not always the case, particularly in septum, 

where peak systolic strain often precedes AVC (in LBBB). Therefore, end-systolic strain may 

not reflect contractile force/viability in septum. One objection to the use of peak systolic 

strain is that the peak occurs against abnormally low afterload, and therefore does not 

necessarily reflect the segment’s true contractile force. In total, however, we concluded that 

peak systolic strain probably best displays segmental systolic function. Accuracy of strain to 

identify scar did not improve if measured as peak strain throughout heart cycle or as end-

systolic strain. 

The majority of previous studies that explored the agreement between STE-strain and scar in 

CRT candidates used radial strain (66, 152). However, we found radial strain difficult to 

perform in the present patient population with dilated ventricles and thin walls. Therefore, we 

used longitudinal strain to evaluate LV function. In principle, LV radial strain should give 

similar results since deformation in the long axis is always accompanied by deformation in 

the short axis through conservation of mass. In total, the variable degree of myocardial 

dysfunction in CRT candidates, irrespective of scar, implies that strain will be limited as 

means to identify scar in this patient group, whether measured in the radial or longitudinal 

direction. In contrast, in other populations, where contractile function is otherwise preserved, 

a defined scar may be identified more reliably by reductions in myocardial deformation 

(strain/work) (208, 209). 

 

Quantification of scar (LGE) 

Assessment of myocardial scar (LGE) is relevant for all three papers. In paper 1, myocardial 

scar led to study exclusion, while quantification of LGE is essential for the results in paper 2 

and 3. Although LGE-CMR is gold standard for assessing myocardial scar, no consensus 

exists on the optimal method for quantifying LGE. Several methods have been used with 

highly variable results (210). The simplest of these methods is visual assessment, where the 

reader determines the degree of hyperenhancement (i.e. signal intensity) per segment 

subjectively (211). This allows for a rapid assessment of scar size, but is inherently subjective 

and reader-dependent. Alternatively, scar size may be quantified by planimetry of 

hyperenhanced areas on the stack of short-axis images. Manual delineation is often used 

clinically, but its accuracy also depends on the experience of the reader and is less 

reproducible in certain patient groups (212).  

To increase speed and improve objectivity and reproducibility, several semiautomatic 

methods have been proposed. Initial techniques were often based on a 2-6 SD threshold from 

remote viable myocardium. However, more recent findings suggest that remote myocardium 

is probably not an ideal comparison to define scar, because normal signal intensity regularly 

has a gradient throughout the MR image (213). An alternative method, the full-width at half-

maximum (FWHM) method, uses a threshold value of 50% of the maximum intensity within 

the scar (212). On the other hand, FWHM assumes a bright surface core, and may not be 

accurate if the scar is homogeneously grey, if there are multiple scars or if the scar is patchy 

with multiple, separate islands of necrosis (214). Using a threshold by an Expectation 

Maximization (EM) (215) algorithm may be advantageous to FWHM. This algorithm 

calculates the most likely estimate of the mean and SD for the intensity distributions of 

normal myocardium and scar, and thereby the optimal intensity threshold to define scar tissue 

(133).  
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During the last years, a new method that combines the EM algorithm with a weighted 

approach has been introduced. This automatic algorithm called EWA (Expectation 

Maximization, weighted intensity, a priori information) (133), is based on intensity 

classification by Expectation Maximization and weighting each pixel according to its signal 

intensity to account for partial volume effects. The weighted approach has been shown to 

provide automatic quantification of scar with higher accuracy and lower variability than a 

dichotomous algorithm (216). In paper 2 and 3, where scar quantification is highly relevant, 

we used the EWA algorithm for scar quantification. The EWA algorithm has the advantage of 

being less user-dependent and has been validated against expert delineations in multicentre, 

multivendor patient data, which is beneficial in a multicentre trial like the one we conducted. 

However, like all automatic algorithms, the EWA algorithm requires manual control and 

correction as appropriate. In paper 2 and 3, we opted for a combined qualitative and 

quantitative method to secure representative LGE analysis. An experienced CMR reader 

performed the immediate qualitative analysis, focusing on the exclusion of bright artefacts, 

and positively classifying LGE as ischemic or non-ischemic. Quantitative analysis using the 

semi-automatic software was initially made independently of the qualitative analysis, and then 

controlled for the qualitative reading. Discrepancies and doubt were discussed, and conclusion 

was made between readers – based on the initial qualitative analysis and the automatic 

approach. Still, it is obvious that an inter-observer analysis of septal scar would have 

strengthened the findings of these papers. On the other hand, minor differences are not likely 

to alter the overall findings. 

To complicate matters further, several methods to assess scar transmurality exists, and the 

definition of a transmural scar is not consistent through literature. In paper 2, we defined 

transmural scar as LGE ≥ 50% of segmental volume, as these segments are likely to have 

impaired function. However, another threshold for transmurality could have been LGE ≥ 75% 

of segmental volume, or simply maximal LGE extension at any point in the segment (217-

219). Changing the definition of transmurality could have affected the results of paper 2, and 

the lack of a uniform definition is a limitation of this paper. In paper 3, this is of less 

relevance, as we treated LGE % as a continuous variable or binary (LGE present or not 

present). In paper 1, we excluded patients with scar all together. In general, lack of consensus 

on defining transmural scar has potential important implications in the research setting, as 

scar size is often stated and used as surrogate endpoints in clinical trials. There is a need for 

further studies to obtain a validated and consensual study method. 

Finally, there is the question whether to include the papillary muscles in scar analysis. We 

chose to regard the papillary muscles as part of the ventricular cavity, and not include them in 

scar analysis, in line with most other clinical studies not specifically investigating these 

anatomical structures. It is not likely that including the papillary muscles would have affected 

the results of the studies. 

 

Septal flash 

In some patients, there is pronounced abnormal motion of the interventricular septum (septal 

flash), easily detectable with the naked eye. In these, the visual interpretation is quick and 

simple. However, in others, there is more subtle septal movement, and the distinction from 

normal septal motion is less clear. The binary approach based on septal flash present or not 

present outlined in paper 3 did not include grading of the abnormal septal motion. Therefore, 

it does not take into account different degrees of pathological LV contraction pattern. This 

may be relevant as patients with obviously inappropriate septal movement may benefit more 
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from CRT than patients where pathological septal motion is barely visible (and perhaps 

graded as normal by a second reader). The visual interpretation of septal flash performed in 

paper 3, did not distinguish these patients, which is a limitation of the approach. Grading of 

septal flash would have allowed us to explore the continuous relationship between septal flash 

and LV reverse remodelling.  

Despite lower temporal resolution, and thus inferior sensitivity to identify rapid septal motion, 

compared to echocardiography, we have demonstrated that septal flash assessed by CMR is 

equally clinically relevant to septal flash by echocardiography. The CMR acquisition triggers 

on peak R on ECG, and the first cine frame actually represents the first moment after peak R, 

defined by the magnitude of the time resolution of the sequence. One could speculate how 

CMR is able to identify the rapid septal movement that starts and mostly ends during 

isovolumic contraction time (septal flash). Such detection is dependent from visualization of 

the isovolumic contraction phase at the end of the R-R interval, to contrast the first frames of 

the sequence. In HF with LBBB, the isovolumic contraction time is relatively long, often over 

150 ms at heart rate 80 beats per minute (220). The cine imaging used in our study typically 

had a resolution of 30 frames/heart cycle, which means that each frame lasts approximately 25 

ms at this heart rate. Hence, there are 5-6 frames covering the isovolumic contraction phase, 

which allows visualizing the changes in septal positioning (septal flash) between early systole 

and the reference frame in late diastole. In accordance with this, the images used to illustrate 

septal flash in Figure 5 are from frame number 30 (at the end of the cine loop but still first 

image) and from frame number 3 (second image). Nevertheless, the lower frame rate of CMR 

compared to echocardiography may account for some of the discrepancies in identifying CRT 

responders between the image modalities. We specifically used commonly performed cine 

imaging to identify septal flash in order to make the technique as widely applicable as 

possible. Increasing scan time or reducing spatial resolution can further improve temporal 

resolution of CMR. Additionally, specific sampling and reconstruction techniques can be used 

to acquire high temporal resolution images within a reasonable breath hold (221). Previous 

findings of Revah et al. indicate that lower temporal resolution makes CMR less sensitive to 

identify septal flash compared to echocardiography (54). However, how the discrepancies 

relate to CRT response, and whether a combination of the methods could improve accuracy 

further, requires additional testing in future larger studies. 

In paper 3, we found excellent reproducibility of septal flash by CMR. However, as 

previously mentioned, recognition of a dyssynchronous LV contraction pattern (by CMR as 

well as echocardiography), requires training, especially when it is less pronounced. Therefore, 

reproducibility of these parameters might be lower if performed by less experienced readers. 

This is important to keep in mind if the method is to be recommended in future guidelines. 

Importantly, before changing clinical recommendations, the utility of septal flash as a 

predictor of CRT response must be validated in larger, randomized trials. 

 

Glucose metabolism 

We used FDG-PET to assess regional and segmental glucose metabolism in paper 1 and 2, 

respectively. The examinations were performed at two centres, and the centres used different 

patient preparation protocols prior to FDG-PET. This resulted in divergent absolute values 

(expressed in activity Bq/cc) between the centres. To achieve comparable values, we reported 

segmental values as percentage of the segment with the highest mean glucose uptake per 

patient (relative values). Therefore, different preparation is unlikely to have affected the 
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results. Relative segmental values of FDG-uptake is an accepted method to report glucose 

metabolism (25, 27, 118). 

In paper 1, we merged two septal and two lateral segments, and calculated average septal and 

lateral wall FDG-uptake (as with regional myocardial work), to minimize the effects of any 

segmental discrepancies. We chose the mid-ventricular segments to match the segments from 

which work was calculated. It is likely that repeated analyses would result in numerical 

variations in percentage FDG-uptake in many segments, but the overall picture would 

probably not change noticeably. Segmental inaccuracies is probably more challenging in 

paper 2, where values were reported on segmental levels. However, the precise agreement 

between reduced glucose metabolism and transmural scar in the LV lateral wall, suggests 

good conformity between segmentation by the various image modalities.  

Ischemia leads to increased glucose metabolism, and thereby elevated FDG-uptake within the 

ischemic area. This phenomenon lasts for approximately 24 hours after an ischemic event. 

Because detection of scars with FDG-PET is based on relative FDG-uptake, increased FDG 

uptake due to reversible ischemia may have increased the number of LV lateral wall segments 

with FDG uptake <70% (paper 2) (222). Our patients had no clinical history of reversible 

ischemia, the investigation was carried out under resting conditions, and the patients were 

instructed to avoid exercise during the days before the FDG-PET/CT. Moreover, to increase 

the global myocardial FDG-uptake, the patients underwent either hyperinsulinemic 

euglucemic clamping or glucose loading to switch myocardial metabolism from fatty acids to 

glucose, decreasing the difference between a possible ischemic part and the remaining 

myocardium. 

Unfortunately, PET, like CMR, is limited by costs and accessibility. In comparison, 

myocardial perfusion imaging by SPECT is cheaper and more accessible. It would have 

increased clinical applicability of paper 2 if we had also validated scar imaging by SPECT. 

Although we performed SPECT in some patients from Oslo, the number, unfortunately, was 

too low to conclude. SPECT may be comparable to FDG-PET in viability diagnostics (223), 

but it remains to be tested how accurate SPECT is for assessment of scar in patients with 

HFrEF and LBBB. Importantly, several studies confirm the utility of applying myocardial 

perfusion imaging by SPECT to predict response to CRT (123, 125, 156). Still, in direct 

comparison, asymmetric distribution of glucose metabolism appears to be more closely 

associated with electromechanical dyssynchrony and subsequent reverse remodelling than 

asymmetry in myocardial blood flow (perfusion) in non-ischemic CRT candidates (118, 224). 

Whether SPECT there is more suited to identify scar in dyssynchrony compared to FDG-PET 

requires further testing, but the pitfall of fixed perfusion defects misinterpreted as septal scar 

is distinct (154). Previous nuclear studies have also indicated that accuracy of PET to identify 

scar in LBBB may vary depending on which type of tracers is used (225). In summary, there 

are still unanswered questions in defining the role of nuclear imaging in CRT candidates, and 

more research is warranted. 

 

Statistics 
Statistical analyzes are essential to present results from medical research, but their 

interpretation requires knowledge of potential sources of errors. Two commonly used 

statistical methods will be discussed briefly in the following section; ROC and regression 

analysis. 



69 

 

The AUC derived from ROC analysis is commonly used as a measure to evaluate classifier 

performance, as in paper 2 and 3 in this thesis. A ROC curve displays the relationship 

between true positive rate and false positive rate (or sensitivity and 1-specificity) given by 

different thresholds. Ideally, the AUC value should be as close to 1.0 as possible, and the line 

of the curve as close to the upper left corner as possible (226). However, often there is a trade-

off between high sensitivity and high specificity of a model’s performance (true positive and 

false positive). Furthermore, one should be aware that even though the calculated AUC for 

two classifiers are numerically equal, it does not necessarily mean that their performance is 

similar. The AUC is dependent on the intrinsic properties of the classifier, which makes 

comparing classifier based on AUC an inappropriate measure for comparison in many cases. 

Additionally, when the AUC is calculated, both false and true positive rates are equally 

weighted, while in reality we often make a choice, which is more important; minimizing the 

false-positive rate or maximizing the true-positive rate. Consequently, different classifiers 

may be preferred in different settings, despite similar AUC (226). In total, AUC alone does 

not provide all the information needed to evaluate a model’s performance, and supplemental 

information such as diagnostic accuracy may be useful, especially if sample size is small. A 

visual interpretation of the ROC curve may provide valuable information not reflected in the 

AUC value. To gauge the estimator’s variance, it is crucial to evaluate the 95% CI of the 

AUC, as it gives a better understanding of the uncertainty that lies in the calculated value. The 

95% CI in paper 2 are rather wide for some parameters due to low number of transmurally 

scarred segments in both regions. Consequently, the “true” AUC may be quite far from the 

calculated AUC and this should be kept in mind when interpreting the results. 

Regression analysis is used to estimate the relationships between a dependent (outcome) 

variable and one or more independent variables (predictors). In paper 3, we used linear 

regression analysis to identify parameters associated with reverse remodeling after CRT. Only 

a limited number of independent variables should be included in multivariable regression 

analysis to avoid confounding. Furthermore, the predictive (independent) variables should not 

be closely correlated with each other (multicollinearity). Multicollinearity can be quantified 

by variance inflation factor (VIF), and VIF should be < 10 to assure independency between 

covariates (227). The VIF values in paper 3 are all < 3, indicating that there is no troubling 

multicollinearity. The given R2 is a goodness-of-fit measure for linear regression models. This 

statistics indicates the percentage of the variance in the dependent variable that the 

independent variables explain collectively. R2 measures the strength of the relationship 

between the model and the dependent variable on a scale from 0-1, where zero equals no 

relationship and one signals the theoretical situation that the fitted values equal the data 

values. In general, the higher R2, the better the model fits. However, if R2 is low, but the 

independent variables are statistically significant, still important conclusions about the 

relationships between the variables can be made. Accordingly, like in many studies in the 

field of medicine, the R2 value from the regression model in paper 3 is less than 0.5. Still, the 

model quite accurately identified CRT responders and was superior to current guideline 

criteria. The dependent variable in linear regression is continuous (unlike the binary variable 

in logistic regression). This is statistically an advantage because it exploits the spectrum of the 

dependent variable. In paper 3, we used delta ESV change as dependent variable in linear 

regression analyses.  
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Specific limitations 

Paper 1 

We did not perform inter-vendor analysis, and the study size was relatively small. Hence, the 

eligibility of other available FT software to calculate myocardial work requires further 

investigation, and our findings should be further validated in a larger cohort. Further 

evaluation is also necessary to determine if work by FT-CMR and non-invasive LVP is suited 

in other patient groups. 

 

Paper 2 

There were a limited number of transmurally-scarred segments with available PET data, and 

not all segments were available for strain and work analysis due to insufficient 

echocardiographic image quality in some patients.  

 

Paper 3 

We used reverse remodelling as a surrogate for CRT response (primary endpoint). Pros and 

cons of this surrogate parameter are described earlier. To expand suitability, we also included 

long-term mortality and heart transplantation as a secondary endpoint. However, the relatively 

low numbers of adverse events represent a limitation, evident in the wide hazard ratio CI. 

Additionally, the stringent requirements for renal function, and exclusion of patients with pre-

existing cardiac devices, may have resulted in a selection bias. Data on LV lead position and 

intrinsic LV electric delay were not available, and such data might have provided additional 

insights. The number of transmural LV lateral wall scars was too low to investigate to full 

extent. The study was observational and included a limited number of patients. To change 

clinical practice, there is need for a randomized trial with clinical endpoints. 
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Ethical considerations 

Several patients and nine healthy controls participated in the present work. Importantly, study 

participants were not subjected to increased risk of complications in connection with CRT 

implantation as the procedure was performed according to clinical routine. The responsible 

electrophysiologist determined the indication for CRT independent of the study. Nevertheless, 

all studied subjects have endured time-consuming and occasionally uncomfortable imaging 

examinations beyond clinical guidelines. The long-lasting and demanding CMR and PET 

examinations, requiring breath holds and user collaboration, were particularly strenuous for 

some patients, afflicted by advanced heart disease. The majority of the patients have 

expressed an appreciation for the additional investigations and follow-up resulting from study 

participation. However, the comprehensive imaging has also led to incidental findings 

requiring follow-up and caused concerns in affected individuals. This issue is of particular 

importance in presumably healthy individuals (controls), and underscores the need for proper 

informed consent and approval from the Regional Ethical Committee.  
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Clinical implications and future perspectives 

Currently, myocardial work is mainly a research tool, but the incorporation in commercial 

echocardiographic software (GE Echopac 202, Horten, Norway) has made work calculations 

by echocardiography widely available. Similar integration of work in CMR software would be 

beneficial to increase availability and promote further research and validation of the method 

in various patient groups. 

As mentioned previously, substituting wall stress with pressure constitutes a limitation of the 

work method. Future studies should investigate if all relevant information (strain, valvular 

events, radius of curvature and wall thickness) is accessible from a single modality (CMR or 

3D echocardiography), allowing for more accurate work estimates. This could increase the 

precision of the method and allow deeper insights in the pathophysiology of dyssynchronous 

hearts. 

The role of myocardial work over strain is not yet determined, but the incorporation of 

afterload may be beneficial in some clinical scenarios. This thesis focuses on LV 

dyssynchrony and the implications in identifying CRT responders. Additionally, the work 

index could be used to identify the onset of LV lateral wall dysfunction, which has been 

suggested as a possible optimal time-point for CRT in patients with LBBB (137). Moreover, 

reduced myocardial work is associated with an increased risk of ventricular arrhythmias 

(140). Upcoming studies should explore if the work index could aid in the selection of which 

patients are likely to benefit from a defibrillator in addition to resynchronization. 

The work index may also be advantageous over strain to identify subtle impairment in LV 

function in hypertensive patients or to identify chemotherapy-induced cardiotoxicity of 

clinical relevance, as previously mentioned. Recent research also indicate that RV work may 

be a more relevant measure of RV systolic function than conventional echocardiographic 

parameters (141). 

Calculating myocardial work by CMR-FT and non-invasive LVP is particularly useful in 

patients with poor echocardiographic image quality, or when CMR is indicated for other 

reasons. Further research is required to determine if the method also is feasible in other 

patient groups and with different vendors.  

Scar imaging by FDG-PET is particularly valuable in patients where CMR is not available or 

contraindicated. However, access to PET is also limited, and the costs exceeds that of CMR. 

Future studies should investigate the feasibility of SPECT (perfusion imaging) to identify LV 

lateral wall scar in LBBB. Additionally, there is a need to investigate if combined imaging of 

myocardial perfusion and metabolism could identify septal scar in CRT candidates. 

There are gaps in knowledge regarding gender-specific differences in cardiovascular diseases. 

Women have smaller hearts, slightly higher EF, and different disease phenotypes compared to 

men (228). These differences may influence, among other things, the accuracy of current CRT 

selection criteria in women. Additionally, women are often underrepresented in randomized 

clinical trials (229). Future studies should investigate if adjusting for gender and body size 

could aid in the selecting of patients for CRT. CMR, which provides a comprehensive 

assessment of myocardial structure and function, may have a unique role in this setting. 

CMR represents an additional cost compared to echocardiography, but given the importance 

of diagnosing septal LGE in CRT candidates, these patients should presumably be given 

higher priority for CMR than what is current practice. The results from paper 3 should be 

validated in a randomized prospective study with clinical endpoints. The ongoing randomized 
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AMEND-CRT trial will presumably shed more light on the role of electromechanical 

dyssynchrony in general in selecting patients for CRT. 

Future research should also explore more thoroughly the correlation between septal flash 

assessed by echocardiography and by CMR, and how any discrepancies relate to CRT 

response. Correspondingly, correlations between septal flash, apical rocking and LV work 

difference in ventricles with varying degree of myocardial scar in different regions, as well as 

their relations to CRT response, require further investigation.  

As of today, there is no evidence that the newer CMR technique T1 mapping has a role in 

patient selection for CRT (230). In paper 3, we chose to exclude T1 mapping because of low 

number of patients examined and different magnets used in different centres, and hence 

uncertain results. Whether T1 mapping could improve timing of CRT implantation (for 

example as a marker of septal structural changes before visible LGE) is not known and could 

be a potential topic for future studies. 

To date, few studies have explored the effect of CRT in patients with LVEF > 35%, but 

current knowledge suggests that the treatment may also be beneficial in patients with less 

severe LV dysfunction (231). Theoretically, by restoring LV synchrony, as well as providing 

chronotropic support, CRT could potentially improve LV filling, and thereby alleviate 

symptoms and increase physical capacity in patients with HFpEF. Experimental studies 

suggest that the effect of CRT to reduce elevated LV filling pressures in LBBB may be heart 

rate dependent (232). Generally, changes in diastolic properties after CRT appear to be linked 

to changes in systolic function, but advanced diastolic dysfunction at baseline is associated 

with worse prognosis after CRT (233-235). An ongoing clinical study investigates the effects 

of CRT on chronotropic incompetence in patients with HFpEF (236). In total, the 

heterogeneity of the HFpEF population means that there is a need for extensive future 

research and individualized treatment strategies.  

At present, CRT is considered contraindicated in patients with narrow QRS. However, a 

recent study has demonstrated superior long-term survival of AV node ablation combined 

with CRT over pharmacological therapy in patients with permanent atrial fibrillation and 

narrow QRS (237). More research is warranted.  

Other areas for future research include technological improvements to maximize the potential 

CRT. An ongoing randomized trial aims to determine whether mapping-induced positioning 

of the LV lead according to the latest local electrical activation in the coronary sinus is 

beneficial compared to conventional LV lead placement (238). His-bundle pacing has 

emerged as a novel method to deliver CRT. Recent data indicate that effects on mechanical 

dyssynchrony and longitudinal contractile function are similar to conventional biventricular 

pacing (239). 
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Conclusions 

 

General conclusions 

The present thesis provides new insights into the effects of LV dyssynchrony on myocardial 

function and its relation to CRT response. Our findings strongly support that septal 

dysfunction in LV dyssynchrony constitutes a target for CRT, and that the likelihood of CRT 

response depends on structural septal remodelling (scar). We have demonstrated that CMR 

may assess both septal dysfunction (septal flash or LV work asymmetry) and septal scar, and 

that both parameters are predictive of CRT response. Therefore, our work encourage 

increased use of CMR in patients referred for CRT compared to current practice. We found 

that FDG-PET is a good alternative to CMR to identify transmural LV lateral wall scar, but 

neither FDG-PET nor echocardiography can identify septal scar in CRT candidates.  

 

Specific conclusions 

Paper 1 

Myocardial work calculated from strain by FT-CMR in combination with non-invasive LVP 

is a relevant measure of regional myocardial function in LBBB, which correlates with glucose 

metabolism and with work by more established techniques. 

 

Paper 2 

FDG-PET accurately identifies transmural LV lateral wall scars in CRT candidates, compared 

to LGE-CMR. Echocardiographic strain is only moderately accurate, but preserved systolic 

strain in the LV lateral wall makes transmural scars in this region unlikely. Neither FDG-PET 

nor strain can identify septal scar in dyssynchronous ventricles. 

 

Paper 3 

Combined assessment of septal scar and septal flash by CMR identifies CRT responders with 

high accuracy. Patients without septal scar have excellent response rate. In patients with septal 

scar, where response rate is more variable, septal flash separates responders from non-

responders with high precision. Further studies are needed to verify that the suggested 

algorithm can prospectively be used to improve patient selection for CRT.  
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Aims Regional myocardial work may be assessed by pressure–strain analysis using a non-invasive estimate of left ventricu-
lar pressure (LVP). Strain by speckle tracking echocardiography (STE) is not always accessible due to poor image
quality. This study investigated the estimation of regional myocardial work from strain by feature tracking (FT) car-
diac magnetic resonance (CMR) and non-invasive LVP.

...................................................................................................................................................................................................
Methods
and results

Thirty-seven heart failure patients with reduced ejection fraction, left bundle branch block (LBBB), and no myocar-
dial scar were compared to nine controls without LBBB. Circumferential strain was measured by FT-CMR in a
mid-ventricular short-axis cine view, and longitudinal strain by STE. Segmental work was calculated by pressure–
strain analysis. Twenty-five patients underwent 18F-fluorodeoxyglucose (FDG) positron emission tomography.
Segmental values were reported as percentages of the segment with maximum myocardial FDG uptake. In LBBB
patients, net CMR-derived work was 51 ± 537 (mean ± standard deviation) in septum vs. 1978 ± 1084 mmHg�% in
the left ventricular (LV) lateral wall (P < 0.001). In controls, however, there was homogeneous work distribution
with similar values in septum and the LV lateral wall (non-significant). Reproducibility was good. Segmental CMR-
derived work correlated with segmental STE-derived work and with segmental FDG uptake (average r = 0.71 and
0.80, respectively).

...................................................................................................................................................................................................
Conclusion FT-CMR in combination with non-invasive LVP demonstrated markedly reduced work in septum compared to the

LV lateral wall in patients with LBBB. Work distribution correlated with STE-derived work and energy demand as
reflected in FDG uptake. These results suggest that FT-CMR in combination with non-invasive LVP is a relevant
clinical tool to measure regional myocardial work.
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Introduction

Indices of myocardial fibre shortening, such as ejection fraction (EF)
and strain assess left ventricular (LV) systolic function. However,
these parameters do not account for the variable mechanical load
caused by LV pressure (LVP) variations.1 Myocardial work incorpo-
rates load and wall tension and reflects both regional oxygen con-
sumption2,3 and glucose metabolism.4,5 Work calculations, therefore,
provide a more comprehensive assessment of myocardial function
than deformation parameters alone.5,6

Global LV work corresponds to the area of the LV pressure–vol-
ume loop, and regional myocardial work is accordingly reflected in
the area of the local myocardial force-segmental length loop.7

Calculation of myocardial force, however, is challenging. Substitution
of force with LVP and segment length with strain constitutes a suit-
able index of myocardial work.5,8–10 The introduction of a non-
invasive estimate of LVP5 has made myocardial work calculations
more readily applicable.

Myocardial work by pressure–strain analysis has until now most
often been based on strain by speckle tracking echocardiography
(STE) or cardiac magnetic resonance (CMR) tagging.5,6,11–13

However, in up to 20% of echocardiographic examinations, image
quality is inadequate for strain analysis,14 and the CMR tagging tech-
nique has limited clinical utility due to specialized scanning sequences
and complex post-processing analyses. CMR feature tracking (FT)
only requires standard cine sequences, and analyses are significantly
less time consuming. Therefore, FT-CMR makes CMR strain analysis
more accessible.

CMR is considered gold standard for detection of scar,15 and
proper detection of myocardial scar prior to cardiac resynchroniza-
tion therapy (CRT) is preferable, as both the location and amount of
scar appear to affect the outcome.16,17 Extensive functional assess-
ment performed in the same examination, would, therefore, make
FT-CMR a highly relevant clinical tool, especially in patients with poor
echocardiographic images.

In order to explore regional myocardial work, we studied a patient
group with heart failure and left bundle branch block (LBBB), thereby
a non-uniform distribution of myocardial work. We compared them
to controls with normal electrical conduction. In LBBB, the LV lateral
wall is pre-stretched due to early septal contraction, which leads to
increased workload on the LV lateral wall.5,6,18 The early-activated
septum, however, shows reduced myocardial work in LBBB.
Therefore, there is reduced myocardial glucose metabolism in sep-
tum compared to the LV lateral wall.19,20 We used glucose metabol-
ism as a marker of myocardial energy demand and as a useful
correlate for regional myocardial work.

The main objective was to investigate the feasibility of calculating
regional myocardial work from strain by FT-CMR and non-invasive
LVP by means of CMR data alone. We aimed to cover the broad
range of workload measurement and to assess variability.

Methods

Study population
Thirty-seven heart failure patients (age 66± 10 years) referred for CRT
were recruited through the cardiology departments at Oslo University

Hospital, Rikshospitalet, Norway and University Hospitals Leuven,
Belgium, from the clinical study Contractile Reserve in Dyssynchrony: A Novel
Principle to Identify Candidates for Cardiac Resynchronization Therapy (CRID–
CRT). For comparison, we included nine controls (age 58± 10 years) with
no known cardiac disease.

Exclusion criteria included evidence of myocardial infarction by late
gadolinium enhancement (LGE) CMR, atrial fibrillation, severe aortic
stenosis, insufficient renal function for contrast administration, and con-
traindications for CMR.

The Regional Ethics Committee approved the study, and all subjects
gave written informed consent.

Cardiac magnetic resonance
Subjects were examined with a 1.5 T magnet (in Oslo: Aera, Siemens,
Erlangen, Germany, in Leuven: Ingenia, Philips Healthcare, Best, the
Netherlands). Cine sequences had frame rate 30/heart cycle. LGE images
covering the ventricles were performed in the steady-state after intraven-
ous injection of 0.15 mmol/kg gadoterate meglumine (DoteramTM,
Guerbet, Villepinte, France). An experienced observer performed a quali-
tative interpretation of the LGE images to exclude individuals with myo-
cardial infarctions.

Strain from cine images was analysed semi-automatically with FT soft-
ware (2D CPA MR; TomTec Imaging Systems, Unterschleissheim,
Germany) (Figure 1), in mid-ventricular short-axis view. ‘Septum’ was
defined as the anteroseptal and septal segments and the ‘LV lateral wall’
as the lateral and posterolateral segments.

Echocardiography
2D grey-scale images from three apical views with average frame rate
60± 8/s were acquired with a Vivid E9 or E95 ultrasound scanner (GE
Vingmed, Horten, Norway). LV volumes and EF were calculated by the
biplane Simpson’s method. Longitudinal strain analyses were performed
using STE (Echopac, GE Vingmed Ultrasound, Horten, Norway), blinded
to other results. ‘Septum’ and the ‘LV lateral wall’ were defined similarly
to CMR analysis.

Estimation of regional work
Segmental myocardial work was calculated by LV pressure–strain analysis
with a non-invasive estimate of LVP.5 The estimated LVP curve was
derived from a semi-automated analysis tool (Echopac, version 202, GE
Vingmed Ultrasound, Horten, Norway), and adjusted to the duration of
the cardiac phases by visual assessment of valvular events by CMR and
echocardiography, respectively. The amplitude of the estimated LVP
curve was scaled by the patient’s systolic brachial cuff pressure (a substi-
tute for peak LVP). Strain was assessed by CMR and STE. The work index
(mmHg�%) was calculated by multiplying the rate of segmental shortening
(strain rate) with instantaneous LVP. This resulted in a measure of instant-
aneous power, which was integrated over time to give work as a function
of time in systole. Systole was defined as the time interval from mitral
valve closure to mitral valve opening.21 Septal and LV lateral wall work
were calculated as the average of the two associated segments.

Normally, LV segments shorten in systole when LVP increases and by
definition do positive work. Contrary, elongation in systole when LVP
increases by definition implies negative work. In the present study, net
work for a myocardial segment was calculated as the sum of positive and
negative work.

FDG-PET/CT
18F-fluorodeoxyglucose (FDG) positron emission tomography (PET) was
performed in accepting patients. Scanners used were Biograph 64 or 16
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..HiRez PET/CT (Siemens, Erlangen, Germany) and Discovery MI PET/CT
(GE Healthcare, Chicago, IL, USA).

The euglycaemic hyperinsulinaemic clamp technique22 was used. After
stabilization of the glucose levels, 370 MBq FDG was administered and a
40-min acquisition was performed 45 min after injection. Images were
reconstructed using ordered-subsets expectation-maximization algo-
rithms (four iterations and eight subsets), matrix size 256 � 256, and a
5.0-mm Gaussian filter. Attenuation correction was performed. The myo-
cardial image was resampled into 16 radial slices,23 and polar maps using
the 17 segment model24 constructed. Segmental values were reported as
percentage of the segment with the highest mean FDG uptake. The given
percentage for respectively septum and LV lateral wall is the calculated
average of the two predefined mid-ventricular segments.

Inter- and intraobserver variability
Work calculations were repeated in 15 randomly selected patients from
both centres by the prime observer and a second investigator. The prime
observer performed repeated measurements several months after origin-
al measurements. The second investigator was blinded to the results of
the prime observer.

Statistical analysis
Continuous variables are presented as mean ± standard deviation (SD),
and categorical variables as percentages. Comparisons within and be-
tween groups were performed with two-sampled t-tests or Mann–
Whitney as appropriate. All tests were two-tailed, and a P-value <0.05
was considered significant. Continuous variables were compared using
scatter plots and Pearson’s correlation coefficient. Intra- and interob-
server variability was assessed by intraclass correlation coefficient (ICC)
and Bland–Altman plots with calculation of the 95% limits of agreement.
SPSS version 25.0 (IBM Corporation, Armonk, NY, USA) was used for
the analyses.

Results

Study population
Clinical variables are listed in Table 1. All patients had typical electro-
cardiogram (ECG) features of LBBB according to Strauss,25 while
controls had normal ECGs. QRS-duration was 165 ± 15 and 90± 9

Figure 1 Contours for strain analysis. Manually drawn endocardial border of the left ventricle in a mid-ventricular short-axis view in end-diastole
(A) and automatically propagated by the software to end-systole (B).

....................................................................................................................................................................................................................

Table 1 Clinical variables (mean 6 standard deviation)

Variables All LBBB

patients

(n 5 37)

LBBB patients who

underwent FDG-PET

(n 5 25)

Healthy

controls

(n 5 9)

All LBBB patients

vs. LBBB patients

with FDG-PET

All LBBB

patients vs.

controls

Age (years) 66 ± 10 65 ± 10 58 ± 10 0.47 0.03

Male sex (%) 51 48 56 0.80 0.83

Heart rate (bpm) 70 ± 9 69 ± 9 67 ± 16 0.76 0.54

QRS duration (ms) 165 ± 15 166 ± 17 90 ± 9 0.84 <0.001

Systolic blood pressure (mmHg) 133 ± 23 129 ± 19 136 ± 20 0.48 0.62

End-diastolic volume (mL) 203 ± 87 211 ± 99 127 ± 36 0.76 0.005

Ejection fraction (%) 32 ± 6 30 ± 7 54 ± 4 0.41 <0.001

Clinical variables in all LBBB patients, the subgroup of LBBB patients who underwent FDG-PET and healthy controls. The two first groups were similar for all relevant variables,
whereas controls differed in terms of age, QRS duration, volumes, and ejection fraction.
FDG-PET, fluorodeoxyglucose positron emission tomography; LBBB, left bundle branch block.
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..ms in the two groups, respectively (P < 0.001). All were in sinus
rhythm.

Most of the patients (n = 29) had dilated cardiomyopathy,
three patients had coronary artery disease diagnosed by coron-
ary angiogram, two had heart failure due to valvular pathology

and three heart failure of unknown aetiology. One patient did
not receive CRT due to significant EF improvement after
referral.

The subgroup of patients who agreed to perform FDG-PET scans
(n = 25) was similar to the entire study population in all relevant

Figure 2 Calculations of pressure–strain loops from non-invasive LVP and circumferential strain by FT-CMR. Data from one representative LBBB
patient (upper panel) and one representative control without conduction delay (lower panel). (A) Estimated LVP curves. (B) In the LBBB patient,
strain by FT-CMR shows a typical LBBB-deformation pattern. The septal segment (solid line) is, after a short initial contraction, stretched through
most systole. The lateral wall (dashed line) is slightly stretched during early systole, followed by contraction. In the control, there are more synchron-
ous strain traces from the two segments. (C and D) Pressure–strain loops from the LV lateral wall and septum. In the LBBB patient, the LV pressure–
strain loop from the lateral wall segment rotates counterclockwise, indicating positive work throughout the entire heart cycle. In septum, the LV
pressure–strain loop rotates clockwise during part of systole, reducing net work. The pressure–strain loops from the LV lateral wall and septum in
the representative control without LBBB both perform positive work. AVC, aortic valve closure; AVO, aortic valve opening; FT-CMR, feature track-
ing cardiovascular magnetic resonance; LV, left ventricular; LVP, left ventricular pressure; MVC, mitral valve closure; MVO, mitral valve opening; Psyst,
systolic arterial cuff pressure.
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..variables (Table 1) and considered to be a random selection of the
study population.

Regional myocardial work by FT-CMR
No segment was excluded from strain analysis by FT-CMR. In LBBB
patients, circumferential strain by FT-CMR revealed typical LBBB-
deformation pattern and associated pressure–strain loops (Figure 2,
upper panel). As demonstrated in a representative patient in Figure 2,
the septal pressure–strain loop typically rotated both counterclock-
wise and clockwise during ejection. This pattern indicates both posi-
tive and negative work, reducing net work. In the LV lateral wall,
however, there was only counterclockwise rotation, indicating pre-
dominantly positive work. Average net work in septum was 51± 537,
compared to 1978± 1084 mmHg�% in the LV lateral wall (P < 0.001).
The septal/LV lateral wall work ratio was 0.00 ± 0.31 (range -0.33 to
0.57).

In contrast, there was homogenous deformation pattern in the
controls without LBBB, without regional net work differences
(Figure 2, lower panel). Average net septal work was 2131 ± 563 vs.
2182± 747 mmHg�% in the LV lateral wall (P = 0.73). The septal/LV
lateral wall work ratio was 1.02 ± 0.20 (range 0.80–1.30).

Both net septal work and septal/LV lateral wall work ratio were
significantly lower in LBBB patients compared to controls (P < 0.001
for both), illustrated in Figure 3. LV lateral wall work was similar in the
two groups (P = 0.37). Correlations were poor between QRS-width
and work in septum, LV lateral wall and the ratio of the two (r = 0.04,
0.26, and 0.05, respectively).

Regional myocardial work by STE
Regional myocardial work by STE was performed in the LBBB
patients with adequate image quality (96% of the septal and 74% of
the LV lateral wall segments). Net septal work was 110± 454, com-
pared to 1735 ± 714 mmHg�% in the LV lateral wall (P < 0.001). For
comparison, Figure 4 shows the deformation curves and pressure–
strain loops based on STE from the same representative individuals
as in Figure 2.

Regional glucose metabolism
Glucose metabolism in the LBBB patients (n = 25), showed significant
regional differences. Average septal FDG uptake was 51.1 ± 17.6%, of
the segment with highest uptake, whereas average uptake in the LV
lateral wall was 94.5 ± 4.2% (P < 0.001). A representative patient in
Figure 5 (upper panel) illustrates the regional differences in glucose
metabolism typical of LBBB, with low FDG uptake in septum and high
uptake in the LV lateral wall. The lower panel of the figure displays a
direct comparison of segmental glucose metabolism and myocardial
work estimate.

Consistency
Calculations of work by FT-CMR and non-invasive LVP in 15
patients by two independent observers showed a mean differ-
ence of 11 mmHg�%, with an average work of 870 mmHg�%.
Repeated work calculations by the same observer revealed a
mean difference of 41 mmHg�%, with an average work of
897 mmHg�% (Figure 6). The ICC between the two observers

Figure 3 Boxplots of net septal and LV lateral wall work and ratio between septal and LV lateral wall work in LBBB patients and controls. Both net
septal work and septal/lateral work ratio are markedly reduced in LBBB patients, compared to controls. LV lateral wall work is similar in the two
groups. Minimum to maximum values are shown.
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was 0.96 (95% confidence interval 0.91–0.98). Intraobserver ICC
was 0.98 (95% confidence interval 0.96–0.99), indicating good
reproducibility.

The two work estimates by STE and FT-CMR showed a similar
pattern of regional work distribution. In patients with adequate track-
ing of all six mid-ventricular segments by STE (n = 25), correlation

Figure 4 Calculations of pressure–strain loops from non-invasive LVP and strain by STE. Data from one representative LBBB patient (upper panel)
and one representative control without conduction delay (lower panel). (A) Estimated LVP curves. (B) In the LBBB patient, strain by FT-CMR shows
a typical LBBB-deformation pattern. The septal segment (solid line) is, after a short initial contraction, stretched through most systole. The lateral
wall (dashed line) is slightly stretched during early systole, followed by contraction. In the control, there are more synchronous strain traces from the
two segments. (C and D) Pressure–strain loops from the LV lateral wall and septum. In the LBBB patient, the LV pressure–strain loop from the lateral
wall segment rotates counterclockwise, indicating positive work throughout the entire heart cycle. In septum, the LV pressure–strain loop rotates
clockwise during part of systole, reducing net work. The pressure–strain loops from the LV lateral wall and septum in the representative control
without LBBB both perform positive work. AVC, aortic valve closure; AVO, aortic valve opening; FT-CMR, feature tracking cardiovascular magnetic
resonance; LV, left ventricular; LVP, left ventricular pressure; MVC, mitral valve closure; MVO, mitral valve opening; Psyst, systolic arterial cuff pres-
sure; STE, speckle tracking echocardiography.
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.between segmental values within the same patient was on average
r = 0.71, with individual values ranging from 0.37 to 0.99. Figure 7A
illustrates the correlation in one representative patient, and Figure 7B
shows a scatterplot from all patients.

Correlation between segmental values of regional work distribu-
tion by CMR and glucose metabolism within the same patient was
strong with average r = 0.80, individual values ranging from 0.54 to
0.96. Figure 7C illustrates the correlation in one representative patient
(similar patient as Figure 7A), and Figure 7D shows a scatterplot from
all patients (n = 25). Segmental values of STE-derived work and glu-
cose metabolism showed a similar correlation, with average r = 0.82
and individual values ranging from 0.30 to 0.98.

Discussion

In this proof of concept study, we demonstrate markedly different
workloads on septum and the LV lateral wall in patients with LBBB,
calculated by circumferential strain by FT-CMR in combination with
non-invasive LVP. The method adequately distinguishes LBBB

patients from controls without LBBB. Reproducibility is good, and
our findings correlate with STE-derived work. Furthermore, we
show that calculated myocardial work distribution reflects regional
glucose metabolism by FDG-PET. In ventricles with normal electrical
conduction, myocardial strains and metabolism show relatively uni-
form distribution between different LV segments,20,26 corresponding
to our findings in healthy controls. The LBBB patients in the present
study, however, showed markedly reduced strains and metabolism in
septum relative to the LV lateral wall, consistent with earlier observa-
tions in LBBB.5,6,18–20 This indicates that myocardial work calculated
from strain by FT-CMR in combination with non-invasive LVP is a
relevant measure of myocardial function in LBBB.

Strain measurements and work
calculations
FT-CMR is, like STE, more reproducible for global than segmental
values.27 We chose to merge the two septal and the two LV lateral
wall segments to even out potential segmental inaccuracies. Focus
was on two opposing regions of the ventricle at a mid-ventricular

Figure 5 Regional distribution of glucose metabolism in LBBB by FDG-PET. Data from one representative patient. Upper panel: regional distribu-
tion of glucose metabolism by FDG-PET in a short-axis (left) and four-chamber (right) view. Lower panel: mid-ventricular view in the same patient
illustrates the distribution of myocardial work calculated by FT-CMR and non-invasive LVP (left) compared to the distribution of glucose metabolism
by FDG-PET (right). The segment with the highest amount of glucose metabolism was a reference (100%), and segmental values were reported as
percentage of this value. Segments with reduced metabolism correspond to segments with reduced work. FDG-PET, fluorodeoxyglucose positron
emission tomography; FT-CMR, feature tracking cardiovascular magnetic resonance; LBBB, left bundle branch block; LVP, left ventricular pressure.
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.level only, for simplicity and reproducibility. Although not necessarily
true for other patient groups, it seems reasonable that mid-ventricu-
lar values are representative for the complete myocardial wall. The
inhomogeneous contraction pattern illustrated by a representative
patient in the left panel of Figure 2 is consistent with LBBB,18 and the
pressure–strain loops are in accordance with loops from an experi-
mental reference study.5 The similarity between the results based on
FT-CMR (Figure 2) and STE (Figure 4) strengthens the findings.

The most robust deformation parameter of both FT-CMR and
STE were tested27 although they track different fibre directions: cir-
cumferential strain for FT-CMR and longitudinal strain for STE. In for-
mer validation studies, longitudinal strain by STE has been used for
work calculations,5,8 leading us to continue this methodology for
comparison to FT-CMR. Similar work distribution heterogeneity was
found by both methods, corresponding to the heterogeneous distri-
bution of glucose metabolism. In the present patient group, it seems
reasonable that all myocardial fibre directions are affected, thereby
revealing work distribution typical of LBBB, irrespective of circumfer-
ential or longitudinal measurement. Although the degree of segmen-
tal correlation varied, average segmental correlation between the
two work estimates was good. Misalignment in segmental data ana-
lysis by both CMR and echocardiography might partly explain the
observed differences in some patients.

We chose echocardiography as the reference modality for work
calculations, as this technique has been thoroughly validated in

former studies.5,8 Through the higher frame rate of echocardiog-
raphy, STE might detect short duration deformation superiorly. Even
though previous work has demonstrated better agreement between
FT-CMR and CMR tagging in CRT candidates,28 CMR tagging was not
chosen as a comparison to FT-CMR, as a less clinically available tech-
nique hampered with even lower temporal resolution. Our results in-
dicate that reduced CMR frame rate is less important for work
calculations. As an example, too low frame rate might not detect the
abnormal early systolic left-right motion of the interventricular sep-
tum (septal flash) in LBBB. Septal flash, however, represents low
work, because of low amplitude at low LVP. The slower movements
at increased LVP are decisive for work calculations.

Lower frame rate also implies less accurate valvular event timing
by CMR. Accurate timing of mitral valve closing and opening (to de-
fine systole) is however less important, as measurement is performed
at low LVP, and therefore, with less impact on work calculations.
These simplifications mean that the absolute values of regional work
are not accurate, but the overall picture illustrates the abnormal
work distribution adequately.

The absolute values of work varied rather substantially between
different individuals, both in the LBBB group and among the controls,
reflecting large biological variation. Repeated analysis revealed large
SD. For this proof of concept study, however, we aimed to demon-
strate the abnormal work distribution in LBBB patients. Both net sep-
tal work and ratio between septal and LV lateral wall work

Figure 6 Correlation and agreement between reproducibility analyses of myocardial work by FT-CMR and non-invasive LVP. Scatterplots with lin-
ear regression lines (left) and Bland–Altman plots (right) for interobserver (upper panel) and intraobserver (lower panel) variability of regional myo-
cardial work in septum and the LV lateral wall in 15 randomly selected patients. FT-CMR, feature tracking cardiovascular magnetic resonance; LVP,
left ventricular pressure; LV, left ventricular.
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..adequately identified the LBBB patients from the controls (Figure 3).
Repeated analyses did not change this picture. This implies that the
method is able to demonstrate the regional differences in LBBB, des-
pite large SD in reproducibility analysis. No LBBB patient showed
equal contribution of septum compared to the LV lateral wall.
However, this may not be the case in patients with large LV lateral
wall scars, in whom septal contribution to total myocardial workload
would probably be higher.

Myocardial work and glucose
metabolism
Regional myocardial work correlated with regional glucose metabol-
ism in the LBBB patients (Figures 5 and 7 lower panels). In the present
study, we were interested in the relative metabolism and chose to re-
port the segmental values as percentages of the segment with the

highest FDG uptake. In most of the patients, the highest FDG uptake
was in one of the LV lateral wall segments, and this explains the ‘flat-
tening’ of the curve in Figure 7D. The figure suggests agreement be-
tween the two image modalities.

Clinical implications
CRT causes reverse LV remodelling and improves survival in heart
failure patients with LBBB.29 However, a substantial number of
patients do not benefit from this treatment.30 Work distribution dur-
ing LV dyssynchrony may be relevant to identify responders to
CRT.5,11–13,21 Detection of myocardial scar by CMR prior to CRT im-
plantation is also of clinical value, as both the amount and location of
scar tissue appear to predict CRT response.16,17 When also regional
functional assessment from standard cine sequences has sufficient ac-
curacy, CMR could have a unique position in the preoperative imag-
ing assessment of CRT candidates.

Figure 7 (A and B) Correlation between estimated regional myocardial work by circumferential strain by FT-CMR and non-invasive LVP and esti-
mated regional myocardial work by longitudinal strain by STE and non-invasive LVP. The scatterplot to the left (A) illustrates the correlation in six
mid-ventricular segments from one representative patient. In the scatterplot to the right (B) six segments from all patients with adequate tracking by
STE (n = 25) are shown. (C and D) Correlation between estimated regional myocardial work by circumferential strain by FT-CMR and non-invasive
LVP, and regional glucose metabolism by FDG-PET. The scatterplot to the left (C) illustrates the correlation in six mid-ventricular segments from one
representative patient (same as in A). In the scatterplot to the right six segments from all patients with FDG-PET (n = 25) are shown. The septal seg-
ments (green points) have a low amount of myocardial work by both estimates and correspondingly low glucose metabolism. The LV lateral wall seg-
ments (red points) display a high workload by both work estimates and a high glucose metabolism. Work values for anterior and inferior segments
(black points) are in-between the extremes. Correlation coefficients are reported for the representative patient in A and C, but not in the combined
scatterplots in B and D due to interdependency between measurements. FT-CMR, feature tracking cardiovascular magnetic resonance; LVP, left ven-
tricular pressure; STE, speckle tracking echocardiography; FDG-PET, fluorodeoxyglucose positron emission tomography; LV, left ventricular.
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.
Limitations
Atrial fibrillation patients were not included given the difficulty in
obtaining strain traces and myocardial work in the case of significant
R-R variability. Similarly, patients with myocardial scar were excluded.
Scars have reduced myocardial work and glucose metabolism. This
will be explored in an ongoing clinical study in patients who receive
CRT. Although image quality was adequate for strain analysis by FT-
CMR in all patients in the present study, this may not be the case in
less selected patient groups, for example, in patients with arrhythmia
or intracardiac devices.

Myocardial work was calculated with LVP as a substitute for force.
This modification has, however, previously been shown to have
minor effect on the results.5

Brachial systolic blood pressure was not measured simultaneously
to the CMR recordings, but in an equivalent resting condition on the
same day in circulatory stable individuals. Although blood pressure
may not be identical during these two situations, the most important
data in this study are relative magnitudes of myocardial work and
metabolism.

Inter-vendor analysis was not performed in this feasibility study,
and the eligibility of other available FT software should be further
evaluated.

The sample size in the present study is small and we recommend
further validation in a larger cohort. Further evaluation is also neces-
sary to determine if the method is suited in other patient groups.

Conclusions

Myocardial work calculated from strain by FT-CMR in combination
with non-invasive LVP is a relevant measure of myocardial function in
LBBB. The calculated work distribution correlates with both regional
glucose metabolism and with STE-derived work estimate. The meth-
odology allows for a rapid, yet comprehensive, assessment of LV
function, which could be particularly useful in patients with poor
echocardiographic image quality. Work distribution during LV dys-
synchrony may be relevant to identify responders to CRT. The com-
bined assessment of work distribution and myocardial scar during
one CMR examination could give CMR a unique position in the pre-
operative imaging assessment of CRT candidates.
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Moving ferromagnetic objects distorting cardiac magnetic resonance
imaging

Torvald Espeland 1*, Erik Andreas Rye Berg1, Marius Eriksen2, and Knut Haakon Stensaeth2

1Faculty of Medicine and Health Sciences, Department of Circulation and Medical Imaging, Norwegian University of Science and Technology (NTNU), PO Box 8905, 7491
Trondheim, Trondheim, Norway; and 2Department of Radiology and Nuclear Medicine, St. Olavs Hospital HF, PO Box 3250 Torgarden, NO-7006 Trondheim, Norway

* Corresponding author. Tel: 147 99 70 31 56. E-mail: torvald.espeland@ntnu.no

A 78-year-old male
patient, with a history of
hypertension and aortic
valve stenosis, under-
went cardiac magnetic
resonance (CMR) imag-
ing. The CMR scan was
aborted due to two sig-
nificant artefacts. One of
the artefacts, presumably
located in the ventricle,
made interpretation of
the heart impossible
(Panels A–C). We sus-
pected that the artefacts
were caused by ferro-
magnetic objects. The
patient experienced no
discomfort during the
scan.

The patient had nei-
ther experienced injury nor undergone surgery suggesting any internal metal objects. Recent X-ray and computer tomography (CT) exams
of the same region did not reveal any signs of metal objects. Surprised by the finding, the patient recalled removing a piece of aluminium foil
from his salad 1 h prior to the CMR scan and added that he might have ingested some pieces.

The patient was offered an additional CMR scan 2 days later, as the risk of harm was considered very low. At this point, a similar artefact
was seen more distally, possibly in the transverse colon. Interpretation of the heart was now possible (Panels D–F). Independent of these
findings, an abdominal CT-scan performed 3 days later did not reveal any signs of metal objects.

We suspect that these artefacts were caused by ingestion of small aluminium pieces 1 h prior to the initial CMR scan, distorting cardiac
imaging. To our knowledge, there are no reports on similar cases.

Upper row shows localizer images with artefacts from the initial aborted CMR exam (Panels A–C). Lower row displays two-chamber,
short axis, and four-chamber views from the second exam (Panels D–F).

VC The Author(s) 2019. Published by Oxford University Press on behalf of the European Society of Cardiology.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/
4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please
contact journals.permissions@oup.com
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Scar imaging in the dyssynchronous left ventricle: Accuracy of myocardial 
metabolism by positron emission tomography and function by 
echocardiographic strain 
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A B S T R A C T   

Purpose: Response to cardiac resynchronization therapy (CRT) is reduced in patients with high left ventricular 
(LV) scar burden, in particular when scar is located in the LV lateral wall or septum. Late gadolinium 
enhancement (LGE) cardiac magnetic resonance (CMR) can identity scar, but is not feasible in all patients. This 
study investigates if myocardial metabolism by 18F-fluorodeoxyglucose positron emission tomography (FDG- 
PET) and contractile function by echocardiographic strain are alternatives to LGE-CMR. 
Methods: In a prospective multicenter study, 132 CRT candidates (91% with left bundle branch block) were 
studied by speckle tracking strain echocardiography, and 53 of these by FDG-PET. Regional myocardial FDG 
metabolism and peak systolic strain were compared to LGE-CMR as reference method. 
Results: Reduced FDG metabolism (<70% relative) precisely identified transmural scars (≥50% of myocardial 
volume) in the LV lateral wall, with area under the curve (AUC) 0.96 (95% confidence interval (CI) 0.90–1.00). 
Reduced contractile function by strain identified transmural scars in the LV lateral wall with only moderate 
accuracy (AUC = 0.77, CI 0.71–0.84). However, absolute peak systolic strain >10% could rule out transmural 
scar with high sensitivity (80%) and high negative predictive value (96%). Neither FDG-PET nor strain identified 
septal scars (for both, AUC < 0.80). 
Conclusions: In CRT candidates, FDG-PET is an excellent alternative to LGE-CMR to identify scar in the LV lateral 
wall. Furthermore, preserved strain in the LV lateral wall has good accuracy to rule out transmural scar. None of 
the modalities can identify septal scar. 

Abbreviations: CRT, Cardiac Resynchronization Therapy; LV, Left Ventricular; EF, Ejection Fraction; LGE, Late Gadolinium Enhancement; CMR, Cardiac Magnetic 
Resonance; FDG, 18F-fluorodeoxyglucose; PET, Positron Emission Tomography; LBBB, Left Bundle Branch Block; AVC, Aortic Valve Closure; SD, Standard Deviation; 
ROC, Receiver Characteristics Curve; AUC, Area Under the Curve; CI, Confidence Interval. 
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Clinical trial registration: The present study is part of the clinical study “Contractile Reserve in Dyssynchrony: A 
Novel Principle to Identify Candidates for Cardiac Resynchronization Therapy (CRID–CRT)”, which was regis-
tered at clinicaltrials.gov (identifier NCT02525185).   

1. Introduction 

Cardiac resynchronization therapy (CRT) is an established treatment 
for patients with symptomatic heart failure, reduced left ventricular 
(LV) ejection fraction (EF) and broad QRS, preferably with left bundle 
branch block (LBBB) morphology. Nevertheless, CRT fails to improve 
symptoms in one-third of the patients, and reduced therapeutic response 
is related to LV scar burden (1,2). As shown by Bleeker et al., who 
evaluated myocardial scar by late gadolinium enhancement cardiac 
magnetic resonance (LGE-CMR), patients with transmural scar in the LV 
posterolateral wall have markedly reduced clinical response and atten-
uated LV reverse remodeling after CRT (3). Furthermore, as shown 
recently by our group in a prospective, multicenter study, septal scar is 
associated with poor response to CRT (4). Therefore, identification of 
scar in the LV lateral wall and septum may aid in selecting patients who 
are likely to respond to CRT. 

Cardiac magnetic resonance (CMR) with late gadolinium enhance-
ment (LGE) is the clinical gold standard for myocardial scar (5), but is 
not feasible in all patients, and is limited by accessibility. Therefore, 
there is need for alternative methods to image myocardial scar. In the 
present study, we investigate if myocardial glucose metabolism by 
positron emission tomography (PET) with 18F-fluorodeoxyglucose 
(FDG) can identify LV myocardial scars in patients with LBBB or other 
causes of LV intraventricular conduction delay, who are referred for 
CRT. Additionally, we investigate if myocardial contractile function 
measured by echocardiographic strain imaging can be used to identify 
scar. 

The principle behind FDG-PET to identify scar, is that myocardial 
uptake of the radioactive glucose analogue reflects metabolic activity, i. 
e. viability of the myocardium. Myocardial shortening by strain imaging 
is directly related to viability since non-viable myocardium does not 
contract and when only part of the wall is viable, there is reduced 
contraction as reflected in reduced systolic strain. In CRT candidates, 
however, scar imaging by FDG-PET and strain may be challenging, as 
LBBB markedly alters myocardial function and metabolism (6–8). No 
previous study has validated scar imaging by FDG-PET against LGE-CMR 
in CRT candidates. Scar imaging by strain imaging has been compared to 
LGE-CMR in ischemic cardiomyopathy (9–11), but not in non-ischemic 
cardiomyopathy, which represent a large fraction of patients who 
receive CRT. 

The objectives of the present study were to determine if assessment 
of myocardial metabolism by FDG-PET and LV systolic function by strain 
echocardiography can identify LV scar in patients referred for CRT. As 
reference method for scar, we used LGE-CMR. 

2. Methods 

2.1. Study population 

From a prospective, multicenter CRT study, we consecutively 
included all patients with QRS width > 120 ms and available LGE-CMR 
scan (n = 132). The background for not performing LGE-CMR has been 
described previously (4). Criteria for LBBB was according to guidelines 
of the European Society of Cardiology (1). Reversible ischemia was 
excluded by clinical history taking, supplemented with coronary angi-
ography if considered necessary by the treating physician. Inclusion 
criterion was indication for CRT according to 2013 European Society of 
Cardiology guidelines. LGE-CMR served as reference standard for scar. 
All 132 patients underwent echocardiography and 53 of these were 
studied by FDG-PET. 

The study was conducted following the “Good Clinical Practice” 
guidelines of the Declaration of Helsinki and was approved by the 
Regional Ethical Committees of every participating center. All patients 
gave their written informed consent for study participation. The present 
study is part of the clinical study “Contractile Reserve in Dyssynchrony: 
A Novel Principle to Identify Candidates for Cardiac Resynchronization 
Therapy (CRID–CRT)”, which was registered at clinicaltrials.gov (iden-
tifier NCT02525185). 

2.2. Cardiac magnetic resonance (CMR) 

The CMR imaging was performed as previously described (4). An 
experienced radiologist in a designated core lab, blinded to other results, 
determined if LGE was present and if so, whether distribution was 
consistent with ischemic etiology or not. All LGE, independent of eti-
ology, was quantified with a specific analysis tool (12). Transmural 
segmental scar was pre-specified as LGE ≥ 50% of segmental volume, 
and non-transmural segmental scar as <50% of segmental volume, 
irrespective of wall thickness. Heart failure etiology was considered 
ischemic if history of previous myocardial infarction and/or significant 
coronary artery disease by angiography, and if LGE pattern with scar 
extending from the subendocardium, consistent with previous 
infarction. 

2.3. Nuclear imaging 

Glucose metabolism was assessed by FDG-PET. Scanners were Bio-
graph 64 or 16 HiRez PET/computer tomography (CT) (Siemens, 
Erlangen, Germany) and Discovery MI PET/CT (GE Healthcare, Chicago, 
Illinois, US). The investigation was performed during resting conditions 
and the patients were instructed to avoid exercise the days before. Pa-
tient preparation consisted of a hyperinsulinemic euglycemic clamping 
method (13) or an oral glucose loading protocol. After stabilization of 
the glucose levels, 370 MBq FDG was administered and a 40-min 
acquisition was performed 45 min after injection. 

PET-images were reconstructed using ordered-subsets expectation 
maximization algorithms (4 iterations and 8 subsets), matrix size 256 ×
256, and a 5.0 mm Gaussian filter. Attenuation correction was per-
formed. A trained reader in a designated core lab, blinded to other re-
sults, performed the PET analyses. Segmental values were reported as 
percentage of the segment with highest mean tracer uptake. 

2.4. Echocardiographic analysis 

A Vivid E9 or E95 ultrasound scanner (GE Vingmed Ultrasound, 
Horten, Norway) was used for two-dimensional (2D) grey-scale echo-
cardiographic acquisitions from the apical views. Average frame rate 
was 65 ± 10 /s. Ventricular volumes and LV ejection fraction were 
calculated by the biplane Simpson’s method. Blood pressure was 
measured non-invasively at examination start. 

Longitudinal strain was measured by speckle tracking echocardiog-
raphy (Echopac, GE Vingmed Ultrasound, Horten, Norway). Peak sys-
tolic strain was defined as maximum negative value prior to aortic valve 
closure (AVC). Post-systolic shortening was measured as shortening 
after AVC. Radial strain measurements were attempted, but was often 
unsuccessful due to thin LV wall in many patients. Therefore, radial 
strain is not part of this study. A trained reader in a designated core lab, 
blinded to other results, performed the strain analyses. 

An index of segmental myocardial work was calculated by LV 
pressure-strain analysis using a semi-automated analysis tool (Echopac, 

C.K. Larsen et al.                                                                                                                                                                                                                               



International Journal of Cardiology 372 (2023) 122–129

124

version 202, GE Vingmed Ultrasound, Horten, Norway) and a non- 
invasive estimate of LV pressure (14). 

All investigated parameters (CMR, nuclear and echocardiographic) 
were reported on a segmental level using the 17 segment model (15), 
where all segments except the apex (segment 17) were analyzed. Ana-
lyses were performed on a segmental level. In total, 2112 segments (132 
patients × 16 segments per patient) were available for analysis. In one 
patient, we excluded six segments from LGE analysis because of regional 
artefacts from pacemaker leads. Of the remaining 2106 segments, 108 
were excluded from strain and work analysis due to inadequate echo-
cardiographic image quality. All 848 segments (53 patients × 16 seg-
ments per patient) available for PET analyses were studied. The ratio 
between septal metabolism and myocardial work was calculated for 
each segment. 

Echocardiography was performed within a time range of 24 h and 
PET within 5 days from the CMR examination. 

2.5. Statistical analyses 

Continuous variables are expressed as mean ± standard deviation 
(SD) if normally distributed, otherwise as median (10, 90% percentile). 
Comparisons between groups were made by Student’s t-test or Mann- 
Whitney U test, as appropriate. Statistical significance was set at a 
two-tailed probability level of p < 0.05. Each parameter’s ability to 
detect scar was evaluated by receiver operating characteristic (ROC) 
curves with calculation of area under the curve (AUC). SPSS version 25.0 
(IBM Corporation, Armonk, NY) was used for analyses. 

3. Results 

3.1. Study population 

Patient characteristics, number of interpretable segments and num-
ber of scarred segments in each LV region are presented in Table 1. Mean 
QRS-width was 164 ± 17 ms, and 91% had LBBB, with 95% in sinus 
rhythm and 5% in atrial fibrillation. Mean LV EF was 30 ± 8% and 
average NYHA functional class 2.3 ± 0.6. 

Myocardial scar by FDG-PET. 

Fig. 1 shows FDG-PET images from 3 representative patients: one 
with no scar, one with scar in the lateral wall and one with septal scar. In 
the patient with no scar, the figure shows markedly asymmetric distri-
bution of myocardial glucose metabolism, with hypo-metabolism in the 
septum relative to the LV lateral wall. The figure also illustrates that 
lateral wall scar was associated with marked reduction in glucose 
metabolism in the lateral wall. Numbers are given in Table 2. 

FDG-PET identified transmural scars (LGE ≥ 50%) in the LV lateral 
wall with high accuracy (AUC = 0.96, 95% CI 0.90–1.00) (Table 3 and 4  
, Figs. 1 and 2). By ROC curve analysis, optimal cut off to identify 
transmural scar in the LV lateral wall was glucose uptake <70% relative 
to the segment with highest uptake. Using this cut off, sensitivity and 
specificity for identifying transmural scar was 94% and 91%, respec-
tively. Replacing the statistically optimal threshold value with a cut off 
value of 50% FDG uptake, yielded a very high specificity (99%), but at 
the expense of a much lower sensitivity (56%). 

In septal segments with no scar, glucose metabolism was reduced to 
52% (95% CI: 25–86%) relative to the segment with highest uptake, 
generally located in the LV lateral wall. In septal segments with trans-
mural scar, metabolism was further reduced to 42% (95% CI: 21–74%), 
p = 0.012). As indicated by the confidence intervals, there was sub-
stantial overlap between metabolism in normal septal segments and 
those with myocardial scar (Table 2). Therefore, FDG-PET could not 
identify septal scar. This is illustrated in Fig. 2, which shows weak as-
sociation between glucose metabolism by FDG-PET and scar by LGE- 
CMR. 

With regard to non-transmural scars, neither septal nor LV lateral 
wall scars were identified by FDG-PET (Table 3). 

3.2. Myocardial scar by strain imaging 

Peak systolic strain differed markedly between the LV lateral wall 
and septum (Table 2). In ventricles with no scar, peak lateral wall strain 
was − 12.6% (95% CI: − 1.3 to − 24.7), whereas peak septal strain was 
− 8.9% (95% CI: − 0.4 to − 20.1) (p < 0.001). As expected, in both LV 
lateral wall and septal segments, transmural scars were associated with 
reductions in absolute values of peak systolic strain (Table 2). 

Fig. 3 shows individual values of peak systolic strain in LV lateral 
wall segments with different degrees of scar. The accuracy to identify 
lateral wall transmural scar by peak systolic strain was moderate, with 
AUC of 0.77 (95% CI: 0.71–0.84). However, absolute peak systolic strain 
>10% identified lateral wall segments without transmural scar with 
high sensitivity (80%) and high negative predictive value (96%). Values 
of absolute strain <10%, however, were inconclusive with regard to 
transmural scar (Fig. 3, Table 4). We also tested if post-systolic strain 
could identify myocardial scar, but this parameter provided no added 
value compared to measuring peak systolic strain (Table 2). 

For the septum, however, there were relatively weak associations 
between peak systolic strain and transmural scar, with AUC 0.69 (95% 
CI: 0.60–0.78), indicating low accuracy of peak systolic strain to identify 
transmural septal scars. With regard to non-transmural scars, they were 
not identified by strain imaging in the septum or LV lateral wall. 

We also investigated if myocardial work index, as an additional 
parameter of myocardial function, could identify segments with 
myocardial scar. LV lateral wall segments with transmural scar had 
lower (p < 0.001) values for positive work (1020 mmHg⋅% (95% CI: 
85–2348) than lateral segments with no scar (1729 mmHg⋅% (95% CI: 
425–3577). Similarly, in the septum, absence of scar was associated with 
increased (p < 0.001) positive myocardial work of 881 mmHg⋅% (95% 
CI: 178–2176), as compared to 583 mmHg⋅% (95% CI: 127–1532) in 
septal segments with transmural scar. When comparing ability to iden-
tify scar, however, septal and lateral wall work indices were not superior 
to peak systolic strain and therefore provided no added value. 

The asymmetry in FDG metabolism correlated with asymmetry in 
workload (r = 0.44, p = 0.001, Fig. 4). 

Table 1 
Patient characteristics.  

Variable Average ± SD 

Age (years) 66 ± 10 
Male sex (%) 67  

Heart failure etiology (no) 
Ischemic 55 (42%) 
Non-ischemic 77 (58%)  

Rhythm 
Sinus rhythm (%) 95 
Atrial fibrillation (%) 5 
QRS duration (milliseconds) 164 ± 17  

QRS configuration (%) 
LBBB 91 
Non-LBBB 9 
Systolic blood pressure (mmHg) 126 ± 21 
Diastolic blood pressure (mmHg) 70 ± 12 
LV End diastolic volume (milliliter) 201 ± 76 
LV Ejection fraction (%) 30 ± 8 
Segments available for scar analysis 

(no) 
Segments with non-transmural/transmural 
scar (no) 

Lateral wall (660) 96/44 
Septum (657) 170/40 
Anterior wall (393) 88/24 
Inferior wall (396) 106/34 

LBBB = left bundle branch block; LV = left ventricular. 
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4. Discussion 

From this prospective multicenter study, we present the novel 
finding that FDG-PET identifies LV lateral wall scar with high accuracy 
in patients with LBBB. These results imply that FDG-PET represents an 
alternative to LGE-CMR for scar imaging in CRT candidates. The other 
novel finding is that preserved peak systolic strain (>10%) in the LV 
lateral wall excludes transmural scar with high accuracy. A more 
marked reduction in systolic strain was nonspecific regarding scar 
detection. 

In our study population, there were marked reductions in septal 
metabolism and function caused by the abnormal electrical activation. 
Patients with septal scarring had additional reductions in function and 

Fig. 1. Recordings from representative patients: The images are from patients where LGE-CMR shows no myocardial scar (upper panels), transmural scar in the LV 
lateral wall (middle panels) and transmural scar in the septum (lower panels). Green and red arrows indicate peak systolic strain for septum and the LV lateral wall, 
respectively. The anteroseptal and posterolateral segments are used. 
The three patients illustrate typical spatial non-uniformities in distributions of LV myocardial metabolism and strain in patients with different locations of LV scar. 
The patient with no scar has markedly reduced septal strain and metabolism relative to the LV lateral wall. In the patient with lateral wall scar there is reduction in 
both metabolism and strain in the lateral wall relative to septum. In the patient with septal scar, there are reductions in both septal metabolism and strain. Please note 
that the patient with no septal scar has approximately similar reduction in peak systolic strain as the patient with septal scar, and both patients have reductions in 
septal metabolism relative to the lateral wall. 
LV = left ventricular, LBBB = left bundle branch block, LGE-CMR = late gadolinium enhancement cardiac magnetic resonance, FDG-PET = 18F-fluorodeoxyglucose 
Positron Emission Tomography, AVC = aortic valve closure. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Table 2 
Strain and glucose metabolism in segments with varying degree of scar.  

Variable Lateral wall Septum  

No scar Non-transmural scar Transmural scar No scar Non-transmural scar Transmural scar 

Peak negative systolic strain (%) − 12.6 
(− 1.3 to − 24.7) 

− 9.0* 
(0.0 to − 22.8) 

− 6.2*†
(− 0.0 to − 15.8) 

− 8.9 
(− 0.4 to − 20.1) 

− 8.4 
(− 0.7 to − 19.7) 

− 5.6*†
(− 0.1 to − 14.6) 

Post systolic strain (%) − 2.0 
(0.0 to − 8.1) 

− 2.5* 
(0.0 to − 8.0) 

− 4.0*†
(0.0 to − 14.0) 

− 4.0 
(0.0 to − 11.5) 

− 2.9* 
(0.0 to − 8.6) 

− 3.1 
(0.0 to − 13.3) 

Glucose metabolism (%) 86.5 
(63.9 to 100.0) 

81.7* 
(46.2 to 100.0) 

48.4*†
(26.0 to 85.8) 

51.5 
(25.0 to 85.7) 

54.2 
(19.3 to 98.3) 

41.8*†
(21.1 to 73.7) 

Values are given in average (95% confidence interval). * = p < 0.05 compared to segments without scar. † = p < 0.05 compared to segments with non-transmural scar. 

Table 3 
The ability of strain and metabolism to identify scarred segments by receiver 
operating characteristic curve analysis.   

Area under the curve (95% confidence interval) 

Non-transmural scar Transmural scar 

Lateral wall   
Peak negative systolic strain 0.67 (0.61–0.73) [94] 0.77 (0.71–0.84) [44] 
Glucose metabolism 0.58 (0.49–0.67) [54] 0.96 (0.90–1.00) [16] 

Septum   
Peak negative systolic strain 0.53 (0.48–0.58 [165] 0.69 (0.60–0.78) [39] 
Glucose metabolism 0.53 (0.48–0.61) [77] 0.68 (0.57–0.79) [21] 

Only the parameters that best identified scars in each region are included in the 
table. Number of scarred segments for each analysis in square brackets. 
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metabolism, and neither FDG-PET nor strain imaging could differentiate 
between changes in metabolism and function due to scarring and elec-
trical dyssynchrony. This was evident as marked overlap between values 
for glucose metabolism and strain in patients with and without trans-
mural septal scars. Therefore, none of the imaging modalities FDG-PET 
and systolic strain could identify scar tissue in the septum. 

4.1. Nuclear imaging 

In the present study, optimal cut-off for FDG uptake to identify 

transmural scar in the LV lateral wall was 70% calculated relative to the 
segment with highest uptake. Previous studies in patients with coronary 
disease have found somewhat lower cut-offs (16). This apparent 
inconsistency may be related to the abnormal distribution of myocardial 
metabolism in LBBB, with relative hypo-metabolism in the septum 
compared to the LV lateral wall. Our results shows that a lower cut off 
(50% FDG uptake) identifies transmural lateral wall scar with lower 
sensitivity. Hence, clinically relevant scars is likely to go unrecognized 
using this lower cut off in the present patient population. Of note, our 
results only suggest using the threshold of 70% FDG uptake to identify 

Table 4 
The ability of peak systolic strain and glucose metabolism to identify segmental transmural scars (LGE ≥ 50%) in the lateral wall and septum, and their derived optimal 
cut offs.   

Cut off Sensitivity (%) Specificity (%) PPV (%) NPV (%) Accuracy (%) 

Peak negative systolic strain %      
- Lateral wall − 10.2 80 61 18 96 78 
- Septum − 7.1 69 58 11 96 69 

Glucose uptake %      
- Lateral wall 69.6 94 91 41 100 91 
- Septum 44.1 76 64 16 97 65 

LGE = late gadolinium enhancement; PPV = positive predictive value; NPV = negative predictive value. 

Fig. 2. ROC curves of the ability of peak systolic strain and glucose metabolism to identify transmural scars (LGE ≥50%) in the LV lateral wall and septum. 
Glucose metabolism by FDG-PET predicted transmural scars in the LV lateral wall with high accuracy, with glucose uptake of 70% as optimal cut off. Myocardial 
strain and work by echocardiography were less precise. Neither FDG-PET (glucose metabolism) nor echocardiographic parameters identified transmural septal scars. 
ROC = receiving operating characteristic; LGE = late gadolinium enhancement; LV = left ventricular; FDG-PET = 18F-fluorodeoxyglucose Positron Emission To-
mography; AUC = area under the curve; CI = confidence interval. 
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transmural lateral wall scars, not to identify less extensive scarring or 
scarring in other myocardial region. 

We have previously shown that high glucose metabolism in the LV 
lateral wall (relative to septum) predicts CRT response (17). 

Inability to detect septal scars by FDG-PET is most likely related to 
altered mechanical function in the septum, which impacts metabolism. 
As proposed by Prinzen et.al (6), reduced septal work in the dyssyn-
chronous ventricle reduces metabolic demand, which explains the 
reduced glucose metabolism in septum relative to the lateral wall (7). 
These experimental data are supported by our observations of a signif-
icant association between asymmetry in work and asymmetry in meta-
bolism between septum and the LV lateral wall. As suggested by our 
study in dyssynchronous ventricles, FDG-PET cannot differentiate be-
tween reductions in glucose metabolism caused by septal scar and 
reduced metabolic demand due to reduction in septal work load. 

4.2. Echocardiographic strain imaging 

The demonstration that preserved strain in the LV lateral wall could 
rule out transmural scar is consistent with observations in previous 
studies of radial strain that were limited to ischemic cardiomyopathy 
(11). In the present study, however, reduced lateral wall strain (≤10%) 

was nonspecific with regard to the presence of lateral wall scar. This is in 
apparent conflict with previous studies limited to ischemic cardiomy-
opathy, which have shown a strong association between radial (10,18) 
and longitudinal (9) strain in the LV lateral wall and transmural scar. 
However, not all studies used LGE-CMR as reference standard for scar 
and suggested cut offs for strain varies between studies. In patients with 
non-ischemic cardiomyopathy, there is typically reduction in LV short-
ening in all or most segments regardless of tissue viability. This probably 
explains why low values of lateral wall strain had no diagnostic value as 
marker of myocardial scar in our patient group. Taken together, the 
observations in the present study show that preserved myocardial strain 
in the LV lateral wall can be used to rule out transmural scar, which may 
be useful when considering LV electrode placement in the LV lateral wall 
in CRT candidates. 

4.3. Alternative methods to image scar in dyssynchronous ventricles 

Studies in patients with coronary disease show that PET perfusion 
imaging, and single photon emission computed tomography (SPECT) are 
comparable to FDG-PET in viability diagnostics (16). However, it re-
mains to be tested how accurate these imaging modalities are for 
assessment of LV scar in patients with heart failure and LBBB. A previous 
study in patients with LBBB indicates that resting SPECT images may 
show fixed perfusion defects that may be misinterpreted as septal scar 
(19). Importantly, several studies confirm the utility of applying 
myocardial perfusion imaging by SPECT to predict response to CRT 
(20–22). Furthermore, SPECT is less expensive and more available than 
PET, which, like CMR, is limited by accessibility. 

In the present study, we used longitudinal strain to evaluate LV 
function. In principle, LV radial strain should give similar results since 
deformation in the long axis is always accompanied by deformation in 
the short axis (conservation of mass). In the present study, however, we 
found longitudinal strain easier to perform, probably due to markedly 
dilated ventricles with wall thinning. 

Traditional echocardiographic parameters such as LV wall thickness 
and wall motion score may also be used to evaluate myocardial scar, but 
these methods are challenging to use in the dyssynchronous heart. 

4.4. Clinical implications 

Selecting patients for CRT based on scar characterization in the LV 
lateral wall and septum may improve responder rates to the therapy. Our 
findings that FDG-PET is a good alternative to LGE-CMR to identify 
transmural LV lateral wall scar in these patients, is clinically relevant, 
for example in patients where LGE-CMR is contraindicated. Further-
more, well-preserved LV lateral wall strain indicates that transmural 
scar in this region is unlikely. Reduced LV lateral wall strain, on the 
other hand, is not conclusive of scar and should be interpreted with 
caution. Recent studies have demonstrated that septal scar by CMR 
combined with information on either LV workload by echocardiography 
(4) or glucose metabolism by FDG-PET (17), accurately identifies CRT 
responders. Both approaches rely on LGE-CMR to identify septal scar, in 
line with findings from the present study that neither echocardiography 
nor PET can reliably assess scars in septum. 

4.5. Limitations 

The PET imaging part of the study was of moderate size, and a larger 
study population may have provided additional information, in partic-
ular for assessment of non-transmural scars. Increased FDG uptake due 
to reversible ischemia may affect the number of LV lateral wall segments 
with FDG uptake <70%. However, included patients had no history of 
reversible ischemia, were instructed to avoid exercise the days before, 
and the investigations were performed under resting conditions. 
Furthermore, patient preparation was performed to ensure globally high 
glucose uptake within the myocardium, minimizing the potential effect 

Fig. 3. Relationship between peak systolic strain and percentage LGE (scar) in 
lateral wall segments. 
Peak absolute strain <10% was nonspecific with regard to scar extension by 
late gadolinium enhancement. As indicated by the green-enhanced area, ab-
solute peak systolic strain >10% correctly classified segments with regard to 
transmurality in a majority (n = 356) of segments and incorrectly in only a few 
(n = 10). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 

Fig. 4. Correlation between asymmetry in work and metabolism between 
septum and the lateral wall. 
The asymmetry in metabolism between septum and LV lateral wall correlated 
significantly with the asymmetry in workload. One outlier was excluded. 
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of this confounder. In total, with regard to transmural scars in the LV 
lateral wall, the data were convincing and clearly showed the utility of 
FDG-PET as an alternative to LGE-CMR. It does not seem likely that a 
larger study would have given different results for FDG-PET imaging of 
septal scars since differentiation between reduced metabolism due to 
reduced septal work caused by dyssynchrony, would not be easy to 
separate from reduced metabolism due to reduced mass of viable 
myocardium. 

The present study did not include nuclear perfusion imaging which 
could potentially provide additional information regarding septal scar. 
In principle, however, a similar limitation as for FDG-PET may apply to 
perfusion imaging since myocardial microvascular flow is autoregulated 
and determined by metabolism. 

5. Conclusions 

We present the novel finding that FDG-PET is an excellent modality 
to identify scar in the LV lateral wall in CRT candidates, and is therefore 
an alternative to LGE-CMR. Myocardial strain imaging by speckle 
tracking echocardiography also provides important diagnostic infor-
mation as preserved strain in the LV lateral wall has good accuracy to 
rule out transmural scar. None of the modalities could identify septal 
scar because reductions in metabolism and strain due to abnormal 
electrical activation, overlapped with reductions due to scar. Therefore, 
currently LGE-CMR is the only clinical method to identify septal scars in 
CRT candidates. 
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Abstract 

Background 

Response to cardiac resynchronization therapy (CRT) depends on septal viability and 
correction of abnormal septal motion. This study investigates if cardiac magnetic resonance 

(CMR) as single modality can identify CRT responders by combined imaging of pathological 
septal motion (septal flash) and septal scar. 

Methods 

In a prospective, multicenter, observational study of 136 CRT recipients, septal scar was 
assessed by late gadolinium enhancement (LGE) (n=127) and septal flash visually from cine 
CMR sequences. Primary endpoint was CRT response, defined as ≥15% reduction in LV end-

systolic volume by echocardiography after 6 months. Secondary endpoint was heart 
transplantation or death of any cause assessed after 39±13 months. 

Results 

Septal scar and septal flash were independent predictors of CRT response in multivariable 
analysis (both p<0.001), while QRS-duration and -morphology were not. The combined 

approach of septal scar and septal flash predicted CRT response with area under the curve 
0.86 (95% confidence interval (CI): 0.78-0.94) and was a strong predictor of long-term 
survival without heart transplantation (hazard ratio 0.27, 95% CI: 0.10-0.79). Accuracy of the 

approach was similar in the subgroup with intermediate (130-150ms) QRS duration. The 
combined approach was superior to septal scar and septal flash alone (p<0.01). 

Conclusions 

Combined assessment of septal scar and septal flash by CMR as single image modality 
identifies CRT responders with high accuracy and predicts long-term survival. 

Trial registration 

The study was registered at clinicaltrials.gov (identifier NCT02525185). Registered 17 
August 2015. 
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Introduction 

Cardiac resynchronization therapy (CRT) improves left ventricular (LV) function, and 
reduces mortality and morbidity in selected patients with dyssynchronous heart failure (1, 2). 

Current guidelines advocate CRT in patients with symptomatic heart failure, LV ejection 
fraction (EF) ≤35% and QRS duration ≥130ms, preferably with left bundle branch block 
(LBBB) morphology (3). However, QRS duration, which reflects electrical dyssynchrony, is 

only a moderate predictor of CRT response, and adherence to the guidelines criteria results in 
a non-responder rate of about 30 % (4). Therefore, better predictive tools are needed. 

Patients with LBBB typically have reduced function of the interventricular septum, which 

directly impairs global LV function, and results in compensatory increased work of the LV 
lateral wall (5, 6). Such LV electromechanical dyssynchrony appears to be a substrate for 
CRT, and restoring septal function by CRT improves global LV performance (5). Studies 

have confirmed that echocardiographic dyssynchrony indices, such as septal flash and 
myocardial work distribution, are associated with beneficial response to CRT (7-10). 

Contrary, myocardial scar, particularly if located in the LV posterolateral wall or septum, 
reduces response rate (11-13). Septal viability is essential considering recovery of septal 
function a main mechanism of CRT response (5). In line with these findings, we have recently 

shown that asymmetric LV work distribution by echocardiography, combined with septal scar 
by cardiac magnetic resonance (CMR) identifies CRT responders better than the criteria 

recommended in current guidelines (14).  In patients with suboptimal echocardiographic 
images, however, alternative approaches for LV dyssynchrony imaging are needed. Unlike 
echocardiography, CMR image quality is independent of acoustic window. Furthermore, 

CMR is needed to assess septal scar (15). We hypothesized that imaging of LV dyssynchrony 
and myocardial work as well as septal scar by CMR may be used to identify patients who are 

likely to respond positively to CRT. 

Thus, in a prospective, multicenter, observational study, we investigate if CMR as single 
modality for imaging both LV dyssynchrony, myocardial work and myocardial scar identifies 
CRT responders beyond the selection criteria recommended in current guidelines. 

 

Methods 

Study population 

The present study is part of a prospective, multicenter, observational study previously 

reported (14). Of the total 236 patients originally enrolled, all patients who successfully 
completed a CMR scan and had available follow-up data were consecutively included in the 
present study (n=136). Main reason for not performing CMR was previously implanted CMR 

incompatible cardiac device (n=53). For the remaining patients (n=30) reasons included 
patient refusal, intracranial metal implants and logistical causes/no available CMR slot. 

Additionally, 3 patients were excluded due to inadequate CMR image quality. Reasons for no 
available follow-up data included CRT not implanted (n = 11), lost to follow-up (n = 1), lead 
extraction because of endocarditis (n = 1) and no follow-up echocardiography (n = 1).  

Study inclusion criteria were indication for CRT according to European Society of Cardiology 

(ESC) guidelines (3). The study was conducted following the ethical guidelines of the 
Declaration of Helsinki and was approved by the Regional Ethical Committees of every 

participating centre. Informed consent was obtained from each patient. The study was 
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registered at clinicaltrials.gov (identifier NCT02525185). The present study is an exploratory 
observational outcome study. 

 

Cardiac magnetic resonance (CMR) 

Patients were scanned with a 1.5 or 3.0 Tesla unit (Aera, Skyra or Verio, Siemens, Erlangen, 
Germany, or Ingenia, Philips Healthcare, Best, the Netherlands, or Signa HDXT, GE, Boston, 

US). Acquisition was performed with ECG gating and during breath-holds. Standard long- 
and short axis cine sequences covering the entire left ventricle were acquired using a steady-
state free precession sequence with 31±3 frames per heart cycle. LV volumes were measured 

and EF was calculated from short axis slices with the freely available software Segment v2.0 
R5270 (Medviso AB, Lund, Sweden) (16). All CMR analyses were performed at the same 

center. 

 

Myocardial scar 

We performed late gadolinium enhancement (LGE) to define myocardial scar in individuals 
with preserved renal function (eGFR ≥45 ml/min/1.73 m2). Images in long- and short axis 
projections were obtained during steady state after intravenous injection of either 0.15 (n=79) 

or 0.20 (n=44) mmol/kg gadoterate meglumine (Doteram™, Guerbet, Villepinte, France), 
0.15 mml/kg gadobutrol (Gadovist™, Bayer AB, Stockholm, Sweden) (n=3) or 0.15 mmol/kg 

gadobenate dimeglumine (MultiHance®, Bracco, Milan, Italy) (n=2). A trained CMR 
radiologist assessed LGE visually, and defined etiology as ischemic or not. From a stack of 
short axis slices LGE volume was quantified semi automatically with Segment software v2.0 

R5270 and reported with percentage LGE per associated tissue volume in a 17-segment 
model. We utilized the automatic algorithm EWA (expectation maximization, weighted 

intensity, a priori information) (17). Quantitative analysis by the semi-automatic software was 
made independently of the visual analysis, and any discrepancies between the two were 
addressed and conclusions made between readers.   

Reduced renal function precluded contrast agent administration in eight of 136 patients. 

Patients available for LGE analysis included the 125 patients previously reported (14), and 
three patients with incomplete echocardiographic strain data. In one patient, image artefacts 

from an implantable cardioverter defibrillator led us to exclude LGE analysis in the anterior 
wall and septum. Hence, total number of patients available for analyses involving septal LGE 
was 127. 

 

Indices of LV dyssynchrony 

Septal flash 

Septal flash (7) was defined as an early and fast left-right motion (thickening/thinning) of the 
interventricular septum that starts and mostly ends during the isovolumic contraction phase 
prior to aortic valve opening (Figure 1 and Video 1). It was determined to be present if 

visualized in 4-chamber long axis or any of the short axis cine images as a yes or no 
phenomenon. To test reproducibility of septal flash, we performed intercenter variability 

testing in 25 randomly selected patients. Septal flash was assessed in all 136 patients. 
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Myocardial work 

Septal and lateral myocardial work was calculated by LV pressure-strain analysis as 

previously described (18), using circumferential strain from feature tracking software (2D 
CPA MR; TomTec Imaging Systems, Unterschleissheim, Germany) and non-invasive LV 
pressure (19). Systolic shortening is positive work, while lengthening is negative work. Net 

work is the sum of positive and negative work. Lateral-to-septal work difference was 
calculated as the absolute difference in net work performed by the LV lateral wall and 

septum, and used as a marker of dyssynchronous LV workload. Blood pressure was measured 
by the brachial cuff method on the same day as the CMR examination in an equivalent resting 
condition. Myocardial work was assessed in 130 of 136 patients. In the remaining six patients, 

image quality was insufficient for strain analysis. 

 

Echocardiography 

All patients underwent echocardiographic examination (Vivid E9 or E95, GE Vingmed 

Ultrasound, Horten, Norway) at baseline and 6 (6±1) months follow-up. LV volumes were 
calculated by the biplane Simpson’s method using two-dimensional images from the apical 
views. Septal flash was assessed with similar criteria as by CMR as previously reported (14). 

 

Device implantation 

A biventricular system was implanted according to standardized directions. Coronary 
venography was used to delineate venous anatomy, and the LV lead was placed in a lateral or 

posterolateral vein if possible. The device was programmed in a conventional biventricular 
pacing modus, and tested to ensure technically well-functioning prior to hospital discharge. 

 

Endpoints 

Primary endpoint was reverse remodeling defined as ≥15% reduction in LV end-systolic 
volume (ESV) by echocardiography at 6 (6±1) months follow-up compared to baseline. Three 
different centers measured all volumes independently. In case of disagreement on response 

between readers, we used averaged volumes from the two agreeing readers. 

Secondary endpoint was heart transplantation or death of any cause 39±13 months after 
device implantation. 

 

Statistical analyses 

Continuous variables are expressed as mean±SD if normally distributed, otherwise as median 
(interquartile range). Student´s t-test, Mann-Whitney U test or chi-square test were used, as 

appropriate, to compare groups. To identify significant predictors for reverse remodeling 
(primary endpoint), we used linear regression analysis with left ventricular end systolic 
volume change as dependent continuous variable. Variance inflation factor (VIF) was used as 

a measure of multicollinearity, and VIF <5 was considered acceptable for inclusion in 
multivariable regression analysis. 
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Receiver operating characteristic (ROC) curves with area under the curve (AUC) and 95% 
confidence interval (CI) were used to determine discriminative ability. To assess 
discriminative ability of two parameters combined, we used logistic regression to calculate a 

linear combination of the parameters, which was then used for ROC curves. The Hanley and 
McNeil method (20) was used to compare ROC curves.  

To assess long-term survival (secondary endpoint), we used hazard ratio with 95% CI from 

Cox regression and log-rank test from Kaplan-Meier curves. Censoring was administrative 
due to individuals entering the study on different time points and, hence, different observation 
times. Intercenter variability of septal flash was assessed by intraclass correlation coefficient 

(ICC). Statistical significance was set at a two-tailed probability level of p<0.05. SPSS 
version 25.0 (IBM Corporation, Armonk, NY) and MedCalc version 20.010 (MedCalc 

Software Ltd, Ostend, Belgium) were used for analyses. 

 

Results 

Study population 

Baseline characteristics of all patients are presented in Table 1. In the total population, 103 

patients (76%) responded to CRT in terms of reverse remodeling. In the subgroup with 
intermediate QRS-duration (130-150ms) (n=29), response rate was 62%. One patient received 

a heart transplant and two died during 6 months follow-up, all three were considered non-
responders. Responders had broader QRS complexes and were more likely to have LBBB 
morphology compared to non-responders (Table 1). Eighteen patients (13%) died or 

underwent heart transplantation during follow-up.  

 

Septal scar (LGE) 

Median total scar burden was 0.3% (interquartile range: 0.0-10.0) in all patients, and 10.0% 

(interquartile range 3.2-20.0) in patients with LGE. Sixty-four patients had some degree of 
LGE: 47 in the anterior wall, 59 in septum, 56 in the inferior wall and 39 in the lateral wall. 
LGE classification and distribution is illustrated in Table 2. Several patients had LGE in more 

than one location, like RV insertion fibrosis, which almost always affected both septum and 
the inferior wall. Supplemental Figure S1 illustrates non-ischemic LGE examples and one 

artefact example.  

In multivariable regression analysis with LV end systolic volume change as dependent 
continuous variable, we tested percentage LGE in the different four walls in addition to QRS-
duration and QRS-morphology. Septal LGE was identified as the only significant predictor of 

reverse remodeling. Percentage septal LGE correlated inversely to reverse remodeling (rs=-
0.56, p<0.001), and predicted CRT response with AUC 0.79 (95% CI: 0.70-0.89). In 

comparison, AUC for QRS-duration was 0.62 (95% CI: 0.51-0.74) and for QRS-morphology 
0.58 (95% CI: 0.46-0.70). 

As illustrated in Figure 2, response rate declined with increasing amount of septal LGE. 

However, the mere presence of septal LGE significantly reduced the likelihood of CRT 
response. With no septal LGE (n=68), response rate was excellent (93%). In comparison, 
response rate was only 58% in patients with any septal LGE (n=59) (p<0.001, compared to no 
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septal LGE). Response rates were similar whether septal LGE was ischemic or non-ischemic 
(54% vs. 67%, respectively, p=0.352). LGE in other regions, not affecting septum, did not 
reduce response rate in the same way as LGE involving septum (80% vs 53% response). 

Septal LGE was a strong predictor of long-term mortality and heart transplantation with 

hazard ratio 5.0 (95% CI: 1.8-14.4) compared to no septal LGE (p=0.0026), and was the only 
significant predictor in multivariable analysis including age, indexed end-diastolic volume 

and NYHA-class. 

 

Septal flash 

Septal flash was more frequent in responders (Table 1). Response rate was 88% if septal flash 

was present, as compared to 34% if septal flash was absent (p<0.001). AUC for CRT response 
prediction was 0.77 (95% CI: 0.66-0.87). Septal flash was associated with improved long-
term survival without heart transplantation with hazard ratio 0.24 (95% CI: 0.08-0.75). 

Reproducibility testing revealed agreement in 24 of the 25 randomly selected patients. 

Intercenter ICC was 0.96 (95% CI 0.90-0.98), indicating excellent reproducibility. 

 

Combining septal LGE and septal flash 

In multivariable regression analysis including percentage septal LGE, septal flash, QRS-

duration and QRS-morphology, septal LGE and septal flash were the only significant 
independent predictors of reverse remodeling (Table 3). Furthermore, percentage septal LGE 
and septal flash showed incremental value to a multivariable model for CRT response 

including QRS-duration, QRS-morphology, heart failure etiology and indexed LV ESV (both 
p<0.01). The combined approach of percentage septal LGE and septal flash predicted CRT 

response with AUC=0.86 (95% CI: 0.78-0.94). Predictive power was similar in the subgroup 
with intermediate QRS-duration (AUC=0.99 (95% CI 0.97-1.00)) (Figure 3).  

Absent septal LGE indicated excellent response rate. Thus incremental value of septal flash 

was most pronounced in patients with septal LGE, where response was more diverse. In this 
group, septal flash significantly improved predictive power compared to septal LGE alone 
(p=0.0045 for ROC curve comparison). Patients with septal LGE and septal flash had a high 

likelihood of response (78%), while patients with septal LGE and no septal flash were 
unlikely to respond (23%). The graphical abstract outlines an algorithm based on the two 

parameters, which correctly classified 86% of all patients as responders or non-responders. 
Importantly, accuracy of the algorithm was similar in the subgroup of patients with 
intermediate QRS-duration (93% of patients correctly classified). Furthermore, patients that 

were classified as likely responders by the algorithm  had significantly better long-term 
survival without heart transplantation compared to patients that were classified as likely non-

responders (hazard ratio0.27 (95% CI: 0.10-0.79) (Figure 4). 

 

Lateral-to-septal work difference 

The difference in myocardial workload between the LV lateral wall and septum correlated to 
reverse remodeling (rs=-0.25, p=0.005). Increased work difference was associated with more 



8 

 

reverse remodeling. Combining septal LGE and lateral-to-septal work difference predicted 
CRT response with AUC=0.84 (95% CI: 0.75-0.92). However, work difference was less 
suited than septal flash to distinguish responders from non-responders among patients with 

septal LGE, where it was not better than percentage septal LGE alone (p>0.1 for comparison 
of ROC curves). 

 

Septal flash by echocardiography 

Septal flash by CMR agreed with septal flash by echocardiography in 121 of 133 patients 
(91%): Six had septal flash by CMR and not by echocardiography and six had septal flash by 
echocardiography and not by CMR. Combining septal flash by echocardiography with septal 

LGE by CMR yielded AUC=0.82 (95% CI 0.73-0.92) for CRT response prediction, which 
was similar to the equivalent combination by CMR as single modality (p=0.22). 

 

Discussion 

The novel finding of the present prospective, multicenter study is that combined assessment 

of septal scar (LGE) and septal flash by CMR as single image modality identifies CRT 
responders with high accuracy and predicts long-term survival. We suggest a simple 
algorithm based on these two parameters, which predicts CRT response beyond current 

guideline criteria. With no septal LGE, response rate to CRT is excellent irrespective of other 
parameters. If septal LGE is present, and there is septal flash, patients are likely to respond. If, 
on the other hand, septal LGE is present and there is no septal flash, response to CRT is 

highly unlikely. Importantly, accuracy of the algorithm is similar in patients with intermediate 
QRS-duration. In this group, the method may be particularly useful, because benefit of CRT 

is less consistent.  

The suggested approach, unlike many previously reported methods (3), does not require 
multimodality imaging. It is available in patients where poor image quality precludes 

echocardiographic evaluation, and quick and easy to perform. Therefore, it is a clinically 
attractive improvement to patient selection for CRT.  

 

Septal markers define CRT response 

LGE is a marker of adverse structural remodeling in response to myocardial injury and 

increased wall stress, and the extent of LGE varies in patients despite similar degrees of 
myocardial dysfunction (21). We found septal LGE, ischemic or non-ischemic, to be a strong 

predictor of non-response to CRT and adverse long-term outcome. A former study of 23 CRT 

recipients found that septal LGE ≤40% provided a 100% sensitivity and specificity for CRT 
response (13). In the present larger study, however, the mere presence of septal LGE, rather 
than the absolute amount, is the factor to affect response to CRT. In contrast, LGE in other 
regions, not affecting septum, did not seem to affect response rate. While transmural 

posterolateral wall scar is an established risk factor for poor CRT response, the significance of 
lateral wall LGE per se seemed minor compared to septal LGE in the present study. A 

plausible explanation for this could be that most LV lateral wall scars in the present study 
were not transmural, and therefore probably did not affect regional function notably.  
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Nevertheless, limited number of lateral wall scars, necessitate further validation in future 
larger trials.  

Despite inferior temporal resolution compared to echocardiography, the present study 
demonstrates that CMR identification of septal flash is equally clinically important. 

Therefore, CMR and echocardiography may be complementary image modalities in 
identifying LV dyssynchrony in some patients. Intercenter reproducibility of septal flash by 

CMR in our material was excellent. However, reproducibility might be lower if performed by 
less experienced readers.  

Septal flash signals a potential substrate for CRT response (7). In line with our findings, a 
former smaller study by Sohal et.al also identified septal flash assessed by CMR as an 

independent predictor of reverse remodeling after CRT (22). Sohal assessed septal flash by 
analyzing time-volume curves, while we performed a rapid visual assessment. Along the same 

line, Zweerink and co-workers demonstrated that systolic septal stretching, evaluated on 
CMR cine sequences, is a prognostic measure for good clinical outcome after CRT (23). The 
approach used in the present study has obvious clinical advantages, but did not allow 

quantification of the degree of septal flash and its relation to CRT response. In total, the 
results of the present study add to the growing evidence that septum plays an essential role in 

transferring the harmful effects of LBBB on myocardial function, and that reversing septal 
dysfunction constitutes a key for CRT response. The results in the clinically challenging 
subgroup with intermediate QRS-duration are promising, but further research is warranted 

due to the low patient number in this subgroup. 

 

LV lateral-to septal work difference 

We have previously shown, applying speckle-tracking echocardiography to measure 

myocardial strain, that a high LV lateral-to-septal work difference indicates CRT response 
(14). The present study demonstrates that the lateral-to-septal work difference assessed by 

CMR also is a predictor for response to the treatment. Somewhat lower AUC may reflect that 
LV segmental strain by speckle tracking echocardiography is superior to current versions of 
feature tracking CMR. In patients with low quality echocardiographic images, however, 

myocardial work index by CMR may have a role.  

Nevertheless, in the present material we identified septal flash as a more suited signal of 
unexploited contractile reserve in septum potentially recovered by CRT than the LV work 

difference. One possible explanation is that there may be a high difference in workload 
between the lateral wall and septum both in cases of pure LV electromechanical 
dyssynchrony (with excellent response rate to CRT) and in cases with large septal scar and a 

viable LV lateral wall – and no electrical substrate for CRT response. In contrast to 
echocardiography, CMR may characterize both septal scar and LV dyssynchrony as single 

image modality. Future larger studies should compare clinical relevance of LV dyssynchrony 
assessed by CMR and echocardiography, respectively. 

 

Clinical implications 

The persistently high number of non-responders to CRT calls for better tools to identify 
responders. The present study suggests a novel and clinically attractive algorithm based on 
septal LGE and septal flash by CMR as stand-alone image modality, which identified CRT 
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responders with high accuracy and predicted long-term survival. CMR represents an 
additional cost compared to echocardiography, but given the importance of diagnosing septal 
LGE in CRT candidates, we advocate increased priority for these patients to CMR. Less 

stringent requirements for renal function and increased use of CMR compatible devices will 
probably result in more patients being eligible for CMR in near future. Due to lower number 

of responders, the proposed approach appears especially valuable for patients with 
intermediate QRS-duration.  

 

Limitations 

In the present study, we did not include patients with low eGFR nor patients with CMR 

incompatible implants to avoid any harm inflicted upon study participants. This may have 
caused a selection bias. Data on LV lead position and intrinsic LV electric delay were not 

available, and such data might have provided additional insights. The number of transmural 
LV lateral wall scars was too low to investigate to full extent. The present study was 
observational, included a limited number of patients and the primary endpoint was the 

surrogate marker ESV reduction. Survival analysis should be interpreted with caution due to 
low numbers of events. To change clinical practice, there is need for a randomized trial with 

clinical endpoints.  

 

Conclusions 

The combined assessment of septal LGE and septal flash by CMR accurately identifies CRT 

responders. Accuracy is similar in the clinically relevant subgroup with intermediate QRS-
duration. Patients with no septal LGE have excellent response rates. In patients with septal 

LGE, septal flash separates responders from non-responders with high precision. Further 
studies are needed to verify that the novel algorithm might be used to improve patient 
selection for CRT. 
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Table 1. Baseline clinical and CMR characteristics 

 All patients 

(n=136) 

Responders 

(n=103) 

Non-responders 

(n=33) 

P-value 

Age (years) 66±10 67±9 64±11 0.071 

Male sex (%) 68 63 82 0.046 

NYHA functional class 2.3±0.6 2.3±0.6 2.4±0.6 0.125 

Medications (%) 

   ACE-inhibitor/ARB 

   Beta blocker 

   Aldosterone antagonist 

 

96 

91 

41 

 

97 

89 

41 

 

94 

97 

44 

 

0.403 

0.178 

0.797 

Sinus rhythm (%) 95 96 91 0.239 

Heart failure etiology (%) 

   Ischemic 

   Non-ischemic 

 

31 

69 

 

22 

78 

 

56 

42 

 

<0.001 

<0.001 

QRS duration (milliseconds) 164±17 166±16 158±18 0.021 

Left bundle branch block (%) 91 95 79 0.004 

LV EDV indexed (ml/m2) 145±46 139±46 164±41 0.008 

LV ESV indexed (ml/m2) 76±32 73±31 88±32 0.580 

LV ejection fraction (%) 27±8 28±8 23±6 0.003 

Anterior LGE (%) 

Septal LGE (%) 

Inferior LGE (%) 

Lateral LGE (%) 

0 (0-6.5) 

0 (0-12.2) 

0 (0-9.8) 

0 (0-5.5) 

0 (0-0.1) 

0 (0-3.2) 

0 (0-3.9) 

0 (0-0) 

12.2 (0.8-36.2) 

16.3 (1.7-39.6) 

10.5 (0.4-30.1) 

5.6 (0-23.1) 

<0.001 

<0.001 

<0.001 

<0.001 

Septal flash (%) 76 89 36 <0.001 

Lateral-to-septal work 

difference (mmHg·%) 

1551±1080 1710±1085 1061±917 0.003 

Continuous variables are given as mean±standard deviation or median (interquartile range), as 

appropriate. P-value reports comparison of responders vs. non-responders.  

CMR=cardiac magnetic resonance; LBBB = left bundle branch block; NYHA = New York 

Heart Association; LV = left ventricular; LGE=late gadolinium enhancement 
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Table 2. Classification and distribution of LGE 

 Number of 

patients 

Number with septal 

involvement (% of total) 

LGE present 

 Ischemic 

 Non-ischemic 

 Combined 

64 

37 

20 

7 

59 (92%) 

33 (89%) 

19 (95%) 

6 (86%) 

Location of infarcts (ischemic LGE) 

 Anterior wall 

 Lateral wall 

 Inferior wall 

 

25 

14 

12 

 

25 (100%) 

10 (71%) 

11 (92%) 

Classification of non-ischemic LGE 

 RV insertion point fibrosis 

 Septal midwall fibrosis 

 Other 

 

12 

7 

12 

 

11 (92%) 

7 (100%) 

11 (92%) 

LGE=late gadolinium enhancement 

 

Table 3. Multivariable linear regression analysis with left ventricular end systolic 

volume change as dependent continuous variable 

 Multivariable analysis 

Regression variable B 95% CI VIF P-value 

QRS duration (ms) -0.036 -0.249 to 0.177 1.158 0.738 

Left bundle branch block (yes/no) -9.18 -21.31 to 2.94 1.110 0.136 

Septal LGE (%) 0.521 0.311 to 0.731 1.153 <0.001 

Septal flash (yes/no) -18.39 -27.16 to -9.61 1.325 <0.001 

Constant term -8.513    

N=125. R2=0.40. Septal LGE is given as a continuous variable (%). 

CI=confidence interval; VIF=variance inflation factor; LGE=late gadolinium enhancement 
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Figures 

Graphical abstract. A novel algorithm to identify CRT responders. 

Without septal scar, response rate to CRT is excellent (93%), irrespective of other parameters. 
If septal scar is present, and the patient displays septal flash, response rate is also high (78%). 

However, if septal scar is present and there is no septal flash, response rate to CRT is low 
(23%), and these patients are classified as likely non-responders by the algorithm.  The 

algorithm correctly separated CRT responders from non-responders with 86% accuracy, and 
was equally accurate in patients with intermediate QRS-duration (130-150ms). 

 

CRT=cardiac resynchronization therapy 
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Figure 1. Schematic illustration of septal flash by cine 4-chamber images. 

The two images per patient are sequential phases of the 4-chamber cine-CMR images. The 

yellow longitudinal line is in the similar position and of the same length in both images from 
each patient. The short, transverse blue line marks the endocardial contour of septum.  

Patient A displays an early contractile motion of the interventricular septum (septal flash) 
with no apparent motion of the lateral wall during iso-volumic contraction phase (second 

image). Patient B demonstrates no pre-ejection septal movement (no septal flash). 
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Figure 2. Response rates to CRT stratified to increasing amounts of septal LGE. 

Increasing amount of septal LGE resulted in decreasing response rates to CRT. Even minor 

septal LGE significantly reduced the likelihood of response compared to no septal LGE. 

 

LGE=late gadolinium enhancement; CRT=cardiac resynchronization therapy 

 

Figure 3. Receiver operator characteristic curve for predicting CRT response by the 

combined approach of percentage septal LGE and septal flash. 

a) In all available patients (n=127). 

b) In the subgroup of patients with intermediate QRS-duration (n=29). 

 

CRT=cardiac resynchronization therapy; LGE=late gadolinium enhancement; AUC=area 
under the curve; CI=confidence interval 
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Figure 4. Patients without septal LGE and/or with septal flash have significantly better 

long-term survival as compared to patients with septal LGE and no septal flash. 

Kaplan-Meier curve stratified according to whether patients had 1) no septal LGE and/or with 
septal flash (green) or 2) septal LGE and no septal flash (red).  

 

LGE=late gadolinium enhancement; SF=septal flash  
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Supplemental material 

Figure S1. Examples of non-ischemic LGE. 

A): Example of midwall fibrosis (LGE) located in septum. B): Illustration of fibrosis (LGE) 
in the RV insertion point. C): Apparent hyperenhancement in the most basal short-axis slice, 

classified as partial volume effect, and not LGE. 

 

LGE=late gadolinium enhancement; RV=right ventricular 

 

Video 1. Septal flash. 

The video displays the rapid, early movement of the interventricular septum (septal flash) in 

4-chamber view in a representative patient. 
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