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ABSTRACT (max 250 words) 

Background: Accurate scar assessment is crucial in cardiac resynchronization therapy (CRT) 

candidates, since its presence is a negative predictor for CRT response. Therefore, we assessed 

the performance of different positron emission tomography (PET) parameters to detect scar in 

CRT candidates. 

Methods: Twenty-nine CRT candidates underwent 18F-FDG-PET/CT, resting 13N-NH3-

PET/CT and cardiac magnetic resonance (CMR) prior to CRT implantation. Segmental 18F-

FDG uptake, late 13N-NH3 uptake and absolute myocardial blood flow (MBF) were evaluated 

for scar detection using late gadolinium enhancement (LGE) CMR as reference. A receiver 

operator characteristic (ROC)_ area under the curve (AUC) ≥ 0.8 indicated a good accuracy of 

the methods evaluated.  

Results: Scar was present in 111 out of 464 segments. None of the approaches could reliably 

identify segments with non-transmural scar, except for 18F-FDG uptake in the lateral wall (AUC 

0.83). Segmental transmural scars could be detected with all methods (AUC ≥ 0.8), except for 

septal 18F-FDG uptake and MBF in the inferior wall (AUC<0.8). Late 13N-NH3 uptake was the 

best parameter for transmural scar detection, independent of its location, with a sensitivity of 

80% and specificity of 92% using a cut-off of 66% of the maximum tracer activity.  

Conclusions: Late 13N-NH3 uptake is superior to 13N-NH3 MBF and 18F-FDG in detecting 

transmural scar, independently of its location. However, none of the tested PET parameters was 

able to accurately detect non-transmural scar. 

Key words: scar, cardiac resynchronization therapy, cardiac magnetic resonance, positron 

emission tomography. 

 

  



INTRODUCTION 

Cardiac resynchronization therapy (CRT) is a well-established treatment for patients with heart 

failure (HF) and broad QRS complex, however about 30% of patients do not respond to CRT 

[1]. Although no response to CRT is most likely a multifactorial issue, currently lacking a 

complete understanding, scar burden and scar distribution patterns have been reported as 

negative predictors for CRT outcome [2, 3]. Therefore, accurate detection of scar is essential to 

identify patients that are less likely to respond to CRT.  

Late gadolinium enhancement (LGE) cardiac magnetic resonance (CMR) is currently the gold 

standard for assessing myocardial scar, however it cannot be performed in the presence of 

implantable devices/metallic implants and in patients with poor renal function or 

claustrophobia. Moreover, CMR requires a high level of expertise and CMR availability is 

sometimes an issue. Available alternative imaging modalities consist of echocardiography and 

nuclear imaging. Positron emission tomography (PET) with 13N-NH3 and 18F-FDG to 

respectively assess perfusion and glucose metabolism, is a validated and clinically used 

technique to differentiate viable from non-viable myocardium. Viable myocardium is 

characterized by a preserved perfusion and metabolic activity or reduced perfusion with 

preserved metabolism (hibernation), while a concordant significant reduction in perfusion and 

metabolism is compatible with scar tissue. 

This concept of detecting viable or scarred tissue with PET might be challenging in patients 

with ventricular conduction abnormalities. In previous work, we have demonstrated a 

heterogeneous regional distribution of absolute myocardial perfusion and glucose metabolism 

in non-ischemic CRT candidates [4, 5]. In particular, a low 13N-NH3-derived absolute 

myocardial blood flow (MBF) and 18F-FDG uptake in the septum were observed with high 

values in the lateral wall, most likely representing a physiological adaptation of the heart to the 

alterations in myocardial workload and energy demands[6]. The redistribution of perfusion and 

metabolism, especially in the septum, may be challenging to reliably distinguish myocardial 

infarction from physiological changes in CRT candidates. We have previously demonstrated 

that, in contrast to 18F-FDG uptake and 13N-NH3 MBF, late 13N-NH3 uptake is relatively 

homogeneous across the heart in non-ischemic HF patients with ventricular conduction 

abnormalities, and might therefore be a more reliable parameter to detect scar in ischemic CRT 

candidates [5].  



In the current study, we aimed to evaluate the performance of late 13N-NH3 uptake, 13N-NH3-

derived MBF and 18F-FDG uptake for scar detection and localization in ischemic CRT 

candidates, using LGE CMR as gold standard. 

  



MATERIAL AND METHODS 

Study Population 

Patients referred for CRT implantation between August 2015 and November 2017 were 

prospectively recruited at the University Hospitals Leuven, Leuven, Belgium as part of the 

WORK-CRT study (ClinicalTrials.gov NCT02537782). Eligibility for CRT implantation was 

based on the 2013 ESC guidelines[7]. The main exclusion criteria were presence of right bundle 

branch block, recent myocardial infarction, valve surgery within 90 days prior to enrolment, 

history of heart transplantation or listed for heart transplantation, implanted LV assist device, 

severe aortic stenosis and uncorrected congenital heart disease. For this study, only patients 

who underwent 13N-NH3 PET, 
18F-FDG PET and CMR were analyzed.  

 

Nuclear imaging 

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

PET/CT, Siemens, Erlangen, Germany) within 1 month before CRT implantation with a 

maximum 1 week time interval between both acquisitions. In case of a one-day protocol, 13N-

NH3 always preceded 18F-FDG scan with a minimum 60 minute interval between tracer 

administrations. A scout acquisition followed by a low-dose CT (80 kVp, 11 mAs) was 

performed before each PET emission for optimal patient positioning and subsequent CT-based 

attenuation correction. All static PET images were reconstructed using ordered-subsets 

expectation maximization algorithms (4 iterations and 8 subsets), matrix size 256 x 256 and a 

5.0 mm Gaussian filter.  

 

18F-FDG PET/CT  

All patients underwent a hyperinsulinemic euglycemic clamping technique to facilitate glucose 

consumption over fatty acid uptake, as previously described [8]. After reaching a steady state 

plasma glucose level, 4.25 MBq/kg 18F-FDG was administered intravenously and a 40-minute 

ECG-gated acquisition was performed approximately 45 minutes after tracer administration.  

ECG gated reconstruction (8 bins) of 18F-FDG images was performed and the end-systolic bin 

was used for further analysis, based on previous results from our group [9]. 18F-FDG scans were 

analyzed using in-house developed software [10]. Segmental 18F-FDG uptake was evaluated 

according to the 17-segment American Heart Association model (excluding the apical segment 

17) and expressed as percentage of the segment with the highest mean tracer uptake.  

 



13N-NH3 PET/CT  

A 30-minute dynamic list-mode acquisition was started together with an intravenous bolus 

administration of 740 MBq 13N-NH3. PET scans were analyzed both quantitatively and semi-

quantitatively using in-house developed software [10]. For segmental absolute MBF 

quantification, the list-mode file was rebinned into 22 frames (12 frames x 10 sec, 4 frames x 

30 sec, 3 frames x 120 sec, 1 frame x 180 sec, 1 frame 420 sec, and 1 frame x 600 sec) and a 

two-tissue compartment model was applied on the first 10 minutes of the acquisition [11]. 

Estimated rate constants were calculated using a weighted least-square method and were 

corrected for partial volume effect, spillover and metabolites as previously reported [10, 12]. 

Segmental late 13N-NH3 uptake was derived from a static reconstructed image (20-30 min) and 

values were expressed as percentage of the segment with the highest mean tracer uptake. 

 

CMR and scar analysis 

CMR was performed within 1 month before CRT implantation using a 1.5 Tesla Ingenia 

(Philips Healthcare, Best, the Netherlands). LGE images were acquired during steady state after 

intravenous injection of 0.15 mmol/kg gadoterate meglumine (Doteram™, Guerbet, Villepinte, 

France). CMR analysis was done visually and by consensus of two experienced radiologists, 

blinded to clinical data and PET results. Segmental scar analysis was performed using the 17-

segment model. using a standardized segmentation scheme, which allows to compare segments 

across imaging modalities[13]. Briefly, the LV was divided into three equal parts, with papillary 

muscles serving as a reference for midwall. Right ventricle insertion points were used to 

differentiate septum from anterior and inferior wall, with lateral wall being opposite to the 

septum. Segment 17 (apex) was excluded from the analysis. Each of the 16 segments was 

assigned a score based on the presence and extent of LGE using the following scale: 0 – no 

hyperenhancement, 0.5 – hyperenhancement ≤ 50% of the segmental volume and 1 – 

hyperenhancement > 50% of the segmental volume[14, 15]. Segments with a score of 1 were 

considered to have a transmural scar.  

 

Statistical Analysis 

Statistical analysis was performed using MedCalc ® v.10.3.0 software. Normally distributed 

continuous variables were expressed as mean ± standard deviation while categorical variables 

were represented as percentages. A 2 way ANOVA with post hoc correction was used to 

compare MBF, late 13N-NH3 uptake and 18F-FDG uptake within segments. The ability of each 



nuclear imaging parameter to detect segmental scar was tested using receiver operating 

characteristic curve (ROC) with segmental CMR LGE score serving as reference. An area under 

the curve (AUC) ≥ 0.80 indicated a good diagnostic performance (i.e., accuracy) of parameters 

evaluated. In case of good agreement, an optimal PET cut-off value was determined to detect 

transmural or non-transmural scar. A p-value of less than 0.05 was considered statistically 

significant. 

  



RESULTS 

Patient characteristics 

Twenty-nine patients were included and patient characteristics are summarized in Table 1.  

 

LGE-CMR results for segmental scar assessment 

Among 464 analyzed segments, 36 (8%) segments had transmural scar, 75 (16%) segments had 

non-transmural scar, while 353 (76%) segments did not have any evidence of scar on LGE 

CMR scans. Table 2 provides a detailed regional distribution of segments with and without 

scar. 

 

PET results for segmental scar assessment 

Table 3 summarizes the mean segmental values for absolute MBF, late 13N-NH3 uptake and 

18F-FDG uptake in scarred and non-scarred tissue in each myocardial wall. 

Segments without scar 

Absolute MBF and 18F-FDG uptake showed regional heterogeneity with lowest values in the 

septum and highest in the lateral wall, while late 13N-NH3 was rather homogenously distributed. 

Non-transmural scar 

The average segmental MBF and 18F-FDG uptake in segments with non-transmural scar was 

significantly lower in the septum compared to the other walls, except for MBF in the inferior 

wall. Late 13N-NH3 segmental uptake showed a homogeneous distribution. 

Segmental 18F-FDG uptake in the lateral wall was the only parameter that demonstrated a good 

agreement with CMR LGE (AUC>0.8), with a cut-off value ≤ 77% yielding a sensitivity and 

specificity of 80% and 84% respectively (Figure 1A-D). 

Transmural scar 

Segmental 18F-FDG uptake and MBF were significantly higher in the lateral wall compared to 

all other regions (ANOVA F=3.2, p=0.03). Late 13N-NH3 segmental uptake was equally 

decreased across the myocardial walls. 



Septal segments 

Absolute MBF and late 13N-NH3 uptake demonstrated a good agreement with LGE CMR for 

the detection of segments with transmural scar (AUC 0.84 [0.76-0.89] and AUC 0.91 [0.86-

0.95], respectively, both p<0.0001), while a poor agreement was observed for 18F-FDG uptake 

(AUC<0.8, p=0.005). The optimal cut-off values for 13N-NH3 MBF and late 13N-NH3 were 0.4 

ml/g/min and 65% which resulted in a sensitivity and specificity of 64% and 89%, and 82% 

and 96%, respectively (Figure 2A).  

Lateral wall segments 

All three approaches demonstrated a good agreement with LGE CMR (AUC>0.8, p<0.0001). 

Segmental 18F-FDG uptake ≤ 76 % could detect transmural scar with a sensitivity of 88% and 

specificity of 79%, while a cut-off of  ≤ 0.65 ml/g/min for MBF and ≤ 62 % for late 13N-NH3 

resulted in a sensitivity and specificity of respectively 75%, 75% and 75%, 96% (Figure 2B). 

Anterior wall segments 

Similar to the lateral wall, all PET parameters demonstrated a good agreement with LGE CMR 

(AUC>0.8, p<0.0001) (Figure 3A). 

Inferior wall segments 

18F-FDG uptake and late 13N-NH3 uptake demonstrated a good agreement with LGE CMR 

(AUC>0.8, p<0.0001), while 13N-NH3 MBF did not show a good agreement (AUC<0.8, 

<0.0001). The sensitivity and specificity of segmental 18F-FDG uptake ≤ 45% were 100% and 

77%, respectively, while a cut-off of ≤ 63% for late 13N-NH3 uptake these yielded a sensitivity 

and specificity of 73% and 89% respectively (Figure 3B).  

All myocardial segments 

Late 13N-NH3 uptake was the only parameter that could reliably detect segmental transmural 

scar independently of the myocardial region (Figure 4). Further analysis revealed that a cut-off 

value of ≤ 66% could detect the presence of transmural scar with a sensitivity of 80% and 

specificity of 92%, independently of myocardial territory (Figure 5). 

  



DISCUSSION 

The main finding of the present study is that semiquantitative segmental late 13N-NH3 uptake 

is superior to 13N-NH3-derived MBF and 18F-FDG uptake to detect transmural myocardial scar in 

CRT candidates, independently of its location.  

In the current study, we evaluated the performance of 18F-FDG uptake, absolute 13N-NH3-

derived MBF and late 13N-NH3 uptake to detect myocardial scar in CRT eligible patients with 

a history of ischemic heart disease. None of the PET derived parameters, except for 18F-FDG 

uptake in the lateral wall, could reliably detect segments with non-transmural scar. Several 

factors, such as limited spatial resolution and the resulting partial volume effect, could 

contribute to the low performance of nuclear imaging techniques to detect subendocardial scars 

[16, 17]. In our study, 18F-FDG uptake was calculated using the end-systolic gate. The end-

systolic frame in CRT candidates is mainly associated with a contraction of the lateral wall, 

which has a larger amplitude and relates to the higher regional workload[6]. Thus, during this 

end-systolic phase, the lateral wall is the most thickened region, hereby suffering less from 

partial volume effects. This may at least partially explain the high AUC of gated 18F-FDG PET 

to detect non-transmural scar in the lateral wall.  

In contrast to non-transmural scars and in line with the literature, a good agreement was 

observed between different PET derived parameters and CMR for the detection of transmural 

scars [17]. However, in contrast to other published studies evaluating the performance of PET 

in a general ischemic population, in CRT eligible patients a considerable variation of the 

performance of each PET parameter was observed between LV walls. For example in the 

septum, 13N-NH3 MBF and late 13N-NH3 uptake showed to have a good diagnostic accuracy 

using CMR as a reference to detect transmural scar, but poor diagnostic accuracy was observed 

for 18F-FDG PET. Previously, several groups have shown that non-ischemic CRT candidates 

demonstrated a physiologically low septal glucose metabolism and myocardial perfusion, 

reflecting the adaptation of the heart to the differential regional myocardial workload [18, 19]. 

In the current study, we also observed the presence of low average 18F-FDG uptake and 13N-

NH3 MBF in septal segments without scar. However, a large overlap in 18F-FDG uptake was 

observed between transmurally scarred and normal septal segments (32±11% vs 42±14% 

respectively), explaining the low AUC for 18F-FDG uptake. In contrast to metabolic activity, 

septal MBF showed a good overall performance to detect transmural scar, but the cut-off of 0.4 

ml/g/min yielded a relatively low sensitivity. In contrast to 18F-FDG and absolute MBF, late 

13N-NH3 uptake could detect septal segments with transmural scar with high diagnostic 



accuracy. This is in line with our previous results in non-ischemic CRT candidates 

demonstrating that late 13N-NH3 uptake does not mirror regional distribution of 13N-NH3 MBF, 

but has a rather homogenous distribution across the heart[5]. Immediately after crossing the 

cardiomyocyte membrane, 13N-NH3 is metabolized suggesting that late 13N-NH3 uptake is an 

indirect maker of metabolic integrity and cell viability[20]. Therefore, a decrease in late 13N-

NH3 uptake can be mainly attributed to the presence of myocardial scar. The latter is supported 

by a pronounced difference and lack of overlap between the average 13N-NH3 uptake in the 

healthy and infarcted septal segments (80±9% vs 57±11%).  

In the lateral wall, all nuclear parameters could reliably detect the presence of transmural scar. 

Interestingly, the optimal cut-off value for MBF determined in this study to detect transmural 

scar in the lateral wall (0.65 ml/g/min) was higher than for the septal wall (0.4 ml/g/min) and 

higher than reported values for the general population (0.45 ml/g/min) [21, 22]. Similar to MBF, 

a higher cut-off value for 18F-FDG uptake (76%) to detect transmural scar in the lateral 

segments was obtained in our study, compared to the widely used 50% cut-off to define 

transmural scar [23]. These differences in cut-off values can be explained by the definition of 

transmural scar, used in our study. Segments with transmural scar encompassed those with a 

hyperenhancement  ranging between 50 and 100% of the segmental volume, meaning that part 

of the segment could still consist of viable tissue. In addition, the higher perfusion and glucose 

uptake in the lateral wall of a CRT-eligible heart, is another mechanism that could contribute 

to the higher cut-off values for 18F-FDG and MBF for transmural scar detection[5].  

As discussed earlier, 18F-FDG and 13N-NH3 do not solely reflect metabolism, perfusion and 

their relation, but both tracers are affected by the disease itself and reflect underlying 

pathophysiological adaptations of the myocardium. These adaptations in CRT eligible patients 

are most obvious in septal and lateral segments. The matter might explain that all PET 

approaches could equally well define the presence of segments with transmural scar in the 

anterior and inferior wall, except for MBF in the inferior wall. Even though no firm explanation 

is available, one hypothesis could be the higher susceptibility of MBF in the inferior wall to 

noise and interference with neighboring organs (e.g. liver). Amongst all parameters, late 13N-

NH3 uptake showed an overall good agreement with LGE CMR to define segments with 

transmural scar independently of myocardial region. In addition, a single late 13N-NH3 uptake 

cut-off of ≤66% provided a good with LGE CMR and was able to accurately detect transmural 

scar with high sensitivity and specificity in ischemic CRT candidates.  

 



STUDY LIMITATIONS 

In this study, only visual assessment of LGE CMR was performed to detect scar. However, 

previous studies have shown that visual analysis of CMR scans correlates good with automated 

quantification of scar extent [24]. 

It would be interesting to explore in a larger cohort of patients the influence of 

subendocardial/non-transmural scars on CRT response and outcome since we have shown that 

PET underestimates the presence and extent of these scars. The latter will provide important 

information with regard to the possible use of PET as a reliable alternative to CMR for the 

management of patients with ventricular conduction delays.  

 

CONCLUSIONS 

Late 13N-NH3 uptake is superior to 13N-NH3 MBF and 18F-FDG uptake to detect the presence of 

transmural scar, independently of its location, in ischemic CRT eligible patients. In contrast to 

a general population, the ability of 18F-FDG uptake and 13N-NH3 MBF to detect transmural scar 

in CRT candidates varies considerably across LV walls, with the septum being the most 

challenging region. None of the PET parameters is suited to accurately detect non-transmural 

scars in this CRT eligible cohort. 
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Figures 

 

Figure 1. ROC curves for different nuclear imaging approaches to detect the presence of 

segmental non-transmural scar in the septal (A), lateral (B), anterior (C) and inferior (D) wall.  

 

Figure 2. ROC curves for different nuclear imaging approaches to detect the presence of 

segmental transmural scar in the septal (A) and lateral (B) wall 

 

 



 

Figure 3. ROC curves for different nuclear imaging approaches to detect the presence of 

segmental transmural scar in the anterior (A) and inferior (B) wall 

 

 

Figure 4. Representative examples of 18F-FDG, late 13N-NH3 and 13N-NH3 -derived absolute 

MBF polar maps in LBBB patients without myocardial scar (A), with non-transmural 

myocardial scar (B) and with transmural myocardial scar ( C) on late-gadolinium enhancement 

CMR. Values on the 18F-FDG and late 13N-NH3 polar maps are represented as percentage of the 

segment with the highest mean tracer uptake. Values on 13N-NH3 MBF polar map are expressed 

as ml/min/g tissue. 

 



 

Figure 5. ROC curve for late 13N-NH3 uptake to detect the presence of segmental transmural 

scar, independently of its location.  

  



 

Table 1. Clinical patient characteristics  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ACEi - angiotensin converting enzyme inhibitors; ARB - angiotensin-receptor blockers; EDV – end-diastolic 

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

 

  

Parameter All patients (n=29) 

Male (%) 17 (59%) 

Age (y) 68±8 

Diabetes mellitus (%) 3 (10%) 

Blood pressure (mmHg) 133±20 / 71±15 

Left ventricular function:  

EDV (ml) 161±58 

ESV (ml) 111±48 

EF (%) 33±9 

NYHA class:  

NYHA 2 18(62%) 

NYHA 3 11(38%) 

QRS width (ms) 160±20 

Medication:  

β-blockers 25(86%) 

ACEi/ARB 27(93%) 

Aldosterone antagonists 17(59%) 



Table 2. Distribution of segments with and without scar defined by visual assessment of LGE 

CMR   

 No scar Non-transmural 

scar 

Transmural scar 

Septal wall 

Segments, N 

96 38 11 

Lateralwall 

segments, N 

120 17 8 

Anterior wall 

segments, N 

71 10 6 

Inferior wall 

segments, N 

66 10 11 

  



Table 3. Myocardial blood flow, late 13N-NH3 uptake and 18F-FDG uptake in segments with 

and without scar, represented per myocardial region 

 

 

*p<0.05 compared to the other scar type within the same wall 

# p<0.05 compared to transmural scar 

& p<0.05 compared to segments without scar in all other heart regions 

$  p<0.05 compared to segments without scar in theanterior wall 

 

 

 

 

 

 

 

 

 

 

 

 

 13N-NH3 MBF, 

ml/g/min 

Late 13N-NH3 

uptake, % 

18F-FDG uptake, % 

Septal segments 

No scar 0.59±0.17*$ 80±9 42±14#& 

Non-transmural scar 0.50±0.13 78±12 45±15 

Transmural scar 0.41±0.13 58±11* 32±11 

Lateral wall segments 

No scar 0.85±0.26*& 83±12* 88±11*& 

Non-transmural scar 0.67±0.19 74±11 74±12* 

Transmural scar 0.57±0.18 62±13 61±16* 

Anterior wall segments 

No scar 0.7±0.14 88±8& 60±14& 

Non-transmural scar 0.69±0.11 88±10 69±19 

Transmural scar 0.42±0.08* 57±8* 34±8* 

Inferior wall segments 

No scar 0.66±0.14 78±10 54±12& 

Non-transmural scar 0.71±0.20 75±14 52±11 

Transmural scar 0.54±0.12* 56±16* 34±9* 



 

 

 


