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ABSTRACT 

Cardiac computed tomography (CT) and magnetic resonance imaging (CMR) have shown potential 

in providing new insights concerning different cardiovascular pathologies. More recently, the focus 

of such studies has shifted from a simple qualitative evaluation of imaging, to a more objective 

approach, which includes the assessment of quantitative biomarkers. In particular, late gadolinium 

enhancement (LGE), myocardial strain and extracellular volume fraction (ECV) could be used to aim 

for a more tailored approach to the study of different diseases. The main applications for LGE 

discussed in this study include the definition of a more appropriate gadolinium-based contrast 

dosage for the assessment of myocardial infarction at CMR, and the appraisal of LGE patterns and 

roles in patients with Tetralogy of Fallot (ToF), the most common cyanogen congenital heart defect. 

The analysis of myocardial strain focused on the detection of subclinical contractility anomalies in 

patients with ToF, and with myocarditis, aiming for a quantitative approach which could help 

highlight early cardiac disease before myocardial function is irreversibly altered. The study of ECV, 

conversely, focused on the early detection of subclinical cardiotoxicity stemming from anthracycline 

treatment for breast cancer. Overall, the use of such quantitative biomarkers in imaging studies could 

help pave the way for a more tailored patient treatment, and towards personalized medicine. 
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INTRODUCTION 

Cardiac magnetic resonance (CMR) and computed tomography (CT) are the two main second-level 

imaging modalities that find a great number of applications in the study of the heart: from screening 

low-risk patients for coronary artery disease, to a thorough non-invasive tissue characterization in 

patients with overt cardiac pathology [1].  

While both CMR and CT allow a volumetric imaging visualization, each technique yields its own 

advantages and drawbacks. In particular, while CMR does not imply the use of ionizing radiations, 

allows an accurate evaluation of cardiac volumes and function along with a more in-depth tissue 

characterization [2], it is contraindicated in those with certain implantable devices [3]. Moreover, 

during recent years the use of gadolinium-based contrast agents (GBCAs), which is necessary for 

some vital CMR applications, has been linked to potential adverse effects such as nephrogenic 

systemic fibrosis [4] and the presence of brain gadolinium depositions of unknown clinical 

significance [5]. On the other hand, while CT does employ ionizing radiations, the radiation dose 

involved in examinations has been decreasing steadily throughout the latest years [6]. Moreover, CT 

examinations require less time than CMR, meaning that sedation is not mandatory in younger 

children, and CT yields a higher spatial resolution  which allows the assessment of smaller structures 

such as the coronary arteries [7]. Therefore, at present CMR is mostly utilized in the assessment of 

structural cardiomyopathies and myocardial volumes and function, while CT is a mainstay in the 

evaluation of coronary artery disease.  

Therefore, the aim of this thesis is to review potential technical features and applications of 

different biomarkers deriving from CMR or CT according to a historical pattern, starting from the less 

recent and more well-established late gadolinium enhancement (LGE), then assessing myocardial 

strain, ending with the most novel, namely extracellular volume (ECV) fraction analysis at both CMR 

and CT.
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LATE GADOLINIUM ENHANCEMENT 

The assessment of myocardial LGE is a well-established CMR application which can help detect 

localized fibrosis [8]. The concept of LGE is based on the fact that extracellular contrast agents, such 

as those most used for CMR, tend to remain longer in tissues which present an expansion of the 

extracellular compartment, which is typical of fibrosis or inflammation [9]. 

The main CMR sequences used for the evaluation of LGE are bright-blood, inversion recovery 

(IR) or phase-sensitive inversion-recovery (PSIR) acquisitions [10]. Images are then acquired after 

10 to 30 minutes after the injection of a GBCA, so that the GBCA is expected to have washed-out from 

healthy tissues, and to only be present in pathological areas [11]. Such sequences allow the nulling of 

signal coming from the myocardium which appears black, whereas the areas presenting LGE and the 

blood pool are represented in white/light-grey, as in Figure 1. GBCA doses used for LGE acquisitions 

varied widely, with a general consensus aiming at concentrations between 0.10 and 0.20 mmol/kg of 

GBCA. 

Figure 1 Inversion recovery sequence for the visualization of late gadolinium enhancement (white arrowheads) 
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The assessment of LGE can be qualitative, or it can be performed quantitatively, the former 

method being most common in current clinical applications as it may prove less time-consuming and 

cumbersome to physicians [12]. For instance, the Lake Louise Criteria for diagnosing myocarditis at 

CMR include a visual appraisal of LGE as a potential marker of fibrosis or inflammation of the 

myocardium [13]. A quantitative approach to LGE assessment is mostly used for research purposes, 

as it requires the segmentation of both endocardium and epicardium over a variable number of 

images (usually around 15). Nevertheless, the quantification of LGE as both absolute value and 

percentage over the myocardial mass has shown a strong correlation to fibrosis or other 

microscopical tissue changes observed at histology, thus validating the technique [14]. Moreover, a 

meta-analysis from 2016 observed that quantitative LGE exhibited a substantial prognostic value for 

adverse events in patients with hypertrophic cardiomyopathy [15]. Another international, multi-

institutional work observed that LGE could help identify high-risk patients among those with dilated 

cardiomyopathy [16]. In fact, LGE may indicate the presence of scar tissue, which can facilitate the 

onset of arrhythmias, that yield an increased risk of adverse events, especially in patients who 

already present with cardiac pathologies [17]. 

Thus, LGE may be regarded as a CMR biomarker indicating potential unfavorable prognosis, and 

its assessment both qualitative and quantitative, may help a timely identification of patients at higher 

risk, providing the opportunity to have a window for the prevention of adverse events. 

The aim of this section of the thesis is to review both technical and clinical applications of LGE 

imaging, with particular focus on the ideal concentration of GBCA to perform imaging in patients with 

chronic myocardial infarction, and on a review of the potential of LGE in patients with Tetralogy of 

Fallot (ToF). 
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Image quality of late gadolinium enhancement in cardiac magnetic 

resonance with different doses of contrast material in patients with 

chronic myocardial infarction 

(from Monti CB, Codari M, Cozzi A, Alì M, Saggiante L, Sardanelli F, Secchi F - European Radiology 

Experimental 2020) 

Background 

Coronary heart disease is one of the main causes of morbidity and mortality, especially in developed 

countries, where it causes around 20% of all deaths [18]. The most common presentation of coronary 

heart disease is myocardial infarction, which is defined as the occurrence of necrosis in the setting of 

myocardial ischemia [19]. 

Contrast-enhanced CMR is a multi-parametric, multi-planar imaging technique, which 

represents the current non-invasive standard of care for assessing cardiac volumes, function and 

tissue characterization through LGE [20,21]. The importance of LGE may be found, among other 

reasons, in its prognostic potential [22]. Given its capability to monitor cardiac conditions, contrast-

enhanced CMR may be useful in the evaluation of patients with chronic myocardial infarction, 

especially when the latter is transmural and of greater clinical relevance [23,24]. Moreover, 

automatic scar quantification is growing in popularity due to the increase in numbers of 

examinations and the development of increasingly more reliable methods [25]. Scar recognition is 

most often based on image characteristics of the scarred area, such as signal- (SNR) and contrast-to-

noise ratio (CNR) [26]. 

However, especially in the latest years, concerns about the safety of GBCAs have arisen. In 

addition to the well-known issue of nephrogenic systemic fibrosis [27], gadolinium deposits of yet 

unknown clinical relevance have been shown in the brain of patients, adults and children, who 

underwent repeated GBCA-enhanced magnetic resonance examinations [28,29]. This led to a 
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growing attention concerning the possibility to reduce GBCA doses such examinations, provided that 

scar quality is not hindered. 

Patients with chronic myocardial infarction hence represent a population where GBCA dose 

reduction would lead to a lower chance of contrast-related adverse events. At present, GBCA doses 

used in these patients are variable among countries and centres, usually between 0.1 (single dose) 

and 0.2 (double dose) mmol/kg [30]. While in some countries, such as Japan, the single dose is 

recommended, in most cases there are no specific indications [31]. All doses seem to provide 

diagnostic quality to examinations, albeit a reduction in scar visualization corresponding to a lower 

contrast dosage might, for instance, hinder post-processing applications. 

The purpose of our study was to analyse image quality of the scar tissue in CMR examinations 

performed with different GBCA doses in patients with chronic transmural myocardial infarction, to 

investigate the impact of gadolinium dose variation on the visibility of myocardial LGE quantified as 

SNR and CNR.  

Methods 

Ethical statement and study design 

The local Ethics Committee approved this study (Ethics Committee of IRCCS Ospedale San Raffaele; 

protocol code “Cardioretro Ricerca Spontanea”; approved on September 14th, 2017 and amended on 

July 18th, 2019). This study was supported by local research funds of IRCCS Policlinico San Donato, a 

clinical research hospital partially funded by the Italian Ministry of Health. This research received no 

specific grant from funding agencies in the public, commercial, or non-profit sector. Due to the 

retrospective nature of this study, specific informed consent was waived. 

Study population 

All patients who had undergone a contrast-enhanced CMR examination with administration of 

gadobutrol (Gadovist, Bayer Healthcare, Leverkusen, Germany), at our institution between March 

2014 (the introduction of our newer magnetic resonance unit) and May 2018, and who were 
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diagnosed with chronic myocardial infraction from clinical findings and CMR, were included in our 

study. Exclusion criteria were the presence of oedema, indicating acute phase of infarction, presence 

of relevant artifacts which rendered differentiation of the myocardial scar difficult, and non-

transmural, thin infarcts which were either only subendocardial (≤50% of wall thickness) or too 

small (scar ≤10% of the myocardium), as such conditions do not allow the calculation of SNR and 

CNR of the scarred region [32]. Moreover, in patients with subendocardial infarction, image contrast 

may vary according to acquisition timing, and thus this may provide data that are not compatible 

with those of transmural scars [33]. 

Patients were then divided into three subgroups, depending on the contrast dose they were 

administered during their CMR: the first group (A) received 0.10 mmol/kg, the second (B) 0.15 

mmol/kg, and the third (C) 0.20 mmol/kg. These different doses were mainly due to choices of the 

physicians in charge for the examination during the study period, not related to specific patient’s 

condition. 

Image acquisition 

All subjects were imaged using one 1.5 T whole-body magnetic resonance unit (Magnetom Aera, 

Siemens Healthineers, Erlangen, Germany) with 45 mT/m gradient power and an 18-channel surface 

phased-array coil. The examined patient was laying supine and the coil was placed over the thorax. 

All images were acquired with breath-holding and ECG gating. 

The imaging protocol of all patients included cine and LGE sequences.  

Cine images were acquired in multiple short- and long-axis planes using an ECG-triggered bright-

blood steady-state free-precession pulse sequence.  

LGE images were acquired after intravenous administration of 0.10, 0.15, or 0.20 mmol/kg of 

gadobutrol (Gadovist, Bayer Healthcare, Leverkusen, Germany), and were performed using a 2D 

segmented inversion-recovery fast gradient-echo sequence covering the entire left ventricle. Earlier 

exams utilized higher contrast doses, which were then lowered over time. Nevertheless, the sequence 
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for LGE imaging remained the same. The time of echo was 3.33 milliseconds, while the time of 

repetition was adapted to patients’ heart rates, and inversion time was progressively modified from 

260 to 330 milliseconds, to blacken cardiac muscle; flip angle was 25°, slice thickness 8 mm, and pixel 

size 3.6 mm2. LGE images were reconstructed using magnitude reconstruction. From the R wave of 

the electrocardiogram, a delay period was used to ensure that image acquisition occurred in mid-

diastole, when the heart is relatively motionless, therefore reducing motion artifacts. Data were 

acquired every other heartbeat, although in tachycardic patients, data were acquired every third 

heartbeat, while in bradycardic patients and in patients with difficulties in breath holding acquisition 

was performed every heartbeat. Timing between contrast administration and acquisition of delayed 

enhancement scans was tailored to the contrast dose that was utilized in each case, according to 

literature recommendations [31].  

Image analysis 

Image analysis was performed using QMass 7.6 (Medis Medical Imaging Systems, Leiden, The 

Netherlands). The epicardial contour of the left ventricle was manually traced for all short-axis slices 

at end-diastolic and end-systolic phase in cine sequences. Afterwards, a blood-thresholding 

technique (Mass-K mode) was applied to automatically segment myocardium and blood pool. The 

software then calculated end-diastolic and end-systolic volumes, both indexed and non-indexed to 

body surface area, myocardial mass, stroke volume and ejection fraction. 

For LGE quantification, manual segmentation of endocardium and epicardium of the left 

ventricle was performed in inversion recovery sequences after contrast agent injection. Then the 

software automatically detected the myocardial scar as being 6-standard deviations above average 

myocardial intensity [34]. Manual corrections were made when the software erroneously detected 

additional scarred areas, or when it failed to properly detect the scar. LGE was quantified as 

percentage over the whole myocardium. Two regions of interest were automatically placed in the 

scarred and healthy myocardium. An example of LGE segmentation is shown in Figure 2.  
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Figure 2 Figure showing segmentation of the scarred myocardium in a 49-year-old male patient. Scarred myocardium 
is shown in red and is automatically segmented at 6 standard deviations above average signal intensity. Regions of interest 
placement is also depicted: those in the scarred (pink) and healthy (orange) myocardium are automatically placed during 

scar segmentation, while the ones in the blood pool (yellow) and air (blue) are manually placed on the same image. 

 

SNR and CNR were calculated using data provided by automatic LGE quantification, namely 

intensities from the two ROIs automatically placed in the scarred and healthy myocardium, and two 

additional ROIs traced in the left ventricular blood pool and in the background air. SNR was 

calculated as 𝑆𝑁𝑅 = 0.655 ∙
𝑠𝑖𝑔𝑛𝑎𝑙 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦

𝑆𝐷𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑
 according to a study by Kaufman et al. [35], while CNR was 

calculated as 𝐶𝑁𝑅1/2 =
|𝑠𝑖𝑔𝑛𝑎𝑙 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦1−𝑠𝑖𝑔𝑛𝑎𝑙 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦2|

𝑆𝐷𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑
. SNR was calculated on the scar tissue 

(SNRscar), while CNR was calculated between scar tissue and remote myocardium (CNRscar−rem), and 
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between scar tissue and blood (CNRscar−blood). Timings between contrast injection and acquisition of 

LGE sequences were also reported. 

Subjective image quality was also analysed, using a 4-point Likert scale, defining score as 

follows: 0: non diagnostic; 1: diagnostic exam, sufficient quality; 2: diagnostic exam, good quality; 3: 

diagnostic exam, excellent quality. The quality definition was based on the visual contrast differences 

between blood pool signal and LGE. 

Statistical analysis 

Data were reported as median and interquartile range (IQR). Differences between groups were 

appraised with Kruskal-Wallis test for numerical variables, and post-hoc tests when a significant 

difference was appraised by Kruskal-Wallis test, or Fisher 2 tests for non-numerical variables. 

Statistical analysis was performed with MATLAB R2018b (Mathworks, Natick, MA, US), and 

p values ≤ 0.05 were considered statistically significant. 

Results 

Study population 

Out of 124 patients who had undergone contrast enhanced CMR at our institution, with 

gadobutrol as GBCA, 79 were included. The flowchart of exclusion is shown in Figure 3. Out of the 

79 included patients, 22 belonged to the group being administered 0.10 mmol/kg of gadobutrol 

(group A), 26 to the group being administered 0.15 mmol/kg of gadobutrol (group B), and 31 to the 

last group, which was administered 0.20 mmol/kg of gadobutrol (group C). There were no significant 

differences in either age or sex among the three groups (p ≥ 0.300). Groups demographics are 

summarized in Table 1.  

The median acquisition time of LGE sequences was 9 min (IQR 8–13 minutes) for group A, 14 

min (IQR 9−17 minutes) for group B, and 17 min (IQR 14−20 minutes) for group C. Acquisition time 

showed a significant difference (p < 0.001) among groups; in particular, it did not differ between 
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group A and group B (p = 0.105), but was shorter in group B than group C (p < 0.018), and shorter in 

group A than in group C (p < 0.001). 

 

Figure 3 Study flowchart. Out of 124 initially retrieved patients, 35 were excluded due to their infarction not being 
transmural and 10 due to artifacts on late gadolinium enhancement scans regardless of the size of their infarction. 

 

  Group A Group B Group C p 

Number 22 26 31 − 

Age (years) 68 (58−71) 62 (51−72) 60 (51−68) 0.300 

Males (%) 95 92 90 0.811 

LV EDVi 

(ml/m2) 
94 (75−118) 93 (73−107) 100 (80−126) 0.319 

LV ESVi 

(ml/m2) 
58 (31−77) 56 (46−74) 63 (46−87) 0.472 

LV SV (ml) 66 (46−78) 69 (60−86) 70 (62−83) 0.410 

LV EF (%) 38 (28−46) 38 (31−47) 37 (30−45) 0.800 

LV Mi (g/m2) 89 (81−116) 91 (77−114) 92 (77−102) 0.961 

LGE (%) 

32.5 

(21.7−38.1) 

30.9 

(23.0−42.4) 

31.1 

(25.5−44.0) 
0.594 

Table 1 Demographics, left ventricular function and volume and scar data from the three study subgroups. EDVi End-
diastolic volume indexed to body surface area, EF Ejection fraction, ESVi End-systolic volume indexed to body surface area, 
LGE Percentage of scar represented as late gadolinium enhancement over the myocardial mass, Mi Myocardial mass index, 

SV Stroke volume. Kruskal-Wallis test was used. 

 

Cardiac morphology and function 
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Left ventricular volumetric and functional data are reported in Table 1, along with myocardial scar 

burden quantified as percentage of scar tissue volume over the whole left ventricular volume. There 

were no significant differences in volumetric, functional or scar data. 

Image quality 

Images of LGE in patients belonging to the three different groups are shown in Figure 4. 

 

Figure 4 Inversion recovery sequences for late gadolinium enhancement performed using 0.10 (A), 0.15 (B), or 0.20 (C) 
mmol/kg of gadobutrol, in male patients of 76, 54 and 49 years of age, respectively, matched for percentage infarct size. 

 

SNRscar was 46.4 (IQR 40.3−65.1) in group A, 70.1 (IQR 52.2−111.5) in group B, and 

72.1 (IQR 59.4−100.0) in group C. There was a significant difference in SNRscar among groups 

(p = 0.002), in particular SNRscar in group A was lower than both that of group B (p = 0.013) and 

group C (p = 0.002), while there was no significant difference in SNRscar between group B and group 

C (p = 0.884). 

CNRscar−rem was 62.9 (IQR 52.2−87.4) in group A, 96.5 (IQR 73.1−152.8) in group B, and 103.9 

(IQR 83.9−132.0) in group C. There was a significant difference in CNRscar−rem among groups 

(p < 0.001), in particular CNRscar−rem in group A was significantly lower than both that of group B 

(p = 0.008) and group C (p = 0.001), while there was no significant difference in CNRscar−rem between 

group B and group C (p = 0.871). 
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CNRscar−blood was 25.5 (IQR 14.4−35.0) in group A, 32.7 (IQR 17.9−60.8) in group B, and 29.6 

(IQR 18.2−53.5) in group C. There were no significant differences in CNRscar−blood among groups 

(p ≥ 0.335). 

Box plots of SNRscar, CNRscar−rem and CNRscar−blood across the three groups are depicted in Figure 5, 

data are reported in Table 2. 

 

Figure 5 Box plots of signal-to-noise ratio of the scarred myocardium (SNRscar), contrast-to-noise ratio between 
infarcted and remote myocardium (CNRscar-rem), and contrast-to-noise ratio between infarcted myocardium and blood 
(CNRscar-blood) in the three groups being administered 0.10 (group A), 0.15 (group B) and 0.20 (group C) mmol/kg of 

gadobutrol. Significant differences between groups are indicated with an asterisk (*), red crosses (+) indicate outliers. In 
particular, SNRscar was lower in group A (46.4 IQR 40.3−65.1) than in both group B (70.1 IQR 52.2−111.5, P = 0.013) and 
group C (72.1 IQR 59.4−100.0, P = 0.002), and CNRscar-rem is lower in group A (62.9 IQR 52.2−87.4) than in both group B 

(96.5 IQR 73.1−152.8, P = 0.008) and group C (103.9 IQR 83.9−132.0, P = 0.001). There were no other significant differences in 
SNRscar, CNRscar-rem or CNRscar−blood (P > 0.335). 
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Concerning subjective image quality, no exams were non-diagnostic (Likert score 0), 7 exams 

displayed sufficient quality (Likert score 1), 24 exams good quality (Likert score 2), and 48 exams 

excellent quality (Likert score 3). In group A, 4 exams displayed sufficient quality, 7 good quality and 

11 excellent quality. In group B, 3 exams displayed sufficient quality, 7 good quality and 16 excellent 

quality. In group C, 10 exams displayed good quality and 21 excellent quality. There were no 

significant differences in subjective image quality among groups (p = 0.250). 

Table 2 Image quality and differences among the three groups according to the dose of gadobutrol used for late 
gadolinium enhancement. Group A received 0.10 mmol/kg, group B 0.15 mmol/kg, and group C 0.20 mmol/kg of gadobutrol. 

CNRscar-blood Contrast-to-noise ratio between myocardial scar and blood, CNRscar-rem Contrast-to-noise ratio between 
scarred and remote healthy myocardium, SNRinf Signal-to-noise ratio of the myocardial scar. Kruskal-Wallis and Fisher 2 

test were used. * indicates statistical significance 

 

Discussion 

The issue of GBCA dose reduction has become crucial in the last few years [36]. Among patients who 

undergo contrast-enhanced CMR, one of the main groups is represented by patients with chronic 

myocardial infarction, especially when the infarct is transmural and of greater clinical relevance [37]. 

In this study we wished to ascertain whether lower GBCA doses resulted in lower scar image quality, 

or if there was room for dose reduction while preserving scar visibility. Even lower GBCA doses 

guarantee diagnostic quality, however especially given the rise of automatic post-processing 

methods, it may be important to preserve the highest possible scar discernment to ensure images 

can be utilized for such purposes. In fact, the quantification of LGE using standard deviations may be 

influenced by SNR and CNR, as lower SNR and CNR may signify that background noise has a higher 

  

Group A Group B Group C 

p 

value 

(global) 

p 

value  

(A 

versus B) 

p 

value  

(B 

versus C) 

p 

value  

(A 

versus C) 

SNRinf 

46.4 

(40.3−65.1) 

70.1 

(52.2−111.5) 

72.1 

(59.4−100.0) 
0.002* 0.013* 0.884 0.002* 

CNRscar−rem 

62.9 

(52.2−87.4) 

96.5 

(73.1−152.8) 

103.9 

(83.9−132.0) 

< 

0.001* 
0.008* 0.871 0.001* 

CNRscar−blood 

25.5 

(14.4−35.0) 

32.7 

(17.9−60.8) 

29.6 

(18.2−53.5) 
0.335 − − − 
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impact on intrinsic signal intensity variations, and this may lead to less accurate scar detection, for 

instance using standard deviations-related systems. 

Acquisition time was optimal in all groups, never exceeding 30 min as recommended by the 

literature [38]. Moreover, the differences in acquisition timings reflect the recommendations to 

obtain adequate image contrast according to the dose of contrast agent used [31]. Among our study 

groups, there were no significant differences in demographics or volumetric or functional left 

ventricle data and scar percentage over the whole myocardium. This would imply that none of these 

variables should have influenced the results of our research.   

Concerning scar visibility, a lower SNRscar (see Table 2) in group A than in both group B and 

group C could be due to the fact that a 0.10 mmol/kg GBCA dose was not sufficient to enhance the 

scarred myocardium in the same way as the two other doses, even though timing was appropriate 

for LGE (median 9 min, IQR 8−13 min) [11]. This hypothesis is also supported by a lower CNRscar-rem 

(see Table 2) in group A than in both group B and group C. CNRscar-blood showed no differences (see 

Table 2) between group A and group B, in accordance with our hypothesis, since both the scarred 

myocardium and blood are enhanced by the same contrast dose and are still enhanced at the time of 

LGE acquisition. SNRscar was not significantly different between group B and group C, neither did 

CNRscar-rem and CNRscar-blood, suggesting that image quality between the two doses of 0.15 mmol/kg 

and 0.20 mmol/kg of gadobutrol is comparable. 

Our results concerning SNR and CNR were not always similar to those obtained by other authors 

using the same doses of gadobutrol. At 0.10 mmol/kg, our SNRblood was lower than that obtained for 

by De Cobelli et al. [39] using gadobutrol 0.10 mmol/kg on a group of patients with mixed pathologies 

exhibiting LGE. Our CNRscar-rem was on average slightly lower than theirs but overlapping to a certain 

degree due to the wide range of distributions; conversely our CNRscar-blood was higher. Their method 

of calculating SNR was equal to ours expect for the lack of the 0.655 adjusting factor which would 

indeed lower our SNR compared to theirs. Their method of calculating CNR was equal to ours. 
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Concerning 0.15 mmol/kg, both CNRscar-rem and CNRscar-blood were higher than those obtained by 

Durmus et al. [40] utilizing gadobutrol at 0.15 mmol/kg with a 15-min delay to LGE scan. Durmus et 

al. used the same method for calculating CNR as our study. However, we should consider that our 

study only included transmural infarctions, while these authors did not exclude patients by scar size. 

Concerning the comparison of objective image quality parameters, while studies have assessed the 

differences between different contrast agents at different doses [41,42], to our knowledge none have 

yet compared different gadobutrol doses. 

This study has some limitations, the first being its retrospective design. Results refer to the 

specific sequence for LGE used at our centre, and to gadobutrol. However, fast inversion-recovery 

gradient-echo sequences are widely used in clinical practice, and our timings for LGE are aligned to 

recommendations [38]. On the other hand, gadobutrol is commonly used in CMR [30], it has a double 

concentration (1.0 M) in comparison with all other vascular/interstitial GBCAs and exhibits an r1-

relaxivity relatively higher. However, the double molarity should not impact on LGE findings 

(obtained after about 10 min after injection), especially concerning SNR and CNRscar-rem, as observed 

by Wildgruber et al. [42], while the clearance of each single GBCA might impact on CNRscar-blood. 

Conversely, since the relatively higher relaxivity of gadobutrol may have positively impacted 

objective image quality of LGE imaging, as also reported by Schlosser et al. [43], the results obtained 

for gadobutrol may not be generalizable to GBCAs with a lower relaxivity. Another potential 

limitation could be posed by the variability of the placement of the regions of interest in the different 

areas. Nevertheless, the two regions of interest in scarred and healthy myocardium, which were the 

ones that could carry more issues, were automatically placed by the scar quantification software, and 

the ones in the air and the blood pool, which were hand-drawn, brought less difficulties. One further 

limitation, related to the retrospective nature of the study, is represented by the method used for 

SNR and CNR calculation. In fact, with the only availability of LGE sequences for the assessment of 

such parameters, the lone viable method for SNR and CNR calculation depended on the use of ROIs 
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placed on the desired structures and background. However, this method has shown to provide the 

highest variability on SNR in a study by Dietrich et al. [44]. An ideal method for SNR and CNR 

calculation would perhaps be the one presented by Holtackers et al. [45], who utilized subsequent 

acquisitions of the same sequence using different inversion times. Nevertheless, we utilized the same 

sequence for all patients, thus variations in SNR and CNR should be of a systematic nature, thus 

preserving statistical significance of the observed differences. 

In conclusion, results from our study suggest that, while 0.10 mmol/kg of gadobutrol provides 

inferior scar image quality of CMI than 0.15 and 0.20 mmol/kg, the last two dosages seem to provide 

similar LGE. In view of a global trend of standardization and reduction of GBCA doses, 0.15 mmol/kg 

of gadobutrol could be suggested instead of 0.20 mmol/kg, with no hindrance to image quality. 

Further studies should be conducted to evaluate whether lower GBCA dosages provide a high enough 

scar quality for clinical evaluations. This would pave the way for further GBCA dose reduction which 

may impact on image quality, but not on diagnostic utility of CMR examinations. 
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Late gadolinium enhancement in patients with Tetralogy of Fallot: a 

systematic review 

(under review) 

Background 

ToF is the most common cyanotic congenital heart defect, which occurs in 5 per 10,000 live births 

and represents 5–7% of all congenital heart defects [46]. In patients with ToF, accurate follow-up 

with dedicated cardiac imaging is vital to identify structural or functional cardiac modifications that 

may require specific therapy or additional surgery [47,48].  

CMR is one of the main imaging techniques used for the follow-up evaluation of ToF patients, 

due to the absence of ionising radiation exposure and its capability to accurately assess the anatomy 

and function of the left and right heart along with providing non-invasive information on the main 

vessels [49,50]. CMR should be performed in the first evaluation of ToF immediately after its 

diagnosis, for the assessment of pulmonary regurgitation, as mentioned in the criteria for pulmonary 

valve replacement [51], and in general for follow-up after surgical correction, appraising further or 

residual lesions. According to the 2018 AHA/ACC Guideline for the Management of Adults With 

Congenital Heart Disease [52], CMR bears class Ib evidence for ToF patients’ follow-up. The most 

common sequences used for the CMR evaluation of ToF patients are unenhanced cine sequences of 

the heart for morpho-functional assessment, phase-contrast sequences for flow evaluation, and 

unenhanced three-dimensional whole heart sequences for anatomy assessment [53,54].  

In addition, the study of myocardial fibrosis is considered to have an incoming role in the 

assessment of ToF patients [55]. LGE imaging is a specific CMR application consisting in a T1-

weighted inversion recovery turbo fast low-angle shot acquisition, obtained from 5 to 20 minutes 

after the injection of paramagnetic gadolinium-based contrast, which shows areas of fibrosis in the 

myocardium. The assessment of myocardial fibrosis through LGE imaging is well-accepted in a 
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number of cardiac diseases, including cardiomyopathies [56] and myocarditis [57], where it has been 

shown to yield a clinically relevant prognostic value.  

Different studies have come to different conclusions concerning the clinical role of LGE findings 

in ToF patients [55,58], and there seems to be no definite agreement. Thus, a better definition of the 

role of LGE in ToF patients may be useful for identifying indications for performing LGE acquisitions 

and reach a shared interpretation of related findings, which might pave the way for more tailored 

patient management. 

Therefore, the aim of this study is to review the literature concerning myocardial LGE in ToF 

patients, with regards to its prevalence, characteristics, and clinical relevance. 

Methods 

In November 2019, a systematic search was performed on MEDLINE (PubMed, 

https://www.ncbi.nlm.nih.gov/pubmed/), EMBASE (Elsevier), the Cochrane Library (Cochrane 

Database of Systematic Reviews) and the Cochrane Central Register of Controlled Trials for articles 

that performed CMR with LGE in ToF. A controlled vocabulary (medical subject headings in PubMed 

and EMBASE thesaurus keywords in EMBASE) was used. The search string was ('congenital heart 

disease'/exp OR 'congenital cardiac disease' OR 'congenital cardiac distress' OR 'congenital heart 

disease' OR 'congenital heart distress' OR 'congenital heart failure' OR 'heart congenital disease' OR 

'heart disease, congenital' OR 'neonatal cardiopathy' OR 'truncus arteriosus, persistent' OR 

'congenital heart malformation'/exp OR 'congenital heart anomaly' OR 'congenital heart defect' OR 

'congenital heart malformation' OR 'heart anomaly' OR 'heart congenital anomaly' OR 'heart 

congenital defect' OR 'heart congenital malformation' OR 'heart defects, congenital' OR 'heart 

malformation') AND ('late gadolinium enhancement'/exp OR 'late gadolinium enhancement' OR 

'delayed enhancement magnetic resonance imaging'/exp OR 'delayed enhancement magnetic 

resonance imaging' OR lge OR 'image enhancement'/exp OR 'enhancement, image' OR 'image 

enhancement') AND ([article]/lim OR [article in press]/lim OR [conference paper]/lim OR 
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[editorial]/lim OR [letter]/lim OR [review]/lim) AND [humans]/lim AND [english]/lim AND 

[abstracts]/lim). 

The search was limited to original studies published in English, with available abstract. No 

publication date limits were applied. First article screening was performed by two independent 

readers (BLINDED and BLINDED, with 2 and 3 years of experience in cardiac imaging), considering 

only title and abstract. After downloading eligible articles, the full text was read for complete 

assessment. Finally, references of included articles were manually searched to check for further 

eligible studies. Only original articles that evaluated LGE in ToF were finally included and analysed. 

Data extraction 

Data extraction was performed independently by one reader among the two who performed the 

literature search (BLINDED). Extracted data were subsequently checked by the second reader who 

performed the literature search (BLINDED). For each analysed article, year of publication, study 

design, number of acquired subjects, age and sex, type of surgical repair, age at repair and time from 

the procedure were retrieved. Technical parameters for LGE acquisition, such as MR unit, magnetic 

field strength, sequence, type and dose of gadolinium-based contrast agent and timing for LGE 

acquisition were retrieved. Cardiac volumes and functions of right (RV) and left ventricle (LV) were 

obtained, namely including end-diastolic and end-systolic volumes indexed to patients’ body surface 

area, stroke volume, and ejection fraction, if available. 

For each study, LGE location, characteristics and clinical significance were retrieved and 

reported. 

Results 

Study selection 

From a total of 261 retrieved studies, 54 papers were first selected. Then, both reviewers evaluated 

the full text of each work, and 40 articles were excluded as they did not assess LGE in ToF patients, 
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resulting in 14 remaining articles. One article not initially retrieved by the search string was found 

from the references of included works leading to 15 included articles [55,58–71]. Study selection is 

reported in Figure 6. 

 

Figure 6 Study selection process for article inclusion in the systematic review. MR: magnetic resonance; LGE: late 
gadolinium enhancement; CHD: congenital heart disease; ToF: tetralogy of Fallot 

 

Study characteristics 

The included studies [55,58–71] accounted for a total of 1133 patients. Such works were published 

between 2005 and 2019. Study design was prospective in 10 works [55,58–62,67–70] and 

retrospective in 5 [63–66,71]. Study populations ranged from 14 [67] to 237 [64] patients. Average 

patients’ age ranged from 10.2 years [70] to 39 years [66]. Three studies [55,64,70] included mainly 

only paediatric patients, whereas the others [58–63,65–69,71] included mixed, and mostly adult 

populations. The percentage of male subjects in each study varied from 43% [59] to 66% [64].  

Regarding the surgical procedure performed in ToF patients, 13 studies [55,58,59,61–66,68–71] 

contained information about the surgical intent. In 733 patients reported in 12 studies [55,58,59,64–
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66,68–72], surgery had a curative intent. Surgery was palliative in 197 patients reported in 11 studies 

[55,58,59,62,64–66,68–71], while surgical aim was not specified for the remaining 936 patients. Nine 

studies [55,59,63–66,68,69,71] specifically described the surgical procedures performed. The most 

used procedure was the transannular patch, a curative technique, in 513 patients, followed by the 

non-transannular patch, in 33 patients. The most used palliative technique resulted to be the RV-

pulmonary artery conduit in 97 patients. Average time from surgery to CMR ranged from 9.2 [70] to 

33.5 [66] years. Demographics and other data for the included studies are reported in Table 3. 

Technical parameters involved in CMR acquisition and contrast-enhanced evaluations are reported 

in Table 4. Volumetric and functional parameters of the RV and LV are reported in Table 5. 

Late gadolinium enhancement features 

Among all ToF patients, 1003 described in 15 studies [55,58–71] presented RV LGE, with a 

prevalence ranging from 41% [60] to 100% [55,58,62,64,67,69]. 

When expressly mentioned, LGE was located in the RV outflow tract in 558 patients 

[58,59,61,62,65–70], at ventricular insertion points in 565 patients [55,60,62,63,65,67–71], in the 

ventricular septal defect patch in 321 patients [55,58,59,62,67,69,70]. Other less common LGE sites 

included the free wall [55,59,61,63,65,66,70], mostly anterior in 145 patients [55,59,61,63,65,66,70], 

or inferior in 77 patients [55,59,61,65,66,70], in the interventricular septum in 69 patients 

[55,59,60,63,67], in the trabecular and moderator band in 37 patients [55,59,62,70]. The distribution 

of LGE at different sites is depicted in Figure 7. Examples of LGE at different locations are displayed 

in Figure 8. 



23 
 

 

Figure 7 Distribution of late gadolinium enhancement among patients in different sites of the right (RV) and left 
ventricle (LV) 

 

Concerning the LV, nine studies [58–62,68,69,71] described LV LGE in 196 patients. LGE was 

observed in the LV apex in 68 patients [62,63,68,69,71], while 8 patients [58,60,62] displayed an 

ischemic pattern of LGE, in the inferior or lateral wall.  
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Figure 8 Depictions of late gadolinium enhancement in tetralogy of Fallot patients, indicated by white arrowheads, at 
different sites. A: ventricular septal defect patch; B: right ventricular (RV) outflow tract; C: RV-left ventricle (LV) inferior 

insertion point; D: LV lateral wall; E: superior insertion point; F: LV apex 

 

Late gadolinium enhancement and demographic data 

Higher age and late time of surgical repair were independent factors predicting LGE [55]. The 

identification of RV LGE in the RV outflow tract or closed to the interventricular septal defect patch 

[55,62,70] was reported to be correlated with previous surgical procedure. Even the presence of LV 

LGE in the apex is related to surgery, from a transapical approach to the heart [55]. 

LGE was also found outside surgical sites in the RV, as in trabecular or moderator band, 

potentially related to multiple factors. Possible causes included a foetal pattern of congenital 

anomalies that can be associated with ToF, such as hypoplastic left heart syndrome or truncus 

arteriosus [55], preoperative cyanosis related to the low-oxygen blood, intra-operative procedures 

[70], peri and post-operative ischemic insults [62], hypoxia before surgery [55] and peri-operative 

complications [62]. 

Late gadolinium enhancement and cardiac function 
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Seven studies [55,58,60–64] assessed the relationship between RV LGE and cardiac volumes and 

function. In particular, three works [55,60,63] identified a positive correlation between RV LGE and 

RV dilation. Two studies [58,62] described an association of RV LGE with lower RV stroke volume 

and systolic impairment, while four studies [60–62,64] observed a negative correlation between RV 

LGE and RV ejection fraction. Broberg et al. [60] observed that the degree of LGE in ToF correlated 

with ventricular enlargement and impaired ventricular function. 

Correlations between LGE and clinical variables are reported in Table 6. 

Late gadolinium enhancement and arrhythmias 

Two studies evaluated the correlation between LGE and arrhythmias [59,62]. Park et al. [59] 

observed that a fragmented QRS correlated with higher values of RV LGE. Also Babu-Narayan et al. 

[62] reported that RV LGE was a predictor of arrhythmias. Correlations between LGE and clinical 

variables are reported in Table 6. 

Late gadolinium enhancement and serum biomarkers 

Three studies [55,64,69] appraised the correlations between LGE and different serum biomarkers. 

Ylitalo et al. [55] found a positive correlation between LGE and N-terminal prohormone of brain 

natriuretic peptide, a biomarker of heart failure. Hoang et al. [64] revealed a correlation between LGE 

and genetic variants of hypoxia-inducible factor 1a, that promotes transformation of endothelial and 

smooth muscle cells into fibroblasts. Chen et al. [69] observed a significant correlation between 

elevated circulating carboxy-terminal pro-peptide of procollagen type I, a serum biomarker of 

collagen type I, identifying a profibrotic state in ToF patients. Correlations between LGE and clinical 

variables are reported in Table 6. 
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Table 3 Patients demographical data, including timing from surgery, surgery type and prevalence of late gadolinium enhancement (LGE) in the right (RV) and left 
ventricle (LV) 

 

 Desi
gn 

N 
Males 

(n) 
Age 

(years) 
Time from 

surgery (years) 
Curative 

surgery (n) 
Palliative 

surgery (n) 

RV LGE 
prevalence 

(%) 

LV LGE 
prevalence 

(%) 

Hoang 2019 R 
2
3
7 

157 
12.3 (8.7‒

16.2) 
11 200 37 100   

Dobson 
2016 

P 
1
1
4 

64 
29.5 

(17.5‒
64.2) 

27.5 68 46 100 94 

Chen 2016 R 
8
4 

47 
23.3 

(16.3‒
32.8) 

20.4 60 20 94   

Joynt 2016 R 
4
7 

26 
39.1 ± 
12.5 

33.5 ± 9.3 47 0 70   

Stirrat 2014 P 
1
4 

6 
32.2 ± 
11.9 

30.3 ± 11.9     100   

Spiewak 
2014 

P 
1
4
6 

88 26.4 ± 8.2 21.6 ± 6.4 82 14 94 3 

Ylitalo 2014 P 
4
0 

25 13.1 ± 3.2 11.8 ± 2.9  23 16 100   

Chen 2013 P 
7
0 

39 
24.8 

(21.3‒
30.8) 

20. 7 (17.6‒26.2) 70 0 100 19 

Munkhamm
ar 2013 

P 
2
7 

14 10.2 ± 2.6 9.2 ± 2.7 27 0 59   

Spiewak 
2013 

R 
1
2
2 

74 
24.2 

(20.3‒
30.9) 

20.1 (16.4‒25.0) 69 12 67 3 

Park 2012 P 
3
7 

16 
30 (23.3‒

40) 
22.9 (19.9‒28.8) 32 3 95 0 

Broberg 
2010 

P 
1
7 

8 
34.1 ± 
11.7 

      41 70 

Wald 2009 P 
6
2 

34 
19.7 (4.2‒

67.2) 
22 (7.7‒41.6) 40 13  77 0 

Babu-
Narayan 

2006 
P 

9
2 

56 32.2 ± 11 27 (19‒33)   36 100 53 

Oosterhof 
2005 

R 
2
4 

16 25 ± 8.4  21 ± 6.7  15   88 4 

 



27 
 

 

Table 4 Technical data for cardiac magnetic resonance (CMR) in the included studies. LGE: late gadolinium enhancement; TE: time of echo; TR: time of repetition 

  

 MR unit 
Field 

strength 
(T) 

Contrast agent type 
Contrast 

dose 
(mmol/kg) 

LGE 
delay 
(min) 

Slice 
thickness 

(mm) 

TE 
(ms

) 

TR 
(ms

) 

Flip 
angle 

(°) 

Hoang 
2019 

Siemens 
MAGNETOM 

Avanto 
1.5 Gadopentetate dimeglumine 0.4 10 1.5 - 2.5     75 - 90 

Dobson 
2016 

Siemens 
MAGNETOM 

Avanto 
1.5 Gadobutrol 0.15 10-15 10 1.4 3.5 50 

Chen 2016 Philips Achieva 1.5 Gadopentetate dimeglumine 0.15 20 8 2.5 8 12 

Joynt 
2016 

Philips Intera 
Achieva or 

Ingenia 
1.5 

Gadoteridol/Gadopentetate 
dimeglumine 

0.2 12-15         

Stirrat 
2014 

Siemens 
MAGNETOM 

TRIO 
3 Gadobutrol 0.2 10 6 1.5 3 50 

Spiewak 
2014 

Siemens 
MAGNETOM 

Avanto 
1.5 Gadobutrol 0.2 10-15         

Ylitalo 
2014 

Philips Achieva 1.5 Gadoterate meglumine 0.2 10 7 
1.62

8 
3.23

9 
  

Chen 2013 
Siemens 

MAGNETOM 
Sonata 

1.5 Gadopentetate dimeglumine 0.2 10         

Munkham
mar 2013 

Philips Intera CV 1.5 
Gadobenate 

dimeglumine/Gadopentetate 
dimeglumine 

0.2 10-20 8 
1.58

  
3.14

  
  

Spiewak 
2013 

Siemens 
MAGNETOM 

Avanto 
1.5 Gadobutrol 0.2 10-15 8 1.2 

2.2 - 
3.6 

64 - 79 

Park 2012 Philips Achieva 1.5 Gadopentetate dimeglumine 0.15 5-15 6 1.4 4.6   

Broberg 
2010 

Philips Achieva 
or Intera 

1.5 - 3 Gadopentetate dimeglumine 0.15 10-20 8       

Wald 
2009 

  GE Signa 
Horizon 

1.5 Gadopentetate dimeglumine 0.2 10-20         

Babu-
Narayan 

2006 

Siemens 
MAGNETOM 

Sonata 
1.5 Gadopentetate dimeglumine 0.1 5 7       

Oosterhof 
2005 

Philips NT15 
Gyroscan 

1.5 Gadopentetate dimeglumine 0.2 10-15 5 1.36 4.53 15 
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Table 5 Morpho-functional data of the right (RV) and left ventricle (LV) for the included studies. EDVi: end-diastolic volume indexed to body surface area; ESVi: end-

systolic volume indexed to body surface area; SV: stroke volume; EF: ejection fraction 

  

 RV EDVi (ml/m2) RV ESVi (ml/m2) RV SV (ml) RV EF (%) 
LV EDVi 
(ml/m2) 

LV ESVi (ml/m2) LV SV (ml) LV EF (%) 

Hoang 2019 112.0 (89.7-140.0)     58.8 (52.8-63.8)         

Dobson 2016 125 (100-152) 64 (49.75-83)   48 (43-54) 80.5 (72-93) 32 (27-41)   59 (54.75-64) 

Chen 2016 153.8 ± 47.8 83.3 ± 39.6   47.4 ± 9.5 89.3 ± 17.6 41.2 ± 11.3   54.2 ± 7.3 

Joynt 2016       48.0 ± 7.1       54.8 ± 6.0 

Stirrat 2014 117.0 ± 41.5 55.2 ± 26.3   53.9 ± 9.2 68.6 ± 21.9 25.1 ± 10.5   63.7 ± 8.0 

Spiewak 2014 160.4 ± 47.4 88.1 ± 35.8 72.3 ± 19.2 46.1 ± 8.1 88.8 ± 20.2 38.7 ± 12.5 50.1 ± 10.6 57.0 ± 6.8 

Ylitalo 2014 115 ± 26.5     50.1 ± 8.6 75.3 ± 15.1     61.6 ± 8.6 

Chen 2013 99 (81-124) 55 (47-77)   40.4 ± 7.4 61 (53-68) 55 (47-77)   65.8 ± 6.2 

Munkhammar 2013 134 ± 50 67± 33   56 ± 5         

Spiewak 2013 159.8 ± 48.3 87.9 ± 37.2   46.2 ± 8.7 90.0 ± 19.2 38.9 ± 12.4   56.8 ± 6.7 

Park 2012 131 (111-157) 84 (69-103)   37 (30-43) 78 (65-94) 36 (29-45)   53 (45-60) 

Broberg 2010                 

Wald 2009 139 (77-372) 67 (22-282)   50 (24-71) 84 (59-176) 34 (17-73)   59 (34-75) 

Babu-Narayan 2006 126 (110-142) 55 (48-68)   56 ± 9   26 ± 12   68 ± 7 

Oosterhof 2005 158 ± 47 86 ± 36   46 ± 9         
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Table 6 Correlations between late gadolinium enhancement (LGE) in the right (RV) or left ventricle (LV) with clinical parameters. EF: ejection fraction; ESVi: end-

systolic indexed volume; EDV: end-diastolic volume; EDVi: end-diastolic indexed volume; NT-proBNP: N-terminal prohormone of brain natriuretic peptide; PICP: carboxy-
terminal pro-peptide of procollagen type I 

 

 

  

Name LGE location Cardiac function Serum biomarkers Arrhythmias 

Hoang 2019 RV RV EF (-) 
hypoxia-inducible factor 

1a (+) 
  

Dobson 2016 
RV RV EF (-)     

LV LV ESVi (+)     

Chen 2016         

Joynt 2016         

Stirrat 2014         

Spiewak 2014         

Ylitalo 2014 RV 
pulmonary regurgitation (+), RV 

EDV (+) 
NT-proBNP (+)   

Chen 2013 RV   PICP (+)   

Munkhammar 2013         

Spiewak 2013 RV RV EF (-)     

Park 2012 RV     fragmented QRS 

Broberg 2010 RV RV EDVi (+) and EF (-)     

Wald 2009 RV RV EF (-)     

Babu-Narayan 2006 RV RV EDV (+)     

Oosterhof 2005 RV RV ESVi (+) and EF (-)   arrhythmias 
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MYOCARDIAL STRAIN 

The analysis of myocardial strain provides a noninvasive method for assessing cardiac contractility 

[73]. At first, strain was assessed through echocardiography, a real-time technique which allows the 

performance of different measurements throughout the whole cardiac cycle [74]. Nevertheless, 

echocardiography bears two important limitations, the first being the high dependance of its result 

on the experience of the reader performing the examination, and the second being that in some 

patients, especially obese patients or those with breathing or chest movement difficulties, who are 

also more prone to cardiac disease, an appropriate acoustic window for imaging may not be always 

achievable [75]. 

More recently, CMR has been proposed for strain calculations via different methods. The first 

method proposed for CMR strain assessment was feature tagging, which requires the acquisition of 

specific imaging sequences and is based on the creation of spectral peaks in the Fourier domain 

during the modulation of images [76]. While this methods yields accurate results for myocardial 

strain, comparable to those of echocardiography and highly reproducible, the need for dedicated 

sequences may prove time consuming and hinder the use of this application in a clinical setting [77]. 

For this reason, a novel method for strain calculation, feature tracking (FT) was introduced, allowing 

to estimate strain directly from cine acquisitions, which are a routine part of virtually every CMR 

examination. FT myocardial strain has since shown a high concordance with data obtained from 

feature tagging and echocardiography, and has thus become a more commonly used mean for 

assessing strain without the need for additional sequences or complex processing [78]. 

The study of myocardial strain was performed in countless patients with a number of different 

pathologies, and the main results deriving from this approach seem to indicate that strain might be a 

biomarker of subclinical cardiac dysfunction, suggesting that myocardial contractility may be 

impaired to a certain degree even in presence of normal ejection fraction and cardiac chamber 

volumes [79].  
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Concerning this section of the thesis, our first work aimed to assess the role of left ventricular 

strain as a potential diagnostic biomarker in patients with mild acute myocarditis, where CMR in 

already included in the routine clinical workflow. The second study aimed to appraise changes and 

trends in right ventricular strain in patients with ToF, as strain may help identify those at higher risk 

of adverse events or higher need for a stricter follow-up. 
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Diagnostic value of global cardiac strain in patients with myocarditis 

(from Secchi F, Monti CB, Alì M, Carbone FS, Cannaò PM, Sardanelli F. Diagnostic value of global 

cardiac strain in patients with myocarditis - J Comput Assist Tomogr 2020) 

Background 

Myocarditis is a disease characterized by inflammation of the myocardium, possible necrosis, or 

myocyte degeneration [80]. It may range from subclinical to severe [81,82]. Myocarditis provokes at 

least 9% of dilated cardiomyopathies and may cause from 6 to 10% of sudden cardiac deaths in young 

people, being their leading cause [83–86]. 

The reference standard for diagnosing myocarditis is endomyocardial biopsy, following 

established histological and immunohistochemical criteria, but it is an invasive investigation which 

may cause adverse clinical events [87–90]. Different diagnostic techniques have been proposed, to 

avoid unnecessary endomyocardial biopsies in patients with low risk myocarditis. CMR is considered 

optimal, thanks to its tissue characterization [91]. The current standard for CMR diagnosis of 

myocarditis are the Lake Louise criteria, which include evaluation of edema, hyperemia and capillary 

leakage, represented by early myocardial enhancement after Gd-based contrast agent 

administration, and necrosis and fibrosis, represented by late myocardial enhancement after Gd-

based contrast agent administration. Edema and late enhancement, commonly observed on 

unenhanced T2-weigheted inversion-recovery magnitude images and on T2-magnetization prepared 

contrast-enhanced images, constitute the most common parameter combination, with a sensitivity 

of 67% and a specificity of 91% [92–94]. Therefore, CMR protocols for myocarditis investigation 

usually include T2-weigheted inversion-recovery, T2-magnetization prepared contrast-enhanced, 

and cine sequences, the last ones serving as a tool to visualize the heart throughout its entire 

functional cycle [95]. A reliable CMR diagnosis is particularly useful in patients who have myocarditis 
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with a preserved left ventricle ejection fraction, where endomyocardial biopsy would bring more risk 

than benefit [96]. 

Myocardial strain relates to left ventricle function, by measuring percental deformation of the 

myocardial wall dividing its spatial shift by its initial position [97]. In the left ventricle, longitudinal, 

circumferential, or radial strain can be used for functional assessment, and may detect subclinical 

contractile dysfunction [98]. Abnormal strain absolute values are predictable when cardiac 

contractility is impaired [99,100]. Strain may be calculated through feature tracking CMR, a post-

processing technique, both reliable and reproducible, which only requires cine CMR sequences 

[101,102]. 

It may therefore be hypothesized that strain values might be lower in myocarditis patients, 

whose cardiac function is impaired, even when their ejection fraction is preserved, and that such 

values could at least partially revert towards normality after resolution. 

Since endomyocardial biopsy is not recommended in patients with myocarditis with preserved 

ejection fraction, the aim of our study was to investigate the diagnostic value of strain obtained using 

feature tracking CMR in patients with preserved ejection fraction, where CMR is the key of the 

diagnostic workflow.  

Methods 

Study design and population 

The local Ethics Committee approved this study. There was no overlap with subjects from previous 

research performed at our Institution. This research received no specific grant from any funding 

agency in the public, commercial or not-for-profit sectors. Due to the retrospective nature of this 

study, no specific informed consent was necessary. 

Our retrospective case-control study reviewed a total of 138 CMR examinations, performed at 

our Institution between April 2008 and September 2017. These exams belonged to 46 consecutive 

patients who had a diagnosis of myocarditis through analysis of clinical data and CMR examinations, 
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and had undergone two CMR examinations, one during the acute phase with preserved ejection 

fraction and one at follow-up. Follow-up was defined as at least 3 months after acute myocarditis, 

since edema, representative of acute inflammation, should subside in under 3 months, leaving only 

residual scarring to be visualized. Only one patient having two different CMR examinations at a 

proper time interval had been excluded, due to the presence of extensive artefacts. All acute phase 

myocarditis patients were positive for edema and late gadolinium enhancement. A control group of 

46 age- and gender-matched, otherwise randomized, controls was chosen according to the following 

criteria: they were to have one negative CMR examination, comprising the same sequences used for 

the assessment of myocarditis, namely cine, inversion-recovery and sequences for late enhancement. 

All controls were referred for CMR due to arrhythmias. No controls were excluded after being 

included for evaluation. Each group was composed by 36 males and 10 females. 

Image acquisition 

All CMR examinations were performed using a 1.5-T unit, Magnetom Sonata (Siemens Medical 

Solutions, Erlangen, Germany), with 40-mT/m gradient power, up until September 2014 or a 1.5-T 

unit, Magnetom Aera (Siemens Medical Solutions, Erlangen, Germany), with 45-mT/m gradient 

power, after September 2014, using a four-channel surface phased-array coil for the Sonata unit or 

an eighteen-channel surface phased-array coil for the Aera unit, both of them placed over the thorax 

of the patient in supine position. Image acquisition was gated to electrocardiographic signal for both 

MR units. 

Fluid-weighted short-axis inversion-recovery sequences, with patient-dependent time of 

repetition and time of echo, an inversion time of 150 ms, a flip angle of 180°, a slice thickness of 8 

mm, and a pixel size of 3.6 mm2 were used to evaluate myocardial edema. Such sequences analyzed 

the whole left ventricle. Sequences for late enhancement were acquired 5 to 15 minutes after 

injection of 0.1 – 0.15 mmol/kg of gadobutrol (Gadovist, Bayer Healthcare, Leverkusen, Germany). 

The time of echo was 3.33 ms, while the time of repetition was adapted to patients’ heart rates and 
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inversion time was progressively modified from 260 to 330 ms, to blacken cardiac muscle; the flip 

angle was 25°, slice thickness of 8 mm, and pixel size of 3.6 mm2. Short-axis and long-axis cine images 

were acquired with electrocardiographically gated bright-blood steady-state free precession 

sequences, during expiratory breath holds. Cine sequences had a time of echo of 1.40 ms, a time of 

repetition of 48.30 ms, a flip angle of 60°, and a slice thickness of 8 mm.  

Image analysis 

Image analysis was performed, using QMass and QStrain from Medis Suite MR Software (Medis 

Medical Imaging Systems B.V., Leiden, The Netherlands). The QMass tool was used to evaluate and 

quantify left ventricle volumes, ejection fraction, edema, and late enhancement, as shown in Figure 

9 and Figure 10. Therefore, the left ventricle was manually contoured on short-axis cine, late 

enhancement, and fluid-weighted sequences, at end-systole and end-diastole in cine sequences, and 

at end-diastole in late enhancement and fluid-weighted sequences. The software then calculated late 

enhancement and edema mass and percentage over the myocardium. For edema, a 2-standard 

deviation (SD) threshold was used, for late enhancement a 6-SD threshold was used. 

 

Figure 9 Edema quantification with QMass in a 16-year-old female myocarditis patient in a short-axis section of the left 
ventricle 
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Figure 10 Late gadolinium enhancement quantification with QMass in a 16-year-old female myocarditis patient in a 
short-axis section of the left ventricle 

The QStrain tool allowed for the calculation of myocardial global radial and circumferential 

strain, using the previously drawn contours on short-axis cine sequences, and applying subsequent 

feature tracking calculations (Figure 11). When necessary, manual corrections due to failures in 

feature tracking were performed. 

 

Figure 11 Screen from QStrain, showing strain in a short-axis projection of the left ventricle in a 16-year-old female 
myocarditis patient, along with data output from the software 
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Two independent readers (R1 and R2), with two and six years of experience in CMR respectively, 

performed measurements on all examinations, the former twice and the latter once, with at least a 

15-day interval between measurement sessions, for a total of three sessions. Such readers had 

different backgrounds and different levels of training in CMR segmentation. 

Statistical analysis 

Data were reported as mean and SD or as median and interquartile range (IQR) according to their 

normal or non-normal distribution. Correlations between different distributions were assessed using 

Spearman’s ρ. Multivariate analyses were conducted, to find data which bore significant differences 

among the three groups. Significant differences among normal data were assessed using Wilcoxon 

test when variables were paired, such as between acute and follow-up, or Mann-Whitney U test when 

non-paired, namely the myocarditis group versus controls. To establish strain thresholds for 

diagnosing myocarditis with the highest possible combination of sensitivity and specificity, receiver 

operating characteristics curves were obtained. Reproducibility was appraised with Bland-Altman 

analyses, and calculated as complement to one of the ratio between coefficient of reproducibility 

(CoR) and mean measure. Data were reported as reproducibility, CoR and bias. 

Statistical analysis was performed using SPSS v.22.0 (IBM SPSS Inc., Chicago, IL, USA), and p-

values <.05 were considered statistically significant. 

Results 

A total of 138 CMR examinations performed in 92 subjects were analyzed: 46 of which 36 males and 

10 female patients in the acute phase; 46 in the same patients at follow-up; and 46 of which 36 males 

and 10 female controls. The average time between acute phase and control scans was 5 months (3‒

8 months). Demographics of patients and controls are reported in Table 1. Median age was 31 years 

(IQR 20 ‒ 39 years) in myocarditis patients, and 30 years (IQR 20 ‒ 39 years) in controls, with a non-

significant difference (p=0.860). Male myocarditis patients had a median age of 29 years (IQR 19 ‒ 

38 years), and female myocarditis patients had a median age of 40 years (IQR 26 ‒ 53 years), with a 
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non-significant difference (p=0.064). Male controls had a median age of 29 years (IQR 19 ‒ 37 years), 

while female controls had a median age of 39 years (IQR 26 ‒ 54 years), with a non-significant 

difference (p=0.076). 

Manual corrections of the automated software evaluations were necessary in less than 20% of 

examinations. 

Left ventricular ejection fraction was 67% (IQR 61 − 69%) in acute phase patients, 66% (IQR 63 

− 70%) at follow-up, and 67% (IQR 60 − 70%) in controls. No significant differences in ejection 

fraction were found among groups (p=0.689). 

Left ventricle edema percentage was 12.8% (IQR 9.6 − 18.4%) in acute phase patients, 6.7% (IQR 

5.4 ‒ 8.6%) in the same patients at follow-up, and 6.4% (IQR 5.3 − 7.7%) in controls. Significant 

differences were found between acute phase and follow-up (p<0.001) and between acute phase and 

controls (p<0.001). Left ventricular late enhancement percentage was 6.2% (IQR 4.8 ‒ 9.1%) in acute 

phase patients, being 4.3% (IQR 3.2 ‒ 6.9%) in the same patients at follow-up, and 4.3% (IQR 3.0 ‒ 

5.1%) in controls. Significant differences were found between acute phase and follow-up (p<0.001) 

and between acute phase and controls (p<0.001). Edema and late enhancement data are reported in 

Table 7. 

Global circumferential strain was -18.4% (IQR -21.0 ‒ -16.1%) in acute phase patients and -

19.2% (IQR -21.5 ‒ -16.1%) in the same patients at follow-up, while it was -20.4% (IQR -23.4 ‒ -

18.6%) in the control group. Global radial strain was 65.8% (IQR 52.9 ‒ 79.5%) in acute phase 

patients, 73.1% (IQR 58.7 ‒ 86.5%) in the same patients at follow-up, and 82.4% (IQR 62.8 ‒ 104.9%) 

in controls. Significant differences in global circumferential strain were found between acute phase 

and controls (p=0.001) and between follow-up and controls (p=0.020) as well as in global radial 

strain between acute phase and controls (p=0.001) (Table 7). There were no significant differences 

in global circumferential strain between acute phase and follow-up (p=0.205), and in global radial 
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strain between controls and follow-up (p=0.066). Box-whiskers plots for global circumferential and 

radial strains are shown in Figure 12 and Figure 13. 

 

Figure 12 Box-whiskers plot showing global circumferential strain at acute phase, at follow-up and in controls. A 
significant difference may be observed between acute phase and controls (p=0.001), and between follow-up and controls 

(p=0.020) 

 

 

Figure 13 Box-whiskers plot showing global radial strain at acute phase, at follow-up and in controls. A significant 
difference may be observed between acute phase and controls (p=0.001) 
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Table 7 Study population characteristics 

 

Significant correlations were found between global circumferential strain and global radial 

strain in all three study groups, namely at acute phase (ρ=-0.580 p<0.001), follow-up (ρ=-0.382 

p=0.009) and throughout controls (ρ=-0.508 p<0.001). Significant correlations were also found 

between global circumferential strain and delayed enhancement in myocarditis patients, at acute 

phase (ρ=0.365 p=0.014) and at follow-up (ρ=0.307 p=0.038), and between global circumferential 

strain and edema at acute phase (ρ=0.459 p=0.006). All correlations are shown in Table 8. 

 

Table 8 Correlations throughout groups 

 

  Acute phase Follow-up Controls 
Overall 

p-value 

Acute vs 

follow-up 

Control vs 

follow-up 

Acute vs 

control 

Age (yo) 31 (20‒39) 31 (20‒39) 30 (20‒39) .860 -         -       - 

Male (%) 78 78 78 - - - - 

EF (%) 67 (61‒69) 66 (63‒70) 67 (60‒70) .689 - - - 

Edema (%) 12.84 (9.55‒18.43) 6.69 (5.41‒8.55) 6.41 (5.27‒7.67) <.001* <.001* .748 <.001* 

LGE (%) 6.16 (4.79‒9.11) 4.29 (3.22‒6.88) 4.27 (3.00‒5.09) <.001* <.001* .223 <.001* 

GCS (%) -18.38 (-21.04‒ -16.07) -19.21 (-21.47‒ -16.90) -20.37 (-23.42‒ -18.64) .002* .205 .020* .001* 

GRS (%) 65.77 (52.88‒79.51) 73.06 (58.73‒86.45) 82.39 (62.75‒104.92) .004* .052 .066 .001* 

 Controls  Acute phase Follow-up  

 Edema 

(%) 

LGE 

(%) 

GCS 

(%) 

GRS 

(%) 

Edema 

(%) 

LGE 

(%) 

GCS 

(%) 

GRS 

(%) 

Edema 

(%) 

LGE 

(%) 

GCS 

(%) 

GRS 

(%) 

Edema 

(%) 
- 

ρ=0.627 

p=0.039* 

ρ=-

0.236 

p=0.484 

ρ=0.291 

p=0.385 
- 

ρ=0.220 

p=0.211 

ρ =.459 

p=0.006* 

ρ=-0.250 

p=0.154 
- 

ρ=-

0.041 

p=0.822 

ρ=-0.049 

p=0.787 

ρ=-0.243 

p=0.174 

LGE 

(%) 
 - 

ρ=0.046 

p=0.763 

ρ=-0.345 

p=0.019*  - 
ρ=0.365 

p=0.014* 

ρ=-0.332 

p=0.026* 
 - 

ρ=0.307 

p=0.038* 

ρ=0.061 

p=0.687 

GCS 

(%) 
  - 

ρ=-0.508 

p<0.001*   - 
ρ=-0.580 

p<0.001* 
  - 

ρ=-0.382 

p=0.009* 

GRS 

(%) 
   -    -    - 
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For global circumferential strain at acute phase, intra-reader reproducibility was 74% with a 

bias of 0.43% and a CoR of 5.48%, while inter-reader reproducibility was 68% with a bias of 3.57% 

and a CoR of 6.26%. For global circumferential strain at follow-up, intra-reader reproducibility was 

79% with a bias of 0.29% and a CoR of 4.35%, while inter-reader reproducibility was 72% with a 

bias of 2.44% and a CoR of 5.43%. For global circumferential strain in controls, intra-reader 

reproducibility was 90% with a bias of -0.45% and a CoR of 2.06%, while inter-reader reproducibility 

was 83% with a bias of 0.75% and a CoR of 3.64%. For global radial strain at acute phase, intra-reader 

reproducibility was 45% with a bias of 1.39% and a CoR of 39.67%, and inter-reader reproducibility 

was 52% with a bias of -9.52% and a CoR of 32.88%. For global radial strain at follow-up, intra-reader 

reproducibility was 51% with a bias of 0.85% and a CoR of 43.46%, while inter-reader 

reproducibility was 52% with a bias of -14.47% and a CoR of 39.48%. For global radial strain in 

controls, intra-reader reproducibility was 59% with a bias of 2.26% and a CoR of 33.99%, while inter-

reader reproducibility was 15% with a bias of -2.48% and a CoR of 69.89%. 

For global circumferential strain, optimal thresholds resulting from receiver operating 

characteristics curves obtained comparing the acute phase group to controls resulted to be -17.3%, 

with 44% sensitivity (20/46), 95% specificity (44/46) and an area under the curve of 0.71, the same 

data for global radial strain being 93%, 96% (44/46), 37% (17/46), and 0.70 (Figure 14). Using 

these thresholds for the diagnosis of myocarditis, the global circumferential strain obtained a positive 

likelihood ratio of 8.8 and a negative likelihood ratio of 0.59, the same data for global radial strain 

being 1.52 and 0.11, respectively. 



42 
 

 

Figure 14 Receiver operating characteristics for global circumferential and radial strain. The thresholds which best 
maximized sensitivity and specificity were global circumferential strain -17.28%, with 44% sensitivity, 95% specificity 

Discussion 

The main findings of our study involve global radial and circumferential strain, whose absolute values 

were significantly lower in acute phase myocarditis patients in comparison to controls, along with 

the absence of significant differences when comparing global circumferential strain between follow-

up patients and controls. 

During image analysis, manual correction was seldom necessary, most often when calculating 

myocardial percentages of edema and delayed enhancement, due to signal inhomogeneities which 

produced errors on the evaluation of standard deviations by the automated software. 

Our study population was slightly younger than those most commonly described as affected by 

myocarditis, likely due to the selection of patients with preserved ejection fraction, which excluded 

those with other underlying cardiac pathologies, which may be more common as age increases. Our 

male to female ratio of 3.6 mirrored the one of myocarditis incidence [103,104]. 

The absence of significant differences in ejection fraction between myocarditis patients and 

controls may confirm that the analyzed group of patients was composed of individuals with 
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myocarditis with preserved ejection fraction, for whom CMR is the first proposed imaging technique 

[105]. Left ventricle late enhancement percentages were well aligned to literature [106]. 

The fact that global circumferential and radial strain were significantly lower in acute phase 

myocarditis patients in comparison to controls may indicate that myocardial strain as evaluated by 

CMR is a good functional index, its absolute value decreasing when contractility is impaired, such as 

in myocarditis. Literature data support this finding in myocarditis and other cardiac pathologies 

[107,108]. The absence of significance of differences between acute phase and follow-up could 

depend on the fact that not all myocarditis patients revert to pre-illness cardiac contractility, some 

of them retaining residual scarring. The persistence of significant differences between follow-up and 

controls in global circumferential strain, on the other hand, indicate that not only cardiac function 

does not improve significantly months after myocarditis, but it also differs from normal values of 

healthy controls. 

The comparison of strain values showed that global circumferential strain is well aligned to 

literature data [78,109–113] as far as healthy controls are concerned, whereas myocarditis patients 

[112,113] were reported to have lower global circumferential strain values, likely due to our 

narrowing to patients with a preserved ejection fraction, while others also comprised patients with 

a more compromised heart function. Conversely, literature [78,109–113] global radial strain values 

are noticeably different throughout all groups. Since global radial strain shows significant 

correlations to global circumferential strain throughout all groups, this is most likely due to the use 

of a different software for strain calculation.  

The significant correlation between global circumferential strain and edema during acute phase 

can relate the current standard for the CMR diagnosis of myocarditis, namely Lake Louise Criteria 

[90,91] to global circumferential strain as a new potential diagnostic value. The same is true for 

correlations between global circumferential strain and late enhancement at both acute phase and 

follow-up. No correlations could be found between global circumferential strain and edema at follow-
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up, since the follow-up interval was set to be longer than three months, and edema, being an indicator 

of acute inflammation, should have resolved by that time. The significant correlation found between 

global radial and circumferential strain validates global radial strain as a fellow potential diagnostic 

value, indirectly related to the current reference standard [91]. 

The diagnostic performance of global circumferential and radial strain, evaluated through 

receiver operating characteristics analysis, showed that global circumferential strain may be a good 

parameter to rule in myocarditis with the best combination of sensitivity and specificity, while global 

radial strain performs better for ruling out the disease. Global circumferential strain could be used 

to select negative-testing subjects, in whom sequences other than cine, namely those for late 

enhancement and for edema, should be performed. Instead, a myocarditis diagnosis can be finalized 

on these patients who test positive. Conversely, global radial strain may help rule out disease in 

negative-testing subjects, therefore only performing sequences other than cine on patients testing 

positive. These biomarkers could help reduce the need of late enhancement and fluid-sensitive 

sequences, therefore reducing risk of gadolinium retention, patients’ discomfort by reducing 

examination time, and cutting CMR costs in this setting.  

While reproducibility was generally good for global circumferential strain, though lower in 

myocarditis patients, especially at acute phase, the same was not true for global radial strain. Since 

the contours for strain calculation were the same for both global strain, the lesser reproducibility of 

global radial strain could probably be explained by its higher absolute values, which may result in 

higher differences between mean and measurements, and its being more sensitive to accurate 

contouring than global circumferential strain. In this regard, our data are not aligned with those of 

Lee et al [113], who report that all strains had an interclass correlation coefficient of 0.87 to 0.98. 

However, our data is closed by that of Schuster et al [102], who report radial strain to be the least 

reproducible one, with an interclass correlation coefficient of 0.44, and circumferential strain to have 

an interclass correlation coefficient of 0.70. The low reproducibility of global radial strain poses 
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questions with regards to its potential clinical application, while global circumferential strain would 

seem more reliable in this setting. 

Our research has some limitations. It is a single-center, retrospectively designed study, therefore 

results are related to the specific 1.5-T units used for imaging patients and to the sequences and 

technical parameters used. However, since 1.5-T units and predefined protocols are commonly used 

in clinical practice for cardiac imaging, results may be generally accepted. Longitudinal strain could 

not be assessed, due to three-chamber long-axis sequences missing in a number of patients, thus a 

precise estimate was not feasible. Moreover, the low reproducibility of global radial strain limits its 

reliability in diagnosing myocarditis, therefore only global cardiac strain provides a satisfactory 

performance. 

In conclusion, given the diagnostic performance of the two short-axis strain indices, global 

circumferential strain and global radial strain, CMR-derived strain could potentially have a role in 

reducing the need of sequences in addition to cine in low-risk myocarditis patients where CMR is the 

main diagnosing technique. Further studies should be conducted, especially looking at confirmation 

by using segmental strain. A perspective for properly tailored clinical practice guidelines for cardiac 

magnetic resonance diagnosis of myocarditis, thus allowing the omission of additional sequences 

when cine provide enough information, may be open.  
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Right ventricular strain in repaired Tetralogy of Fallot with regards to 

pulmonary valve replacement 

(from Monti CB, Secchi F, Capra D, Guarnieri G, Lastella G, Barbaro U, Carminati M, Sardanelli F - 

European Journal of Radiology 2020) 

Background 

Tetralogy of Fallot (ToF) is the most common cyanotic congenital heart defect, with an incidence 

estimated to be around 5 every 10,000 live births [46]. It is characterized by four main anatomical 

defects, namely interventricular communication, obstruction of the right ventricular (RV) outflow 

tract, override of the ventricular septum by the aortic root, and consequent RV hypertrophy [114].  

Children with ToF undergo early surgical correction, and their prognosis has considerably 

improved during latest years, with a 30-year survival rate greater than 90% [115]. Nevertheless, ToF 

patients require lifelong follow-up to prevent the onset of severe complications. Notably, CMR bears 

a class I-B recommendation for monitoring RV size and function, pulmonary valve function, 

pulmonary artery anatomy and left ventricular (LV) abnormalities in repaired ToF [52]. In fact, CMR 

is the preferred method for non-invasive assessment of ToF patients, as it has proven useful in 

helping set appropriate timings for further interventions, in particular pulmonary valve replacement 

(PVR) [116], and in preventing adverse events [117]. 

Myocardial strain represents the deformation of cardiac fibres through the contractile cycle, and 

it was first calculated from echocardiography [118]. However, echocardiography bears important 

intrinsic limitations due to its high operator-dependency and potential technical difficulties [119]. 

More recently, feature-tracking (FT) strain analysis has been included among the potential post-

processing applications of CMR, allowing for a reproducible, quantitative analysis of cardiac 

contractility with no need for additional sequence acquisition [120]. Strain analysis has been shown 
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to offer additional information concerning systolic and diastolic dysfunction, beyond that provided 

by ejection fraction [121], and strain impairment to relate to poor patients’ prognosis [122]. 

Cardiac strain assessed through echocardiography has proven a reliable indicator of ventricular 

function in adult repaired ToF patients. A previous work by Menting et al. [123] highlighted a 

decrease in RV strain and strain rate, in the presence of impairment of LV septal contractility, 

indicating how RV dysfunction affects the LV. Given the limitations of echocardiography, strain 

analysis through FT may represent a simple and non-invasive method to appraise the contractile 

function of repaired ToF patients who undergo CMR, possibly providing additional data that may aid 

a more patient-tailored management. While previous studies mostly focused on LV FT-CMR strain 

[124], RV strain may prove especially interesting considering that the RV is subject to complications 

from pulmonary valve disease before the LV [125]. More so, previous studies, such as the work by 

Hamada-Harimura et al. [126], observed that RV strain may be a predictor of clinical adverse events. 

Thus, the aim of our study was to longitudinally assess RV myocardial strain both globally and 

segmentally through FT-CMR in ToF patients, with regards to PVR, to appraise its potential value in 

identifying subclinical impairments of cardiac contractility in such population. 

Methods 

Study population 

This study was approved by the local Ethics Committee (Ethics Committee of BLINDED; protocol code 

BLINDED; approved on September 14th, 2017 and amended July 18th, 2019). Specific informed 

consent was waived due to the retrospective nature of this study. 

From a total of 246 ToF patients who underwent CMR at our institution between March 2014 

and May 2019, 198 were excluded as they did not have a follow-up CMR examination, while 2 were 

excluded due to the presence of a situs inversus anomaly along with ToF. Thus, we retrospectively 

included 92 CMR examinations from 46 consecutive patients with a diagnosis of ToF who had 

undergone two CMR examinations at our institution from March 2014 to June 2019. The population 
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so obtained was subsequently divided into two groups: those who did not undergo PVR between the 

two CMR examinations (Group 0), and those who did (Group 1). For each patient, we registered 

follow-up time between the two CMRs. 

Image acquisition 

Patients were examined using a 1.5-T unit (Magnetom Aera, Siemens Healthineers, Erlangen, 

Germany) with 45-mT/m gradient power. According to clinical practice, examinations were 

performed using a 48-channel surface phased-array coil, placed over the thorax of the patient in 

supine position. Each exam included a full set of cine images acquired in short-axis and long-axis in 

2-, 3-, and 4-chamber view during the whole cardiac cycle, using an electrocardiographic-triggered 

steady-state free precession pulse sequence, acquired with the following technical parameters: time 

of repetition 4.0 ms; time of echo 1.5 ms; flip angle 80 degrees; slice thickness 8 mm; time resolution 

45 ms. Image acquisition of short- and long-axis views altogether was performed during 10 to 15 

breath holds of roughly 20 seconds each, depending on individual patients, for a total acquisition 

time of about 4-5 minutes. 

Image analysis 

For each examination, a radiology resident with a 6-year experience in CMR performed segmentation 

and volumetric analysis. Image analysis was performed using Medis Suite MR Software (Medis 

Medical Imaging System bv., Leiden, The Netherlands). The QMass tool of the suite was used for 

evaluation and quantification of ventricular volumes and ejection fraction (EF). The LV and RV endo- 

and epicardium were manually segmented in cine long and short axis on end-diastolic and end-

systolic images. For the purpose of this research, the following data was extrapolated from both CMR 

exams: LV and RV end-diastolic and end-systolic volumes indexed to body surface area (EDVi and 

ESVi, respectively), stroke volume (SV), and EF. The RV endo- and epicardium were manually 

segmented in cine long axis on end-diastolic and end-systolic images. 
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The QStrain tool of the same suite allowed for calculation of strain and strain rate values, tracing 

RV endo- and epicardial contours at the end-diastolic and end-systolic phase, and then applying FT 

calculations. A reader with 3 years of experience in cardiac imaging performed this segmentation. 

The following strain parameters were extrapolated from both CMR exams: RV global longitudinal 

strain (G-LS) and global radial strain (G-RS) segmental strains of the RV at the free wall (F-LS and F-

RS) and septum (S-LS and S-RS). A depiction of RV segmentation used for strain calculation may be 

seen in Figure 15. 

 

Figure 15 Example of right ventricular segmentation for strain calculation on a cardiac magnetic resonance during 
end-diastole and end-systole on a cine 4-chamber acquisition of a 26-year old female tetralogy of Fallot patient. 

Statistical analysis 

Shapiro-Wilk tests were conducted to assess data distribution. Normally distributed data were 

reported as mean ± standard deviation. Non-normally distributed data were reported as median and 

interquartile range (IQR). To account for potential differences in follow-up duration, volumetric, 

functional and strain parameters variations between the first and second CMR were computed and 

then divided by each patient’s individual years of follow-up, to obtain a variation rate per year. 

Measurements were compared using Student t test for normal distributions, Mann-Whitney U 

test for non-normal distributions. Statistical analysis was performed with Python v3.7.6. We 

considered p-values < 0.05 as significant [127]. 
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Results 

Out of the 92 included patients, 30 had not undergone PVR between the two CMRs and belonged to 

Group 0, while 16 had and hence belonged to Group 1. 

Median age was 22 years (IQR 17-29 years) in Group-0, and 21 years (IQR 16-29 years) in Group-

1. Demographics for all patients are reported in Table 9. The median time between the two CMRs 

was 2.3 years (IQR 1.9−3.0 years) in Group 0, significantly longer (p = 0.001) than the 1.4 years (IQR 

1.0−2.1 years) in Group 1. 

 Group 0 (n=30) Group 1 (n=16) p 

Age (years) 22 (17−29) 21 (16−29) 0.846 

Males (n, %) 10 (63) 12 (40) 0.217 

Time between CMR 1 and CMR 2 
(years) 

2.3 (1.9−3.0) 1.4 (1.0−2.1) 0.001* 

Table 9 Demographical data for the study population. CMR 1, first cardiac magnetic resonance examination; CMR 2, 
second examination. Data are presented as median and interquartile range. 

 

Ventricular functional data 

Functional data of the LV and RV in our study population are reported in Table 2. In particular, 

at CMR1 RV EDVi was 88 mL/m2 (IQR 74‒111 mL/m2) in Group 0, significantly lower (p = 0.011) 

than the 120 mL/m2 (IQR 104‒128 mL/m2) in Group 1. Similarly, RV ESVi was 40 mL/m2 (IQR 31‒

46 mL/m2) in Group 0, significantly lower (p = 0.015) than the 53 mL/m2 (IQR 43‒59 mL/m2) in 

Group 1. Moreover, RV SV appeared borderline significantly lower (p = 0.055) in Group 0 (87 mL, IQR 

67‒109 mL) than in Group 1 (103 mL, IQR 83‒130 mL). No other differences in functional 

parameters were observed between the two groups at either CMR examination (p ≥ 0.133). 

Right ventricular strain 

The RV strain parameters are reported in Table 10. No significant differences were observed in RV 

strain between Group 0 and Group 1 (p ≥ 0.254) except for RV S-RS, which, at CMR 2, was significantly 

higher in Group 0 (24.2%, IQR 10.1‒52.4%) than in Group 1 (6.0%, IQR -3.3‒23.3%) (p = 0.010). 
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  CMR 1 CMR 2 

  Group 0 Group 1 p Group 0 Group 1 p 

LV EDVi (mL/m2) 71 (63−82) 70 (62−71) 0.326 78 (67−93) 81 (69−90) 0.999 

LV ESVi (mL/m2) 26 (22−32) 24 (21−28) 0.488 33 (26−37) 32 (25−34) 0.460 

LV SV (mL) 78 (59−91) 68 (63−81) 0.426 86 (71−101) 83 (64−94) 0.481 

LV EF (%) 63 (59−65) 63 (59−67) 0.853 59 (55−63) 63 (59−64) 0.133 

RV EDVi (mL/m2) 88 (74−111) 120 (104−128) 0.011* 96 (80−119) 94 (78−101) 0.289 

RV ESVi (mL/m2) 40 (31−46) 53 (43−59) 0.015* 43 (37−52) 41 (33−48) 0.496 

RV SV (mL) 87 (67−109) 103 (83−130) 0.055 85 (65−120) 90 (73−96) 0.556 

RV EF (%) 57 (48−65) 54 (51−58) 0.595 55 (49−62) 53 (50−60) 0.661 

RV G-LS (%) -23.0 (-26.9—21.9) -22.6 (-24.8—19.6) 0.254 -20.5 (-25.3—16.7) -19.6 (-22.6—17.0) 0.673 

RV G-RS (%) 36.0 (16.6−99.8) 41.2 (27.2−70.7) 0.918 40.4 (25.6−68.5) 26.2 (14.4−44.0) 0.310 

RV F-LS (%) -23.1 (-28.1—11.3) -26.0 (-28.4—21.7) 0.298 -19.9 (-25.7—13.0) -18.9 (-23.9—8.6) 0.515 

RV F-RS (%) 29.6 (10.1−71.6) 41.5 (11.8−67.0) 0.991 33.6 (13.3−56.8) 25.2 (16.0−50.1) 0.758 

RV S-LS (%) -15.6 (-18.9—11.9) -14.2 (-17.5—10.7) 0.404 -15.0 (-18.8—11.6) -14.1 (-19.4—8.4) 0.545 

RV S-RS (%) 18.8 (2.9−50.5) 21.1 (7.1−50.0) 0.882 24.2 (10.1−52.4) 6.0 (-3.3−23.3) 0.010* 

Table 10 Functional data for the left (LV) and right (RV) ventricle and RV strain parameters at the first (CMR 1) and 
second (CMR 2) cardiac magnetic resonance, in patients who did not (Group 0) or did (Group 1) undergo pulmonary valve 

replacement between CMR 1 and CMR 2. EDVi, end-diastolic volume index; ESVi, end-systolic volume index; SV, stroke volume; 
EF, ejection fraction; LS, longitudinal strain; RS, radial strain; G, global; F, free wall; S, septal. Data are presented as median 

and interquartile range. 

 

Variations between CMR 1 and CMR 2 

Variation rates for each of the assessed parameters are reported in Table 11. 

Concerning functional parameters, LV EDVi displayed a significantly lower (p = 0.023) yearly 

increase of 2 mL/m2 ∙year (IQR 0‒4 mL/m2 ∙year) in Group 0 than that in Group 1 of 7 mL/m2 per 

year (IQR 5‒10 mL/m2 per year). The same was observed for LV SV, which showed a significantly 

lower (p = 0.018) yearly increase in Group 0 (2 ml/year, IQR -1‒5 mL/year) than in Group 1 (9 

mL/year, IQR 2‒15 mL/year). There were no significant differences between Group 0 and Group 1 

concerning LV ESVi (p = 0.200) and LV EF (p = 0.213). Conversely, RV EDVi showed a significantly 

higher (p < 0.001) increase in Group 0 (3 mL/m2 ∙year, IQR -1‒5 mL/m2 ∙year) compared to the 

decrease in Group 1 (-19 mL/m2 per year, IQR -26‒-7 mL/m2 per year). The same trend was observed 

for RV ESVi, which showed a variation rate of 2 mL/m2 ∙year (IQR -2‒5 mL/m2 ∙year) for Group 0, 

and -9 ml/m2∙year (IQR -12‒-1 mL/m2 per year) for Group 1 (p < 0.001), and RV SV, which had a 

variation rate of 2 ml/year (IQR -4‒8 mL/year) in Group 0, and -19 ml/year (IQR -26‒-3 ml/year) in 
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Group 1 (p < 0.001). There were no significant differences in the variation rate of RV EF, which was -

1%/year (IQR -4‒1%/year) in Group 0, and 0%/year (IQR -2‒2%/year) in Group 1 (p = 0.227). 

RV strain variations over time did not differ significantly between the two groups (p ≥ 0.081) 

(Figure 16). 

  Variation per year   

  Group 0 Group 1 p 

LV EDVi (mL/m2) 2 (0‒4) 7 (5‒10) 0.023* 

LV ESVi (mL/m2) 2 (0‒4) 3 (1‒6) 0.200 

LV SV (mL) 2 (-1‒5) 9 (2‒15) 0.018* 
LV EF (%) -1 (-4‒0) 1 (-4‒2) 0.213 

RV EDVi (mL/m2) 3 (-1‒5) -19 (-26‒-7) <0.001* 

RV ESVi (mL/m2) 2 (-2‒5) -9 (-12‒-1) <0.001* 

RV SV (mL) 2 (-4‒8) -19 (-26‒-3) <0.001* 
RV EF (%) -1 (-4‒1) 0 (-2‒2) 0.227 

RV G-LS (%) 0.81 (-1.70‒2.13) 1.24 (-1.55‒3.49) 0.369 
RV G-RS (%) -3.67 (-34.63‒19.23) -10.13 (-34.51‒-2.46) 0.187 
RV F-LS (%) 2.00 (-0.57‒3.57) 1.61 (-4.51‒11.12) 0.459 
RV F-RS (%) -4.36 (-11.23‒10.05) -4.32 (-27.44‒4.10) 0.271 
RV S-LS (%) 0.29 (-2.41‒3.09) 0.53 (-2.59‒4.40) 0.422 
RV S-RS (%) 3.48 (-11.85‒48.53) 5.20 (-17.78‒0.66) 0.081 

Table 11 Annual variations of left (LV) and right ventricular (RV) functional data and RV strain parameters. EDVi, end-
diastolic volume index; ESVi, end-systolic volume index; SV, stroke volume; EF, ejection fraction; LS, longitudinal strain; RS, 

radial strain; G, global; F, free wall, S, septal. Data are presented as median and interquartile range. 

 

 

Figure 16 Boxplots for right ventricular (RV) strain variations per year in the two groups of tetralogy of Fallot 
patients, who did not undergo (Group 0) or underwent (Group 1) pulmonary valve replacement in the time interval between 
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the two cardiac magnetic resonance examinations. No significant differences may be observed between the two groups for 
any RV strain parameter. 

Discussion 

While the lifespan of ToF patients is increasing, novel biomarkers which may aid patient monitoring, 

along with the prediction and prevention of potential adverse events are all the time more sought 

for. From its recent introduction, myocardial strain assessed through FT-CMR has shown good 

reproducibility [128] and a potential for a subclinical assessment of cardiac contractility. Thus, in this 

study, we aimed to assess RV strain and its modifications in a cohort of ToF individuals with regards 

to PVR intervention.  

Our study population appeared well-representative of a cohort of young adult ToF patients, with 

median ages at the first CMR of 22 and 21 years in patients who did not (Group 0) or did (Group 1) 

undergo PVR between the two analysed CMR exams, respectively. One study by Harrild et al. [129] 

reported a median age of ToF patients undergoing PVR to be around 21 years, thus our population 

fits into their estimate, given that a number of our patients underwent PVR soon after. The different 

timing between the two CMR examinations is probably due to the fact that patients who underwent 

PVR were in need of a closer imaging follow-up, while the others performed a subsequent CMR 

examination after about 2 years [130]. 

The significantly higher RV EDVi, ESVi and SV observed in Group 1 seems indicative of the fact 

that such individuals were soon referred for PVR due to worse pulmonary valve functionality and RV 

deterioration. In fact, indications for PVR include the evaluation of RV indexed volumes [51]. 

Concerning annual variations of functional parameters, the higher increase in LV EDVi and SV 

and the higher decrease in RV EDVi, ESVi and SV in Group 1 appear likely owing to the concomitant 

PVR intervention in such population. Appropriate indications for PVR allow for potential RV volume 

reduction once the regurgitant burden on the RV is lessened [131]. In particular, Oosterhof et al. 

[132] indicate thresholds for RV EDVi and ESVi of 160 mL/m2 and 82 mL/m2 respectively, over which 

PVR may no longer be lead to RV remodeling . Thus, the steep early decline in RV EDVi, ESVi, and SV 
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in Group 1 patients was expected, as a positive turnaround of PVR. The concomitant greater rise in 

LV EDVi and SV in Group 1 is in line with findings reported by Chalard et al. [133], who observe 

variations in LV volumes and function as an additional benefit of PVR. While those authors also 

observed an increase in LV EF after PVR, our population exhibited a median yearly increase in LV EF 

after PVR of 1%, thus not substantially different from the lack of variations in patients who did not 

undergo PVR. 

No differences between RV global or segmental strain variations over time were observed 

among the two groups, possibly indicating that, while volumes may find benefit from PVR, the 

underlying decline in cardiac strain does not seem affected by such intervention. Our findings are in 

partial agreement with those from one study by Balasubramanian et al. [134] who calculated FT-CMR 

strain in 36 ToF patients who underwent PVR suggesting that such intervention could not determine 

any changes in the RV strain. The lack of difference with those who did not undergo PVR observed in 

our work suggests that in both groups RV contractility trends toward a decline, albeit likely not 

significant at less than one year after PVR intervention, which was the follow-up timing of the work 

by Balasubramanian et al. [134] On the same note, one work by DiLorenzo et al. [135] observed a 

continuous decline in strain in ToF patients after surgical repair, attributing it to a subclinical, subtle 

initial sign of long-term dysfunction. Moreover, a study by Hallbergson et al. [136], suggests that by 

7 to 10 years after PVR, RV EDVi and ESVi revert to pre-PVR values associated to higher RV volume 

and pressure load, thus implying the presence of a constant underlining functional deterioration. 

RV strain and its clinical implications have been previously investigated by several studies. For 

instance, RV strain has shown correlations to clinical outcomes in heart failure, pulmonary embolism, 

and pulmonary hypertension [126,137–139]. Concerning ToF patients, conversely, Jing et al. [140] 

did not observe significant correlations between FT-CMR strain and functional parameters at a 

subsequent CMR after about 3 years in a population of 153 patients with ToF. However, considering 

that the volumetric and functional deterioration that happens in ToF patients is somewhat slow and 
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that functional parameters may indeed find benefit from treatment, such findings may have been 

influenced by a short follow-up time and different patient management. More so, as volumes and 

function may macroscopically improve after interventions such as PVR, they may not prove the only 

predictors of adverse events in ToF patients [141]. In this regard, myocardial tissue characterization 

may play an interesting role, as recently a growing number of studies has observed that RV focal scar 

and diffuse fibrosis may help predict the onset of ventricular arrhythmias [142], also in ToF patients 

[143]. In particular, in this latter population, the decline in RV strain may relate to the subtle 

functional decline related to myocardial fibrosis [144]. 

Our study has some important limitations. First, as follow-up times were not standardized, it 

was not possible to assess and compare overall variations of functional data and RV strain in the two 

groups, as results might have been biased by such heterogeneity. Nevertheless, the assessment of 

yearly variations in such parameters may provide some insight in this regard. Secondly given the 

relatively short follow-up time in our study (shorter than 6 years) we were unable to relate strain 

variations to adverse events, as such events may need longer follow-up to be observed. Therefore, to 

find clinical correlations between strain and adverse events, a prospective longitudinal study with 

appropriate follow-up time would be warranted. Another potential limitation may rise from the 

different time intervals between CMR examinations, due to the fact that patients who underwent PVR 

were subject to a stricter follow-up, which led to the impossibility to compare raw volumetric and 

functional data between groups. To overcome this limitation, we assessed variations over time, 

normalizing for intercurrent intervals.  

As already known from previous studies, performing PVR at the appropriate timing leads to 

improvements in the myocardial function of ToF patients, in particular relating to the reduction in 

RV volumes. Nevertheless, regardless of this functional improvement, RV strain continues to 

deteriorate over time, comparably to what happens in patients who do not undergo PVR. Therefore, 

considering the proven clinical significance of RV strain in cardiovascular disease, it might be useful 
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to keep such parameter into consideration while assessing ToF patients as a potential predictor of 

adverse events. Further prospective longitudinal studies are warranted to confirm this hypothesis.  
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EXTRACELLULAR VOLUME FRACTION 

Myocardial ECV represents the fraction of the heart that is composed by extracellular matrix as 

opposed to cardiomyocytes [2]. A first non-invasive method to appraise myocardial ECV was 

introduced via CMR, combining the analysis of pre- and post-GBCA contrast injection T1 time maps 

with individual hematocrit values, according to the following formula [145]:  

𝐸𝐶𝑉 = (1 − ℎ𝑎𝑒𝑚𝑎𝑡𝑜𝑐𝑟𝑖𝑡)

1
𝑝𝑜𝑠𝑡 𝑐𝑜𝑛𝑡𝑟𝑎𝑠𝑡 𝑇1 𝑚𝑦𝑜 −

1
𝑛𝑎𝑡𝑖𝑣𝑒 𝑇1 𝑚𝑦𝑜

1
𝑝𝑜𝑠𝑡 𝑐𝑜𝑛𝑡𝑟𝑎𝑠𝑡 𝑇1 𝑏𝑙𝑜𝑜𝑑

−
1

𝑛𝑎𝑡𝑖𝑣𝑒 𝑇1 𝑏𝑙𝑜𝑜𝑑

 

This formula helps assess the difference in GBCA concentration variations between the 

myocardium and blood pool, which are highly dependent on tissue wash-out patterns, that in turn 

derive from tissue composition [146]. In particular, a higher prevalence of extracellular matrix leads 

to longer wash-out times. Thus, post-contrast T1 maps need to be acquired at equilibrium times, 

around 10 minutes after GBCA injection [147]. 

Healthy subjects have been described to have a median ECV of about 25% [148]. Patients with 

pathologies which lead to an increase of the fatty content of the myocardium and thus a decrease of 

the extracellular matrix, such as lipomatous metaplasia or Fabry disease, report a decrease in ECV 

values. Conversely, patients who present with myocardial fibrosis, inflammation or increased 

deposition of extracellular matrix, such as in amyloidosis, report higher ECV values [149]. 

While CMR-derived ECV has shown strong correlations with histology, proving a reliable 

indicator of myocardial fibrosis or extracellular compartment increase, its evaluation requires both 

additional sequences which are not routinely performed, and the availability of hematocrit values 

close to the date when CMR is performed [150]. Therefore, given the analogous extracellular nature 

of GBCAs used for CMR and iodine-based contrast agents used for CT, some authors proposed a novel 

method for evaluating ECV from contrast-enhanced CT examinations, using both a baseline 

acquisition, and a delayed, post-contrast equilibrium scan. 
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The assessment of ECV in cardiac pathology has provided interesting insight, with its gaining 

prominence as a biomarker of both cardiac involvement and prognosis [151]. Nevertheless, while 

cardiovascular diseases are still the main cause of global morbidity and mortality, the incidence of 

malignant tumors is rapidly increasing, and the two entities cannot be considered entirely separate 

due to both having common risk factors, and to the potential cardiac toxicity of numerous cancer 

treatments [152]. Therefore, the aim of this section of the work was to evaluate the role of ECV as a 

biomarker of cardiotoxicity in patients undergoing cancer treatment, to ascertain whether its 

assessment could help identify patients more likely to encounter adverse effects, and tailor their 

treatment accordingly.  
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Native T1 mapping and extracellular volume fraction as CMR 

biomarkers of cancer treatment cardiotoxicity: a systematic 

review 

(under review) 

Background 

Mortality from most types of cancer has greatly decreased in the last years, due to the improvement 

in screening programs and, more importantly, in treatment efficacy [153]. However, cancer 

treatments yield a significant burden of side effects, among which cardiovascular complications 

arising from non-reversible cardiotoxicity are a major concern [154]. The main treatments 

associated with cardiotoxicity are chemotherapy with anthracyclines, radiation therapy, and 

targeted therapies such as monoclonal antibodies [155].  

Cardiotoxicity from cancer treatment is defined as a decline of 10% or more in left ventricular 

ejection fraction (LVEF) during or after treatment. Nevertheless the heart presents a significant 

functional reserve, thus substantial damage may occur before an overt LVEF reduction [156]. The 

American Heart Association/American College of Cardiology guidelines [157,158] for anthracycline-

induced cardiotoxicity monitoring recommend the use of radionuclide imaging, including multi-

gated acquisition scans, and echocardiography for LVEF monitoring. Over the years, different 

potential biomarkers have been proposed, however none so far has yielded high accuracy in 

detecting subtle myocardial changes before overt heart failure in clinical practice [159]. 

In recent years, parametric mapping techniques from CMR emerged as tools to assess 

myocardial tissue composition. In particular, native T1 (nT1) mapping techniques provide non-

contrast T1 relaxation times for the whole myocardium on a voxel-by-voxel basis [2]. Increases in 

nT1 may be expected in case of oedema or fibrosis, which are the macroscopic signs of cellular death 
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by apoptosis and necrosis. Extracellular volume fraction (ECV) reflects the percentage of the heart 

that is not composed by cells, and thus ECV too increases in presence of oedema or extracellular 

deposition, such as in fibrosis or amyloidosis [160]. Myocardial nT1 mapping and ECV present as two 

emerging biomarkers that allow cardiac tissue characterization, their values rising with interstitial 

expansion in conditions such as myocardial inflammation or fibrosis [145]. Both nT1 mapping and 

ECV showed a good correlation with histological findings [161]. As cardiotoxicity from cancer 

treatment is represented by cardiomyocyte death which eventually leads to fibrosis, such techniques 

may allow an early and accurate detection of subtle changes in the myocardial tissue.  

Therefore, the aim of this systematic review was to investigate the studies exploring the role of 

native T1 mapping and ECV as biomarkers of cardiotoxicity to better understand their clinical role in 

this setting. 

Methods 

Search strategy and eligibility criteria 

Ethics committee approval was not required for this systematic review. The systematic review was 

reported according to the Preferred Reporting Items for Systematic reviews and Meta-Analyses 

(PRISMA) statement [162] and the study was registered on ResearchGate.  

In October 2019, a systematic search on EMBASE (Excerpta Medica dataBASE, embase.com) and 

PubMed (U.S. National Library of Medicine, pubmed.ncbi.nlm.nih.gov) for articles on the use of CMR-

derived T1 mapping and ECV as a cardiotoxicity biomarker.  

The search string adopted included MeSH terms and candidates such as ‘neoplasms’, 

'chemotherapy', 'radiotherapy', 'nuclear magnetic resonance imaging', and 'extracellular volume 

fraction'. The search was limited to unique articles describing original studies performed on human 

subjects with available abstract and written in the English language. No limits were applied to 

publication date.  

Data extraction 
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Two readers (with 3 and 2 years of experience in CMR), in consensus, performed a first selection 

based on title and abstract only. All selected articles, including those with abstracts lacking complete 

information to determine exclusion/inclusion, were then downloaded, and, after full-text screening, 

only those reporting CMR nT1 mapping or ECV values after or during cancer treatment were 

included. Lastly, references from the included articles that could potentially meet the inclusion 

criteria were subsequently manually screened. 

The same researchers who performed the literature search independently extracted all data and 

disagreements were resolved by consensus. For each included article, when available, the following 

data were extracted: year of publication and country of origin, study design (prospective or 

retrospective), population demographics and clinical data (e.g. gender and LVEF), type of malignancy 

and treatment, CMR protocol, values of myocardial nT1 mapping, and ECV.  

Results 

Study selection 

From 271 initially retrieved articles, 28 were included after the first selection based on article title 

and abstract. Out of the excluded articles, 111 referred to a non-cardiac extracellular volume (i.e. 

hepatic), 79 were case reports, 29 were reviews, and 24 did not report results from CMR. Out of the 

28 articles included at the first selection, 17 did not report ECV or T1 values in the full text, leading 

to a final number of 11 included papers.  

Included works [163–173] were published between 2013 and 2019, and all but one [165] had a 

prospective design. Three studies included only patients with breast cancer [167,168,170], one 

studied patients with oesophageal cancer [172], while the others included patients with mixed types 

of neoplasm, most commonly breast, hematologic malignancies and sarcomas. Concerning cancer 

treatment, 8 articles analysed the cardiotoxic effects of anthracyclines [163–168,170,171], 1 focused 

on radiation therapy [172], 1 on bortezomib-based regimens [169], and 1 on different treatment 

combinations [173]. 
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Scans were performed in 1.5-T (n = 4) and 3-T systems (n = 5); two studies did not report this 

data. Clinical and MRI data for each study are reported in Table 12 and Table 13, respectively. 

Native T1 quantification 

We analyzed 8 studies reporting myocardial nT1 values [164–167,170–173], with findings 

summarized in Figure 17. 

 

Figure 17 Values of myocardial nT1 reported among the included studies 

Most of the included works observed a trend towards the increase of nT1 values with cancer 

treatment. Jordan et al. [166] found elevated nT1 in cancer patients before and after treatment with 

anthracyclines, compared to healthy controls (1058 ± 7 ms and 1041 ± 7 ms, respectively vs 965 ± 3 

ms, p < 0.01). Tham et al. [164] observed an elevated post-treatment nT1 (1155.3 ± 56.5 ms) in 30 

patients treated with anthracyclines. Harries et al. [165] found an elevated nT1 in 13 patients treated 

with anthracyclines (1023 ± 28 ms vs 1092 ± 20 ms), with a concomitant rise in LVEF. Takagi et al. 

[172] observed a significant rise in nT1 in patients with esophageal cancer treated with radiation 

therapy, in particular, concerning the basal septum, which was included in the radiation field: nT1 

was 1183 ± 46 ms at baseline, 1257 ± 35 ms six months after treatment and 1238 ± 56 ms eighteen 

months after treatment. Haslbauer et al. [173] found a nT1 of 1137 ± 61 ms in patients treated with 
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anthracyclines for breast cancer within the previous 3 months, and of 1121 ± 46 ms in those treated 

more than 1 year before.  

Conversely, other works found no differences in nT1 values after cancer treatment. For instance, 

Kimball et al. [170] reported a nT1 of 935 ± 48 ms, well within normal limits, 5 years after the end of 

treatment with anthracyclines and trastuzumab. On a similar note, Heck et al. [167] observed normal 

nT1 values before (from 1004 ± 33 ms and 1006 ± 31 ms) and after treatment with low and high 

anthracycline doses (1012 ± 34 ms and 1006 ± 31 ms, respectively), without significant differences. 

Additional evidence revealed a decrease in nT1 soon after treatment with anthracyclines. One 

retrospective study by Muehlberg et al. [171] observed significantly decreased nT1 values were 

(956.5 ± 29.2 ms, p < 0.01 vs pre-treatment) in a subgroup showing cardiotoxicity, but not in the 

other subgroup not showing cardiotoxicity (978.4 ± 57.4 ms; p = 0.08 vs pre-treatment).  

Extracellular volume 

We reviewed eight studies analyzing the role of ECV as a cardiotoxicity biomarker [163,164,166–

169,171,172]. Findings from such works are reported in Figure 18. 

 

Figure 18 Values of extracellular volume (ECV) reported among the included studies. Of note, the work by Tham et al. 
includes a pediatric population, where ECV is generally lower than adults 
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Most studies found evidence that ECV may be a viable early biomarker of cardiotoxicity, with 

increased values after chemotherapy compared to healthy controls or patients’ previous own values. 

In the work by Neilan et al. [163] the average myocardial ECV was higher in patients treated with 

anthracyclines with preserved LVEF compared to 15 age- and sex-matched healthy controls (36 ± 

2% vs 28 ± 2%, p < 0.001). Similarly, Muehlberg et al. [171] found that ECV in patients with 

cardiotoxicity rose significantly from 27.5 ± 2.7% at baseline to 29.8 ± 1.7% at treatment completion. 

Furthermore, Heck et al. [167] described that ECV rose from 27.5 ± 2.7% to 28.6 ± 2.9 % in patients 

treated with epirubicin for breast cancer, and from 27.3 ± 3.1% to 30.6 ± 3.7% in patients treated 

with higher epirubicin doses. Jordan et al. [166] found ECV to be borderline significantly higher in 

patients treated with anthracyclines (30.4 ± 0.7%) than non-anthracycline patients (29.5 ± 1%, p = 

0.11). Moreover, ECV in anthracyclines patients was significantly higher than in cancer patients 

before treatment (27.08 ± 0.70%, p < 0.01) and healthy controls (26.9 ± 0.2%, p < 0.001). Ferreira de 

Souza et al. [168] performed CMRI on women with breast cancer treated with anthracyclines 

registering a baseline LVEF of 69.4 ± 3.6% and ECV of 32 ± 3.8%. ECV increased at all follow up times, 

peaking at a value of 36 ± 4% 351 to 700 days after the end of treatment (p = 0.0035) and was 

associated with a reduction in LVEF of more than 10%. ECV as an early biomarker of cardiotoxicity 

was also investigated for radiation therapy: Takagi et al. [172] studied 24 esophageal cancer patients 

who underwent chemoradiotherapy. In the basal septum, ECV rose significantly to 33 ± 3% on 21 

patients at 6 months, whereas at 1.5 years on 14 patients it was not elevated compared to baseline. 

Other studies did not observe differences in ECV related to cancer treatment. One study by Tham 

et al. [164] did not find an impaired ECV in 30 cancer survivors aged 15.2 ± 2.7 years who had been 

treated with anthracyclines, in remission for at least two years. Nevertheless, ECV value correlated 

with anthracycline doses (r = 0.40, p = 0.036). ECV was also appraised in one study investigating the 

potential cardiotoxicity of bortezomib, a proteasome inhibitor, which saw no difference in ECV values 

between baseline and end of treatment [169]. 
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Discussion 

Cardio-oncology is an emergent cross-disciplinary field [174]. Even though comorbidity of cancer in 

patients with cardiovascular disease and vice versa is a very large topic fueled by increasing longevity 

worldwide, cardio-oncology is mainly considered a kind of “collaborative subspecialty focused on the 

prevention, management and mitigation of cardiovascular disease in cancer patients in order to 

achieve optimal patient outcomes” [175]. In this framed field, cardiotoxicity from anti-cancer 

treatment occupies a central position. 

Currently, cardiotoxicity is monitored through recurrent echocardiographic examinations, and 

detected by a decline in LVEF [176]. Nevertheless, LVEF decreases only when the systolic function is 

considerably damaged, thus such monitoring only detects overt cardiotoxicity, and does not allow 

early identification of high-risk patients. 

For this purpose, different biomarkers have been proposed. For instance, different studies 

assessed the role of troponin I as indicating cardiac damage, albeit with inconsistent results among 

different neoplasms and treatment, likely due to the fact that troponin I responds to early cardiac 

damage rather than fibrosis [177,178]. Similarly, natriuretic peptides have been studied in patients 

treated with trastuzumab, anthracyclines or radiation therapy, again with varying results [179,180]. 

Other imaging techniques, such as nuclear medicine, have been proposed for the early detection 

of cardiotoxicity. For instance, multiple gated acquisition scintigraphy, which allows LVEF 

estimation, has been utilized as a surrogate of echocardiography [181]. Nevertheless, such 

techniques imply a substantial radiation exposure, and bears the same limitations of 

echocardiography, identifying cardiotoxicity only when it has already caused overt functional 

damage. 

More recently, MR myocardial tissue characterization techniques such as nT1 and ECV have been 

proposed as early biomarker of cardiotoxicity [2]. A rise in nT1 is expected in the presence of edema 

or protein deposition as in fibrosis, while a fall in nT1 in the case of iron or fat accumulation [182]. A 
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rise in ECV reflects myocardial interstitial expansion as in myocardial fibrosis or amyloidosis [149], 

whereas a decrease is associated with thrombus or lipomatous metaplasia [145]. Normal myocardial 

nT1 values in healthy subjects have been estimated to be 976 ms (95% confidence interval [CI] 

969−983 ms) in a meta-analysis by Gottbrecht et al. [183]. With regards to ECV, the reference 

normality interval obtained from a recent meta-analysis [148] ranges from 19.6 to 31.6%, with a 

point estimate of 25.6%. 

Concerning the role of nT1 as a biomarker of cardiotoxicity, there seems to be a rise of nT1 in 

association to cancer treatments that yield known cardiovascular adverse effects, such as 

anthracyclines and radiation therapy [164–166,172,173]. This rise in nT1 is expected, as 

cardiotoxicity from such treatment options ultimately leads to cell death by apoptosis or necrosis, 

and thus myocardial edema and fibrosis, the latter of which is irreversible [184]. In fact, the 

persistence of the rise of nT1 of the irradiated portion of the heart at follow-up observed by Takagi 

et al. [172] for esophageal cancer patients undergoing radiation therapy confirms this hypothesis. In 

most of the studies reporting increases in nT1, the fact that LVEF was well within normal range 

suggests that the variation of nT1 may be an early biomarker, capable of detecting changes related 

to cardiotoxicity such as edema or fibrosis before cardiac function is impaired.  However, not all 

evidence is in agreement in detecting a rise in nT1 after treatment [167,170]. This may be explained 

by the fact that relative changes in nT1 consequent to cardiotoxicity were (relatively) small 

compared to its absolute value. Moreover, nT1 mapping is unable to identify extracellular space, thus 

it may be of limited utility in an early inflammatory phase [185]. 

Regarding the potential role of ECV as a biomarker of cardiotoxicity, an increase in ECV was 

consistently found across all the analysed studies [163,166–168,171] assessing anthracycline-based 

chemotherapy, and its increased value was found to be consequently related to anthracycline doses 

[164,167]. Such a rise was expected, as the key mechanism of anthracycline cardiotoxicity is myocyte 

death via necrosis or apoptosis [181], resulting in myocardial fibrosis. Moreover, after 
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chemotherapy, ECV was found to be elevated both in patients with normal LVEF [163,166,167] and 

in those with impaired LVEF [163,168,171], with a greater rise in patients who developed 

cardiotoxicity. This suggests the ability of ECV to detect not only overt, but also subtle changes in 

myocardial composition that might be compensated from a functional viewpoint. 

Thus, considering both biomarkers, it may seem that ECV might have an edge over nT1, because 

even though the latter does not require contrast agent administration, the former has shown to 

associate to patient prognosis [186], and may therefore provide additional clinical information. 

Additionally, ECV does not depend on magnetic field strength, whereas nT1 does, leading to 

difficulties in establishing global reference ranges [145]. Moreover, while the evaluation of nT1 

pertains only to MRI, the evaluation of ECV can also be performed at computed tomography (CT) 

[160], which may prove to be advantageous as chest CT is already included in the workflow for 

diagnosis and follow-up of a number of different neoplasms [187]. CT-derived ECV has shown strong 

correlations to MRI-derived ECV [150], thus findings related to the role of ECV in monitoring cardiac 

toxicity from cancer treatment may potentially translate from MRI to CT, and the two modalities 

could also be used interchangeably for monitoring cardiotoxicity according to clinical needs. Patients 

with certain cardiac pathologies or an increased myocardial fibrosis, who are at higher risk of 

treatment-related cardiotoxicity, may present with a higher ECV, so screening patients for ECV before 

cancer treatment may potentially identify high-risk subjects, in need of stricter monitoring. More so, 

ECV could be monitored in patients undergoing cancer treatment, so that any subclinical dysfunction 

represented by ECV raises may be promptly detected, and appropriate actions could be undertaken. 

The studies included in our review displayed high heterogeneity concerning both clinical and 

technical aspects of nT1 and ECV analysis. In fact, despite anthracyclines being the most commonly 

treatment regimen studied in association to cardiotoxicity, the study groups included in the review 

had different types of cancer and underwent different treatment regimens. Moreover, nT1 and ECV 

were assessed with different MRI units with different magnetic field strengths and different pulse 
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sequences and contrast agents. Follow-up timings were not uniform and the relationship with LVEF 

was not analysed within the same framework. This led to the difficulties in conducting a reliable 

meta-analysis on both nT1 or ECV values, and thus the lack of reference values indicating early 

cardiac damage, allowing to only draw conclusions concerning potential trends. 

Future prospective studies may be conducted to determine whether and to what extent 

monitoring ECV may help prevent or treat cardiotoxicity stemming from cancer therapy. In 

particular, imaging studies might be performed before starting cancer treatment to obtain baseline 

reference values for each patient, and then at predetermined intervals during treatment, after 

treatment and at follow-up. More so, clinical events should be registered, so to potentially find a 

minimum ECV variation related to clinical adverse outcomes. 

In conclusion, data from literature suggest that nT1 and ECV well reflect early subclinical 

changes in the myocardial structure associated to cancer treatment cardiotoxicity. Further studies 

on large samples with more standardised clinical and technical parameters and follow-up timings 

are warranted to identify reference values that indicate the occurrence of cardiac changes related to 

cardiotoxicity. This may allow a timely detection of patients at risk, thus permitting the 

implementation of measures to prevent overt treatment-related cardiac pathology.  
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Table 12 Study characteristics for the works included in the review. LVEF: left ventricular ejection fraction; AC: anthracyclines 

Name Study design Study group Country Cancer location or type N. N. females Age Time from treatment Drug 

Neilan 2013 Prospective 

All patients 

US lymphoma, leukemia, breast, bone 

42 21 55  

anthracycline Subgroup: preserved LVEF 28 15 56 83 ± 30 months 

Subgroup: reduced LVEF 14 6 56 105 ± 49 months 

Healthy controls 15 8 56 89 ± 40 months none 

Tham 2013 Prospective Children Canada lymphoma, leukemia, bone, kidney 30 15 15 7.6 ± 4.5 years anthracycline 

Jordan 2016 Prospective 

Healthy controls 

US breast, hematologic, sarcoma 

236 140   

anthracycline 
Subgroup: newly diagnosed 37 25   

Subgroup: AC cancer survivors 37 29  3.0 ± 1.5 years 

Subgroup: non-AC survivors 17 17  2.6 ± 0.9 years 

Heck 2017 Prospective 

Subgroup: Candesartan 

Norway breast 

38 38   

anthracycline 

Placebo 31 31   

All patients 69 69   

AC Low dose 58 58   

AC High dose 11 11   

Ferreira de Souza 2018 Prospective All patients US breast 27 27  700 days anthracycline 

Heitner 2018 Prospective All patients US multiple myeloma 11 4 55 >3 months 
bortezomib-based 

regimens 

Kimball 2018 Prospective All patients Australia breast 26 26 53 60 ± 12 months 
anthracycline, 
trastuzumab 

Muehlberg 2018 Prospective 
non-aCMP 

Germany sarcoma 
14   4 weeks 

anthracycline 
aCMP 9   4 weeks 

Takagi 2018 Prospective 

basal septum  

Japan esophagus 

24 10 63  

cisplatin+5FU+radiation 

therapy 

basal septum, 0.5y 21    190 ± 20 days 

basal septum, 1.5y 14   557 ± 13 days 

apical lateral wall 24 10 63  

apical lateral wall, 0.5y 21    190 ± 20 days 

apical lateral wall, 1.5y 14    557 ± 13 days 

Haslbauer 2019 Prospective 

All patients 

Germany any 

115 60 59  

any 

early (within 3 months) 52   <3 months 

late (>12 months) 63   >12 months 

Controls 57 31 54  

Longitudinal group 25    

Harries 2019 Retrospective 
normal T1 

UK any 
23   5 years 

anthracycline 
increased T1 13   5 years 
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Table 13 Cardiac magnetic resonance (MR) data for studies include in the review. MFS: Magnetic field strength; LVEF: left ventricular ejection fraction; ECV: 
extracellular volume fraction; nT1: native T1

Name Study group MR unit MFS (T) Contrast agent Dose (mmol/kg) MR-LVEF (%) MR-LVEF post ECV (%) ECV post (%) nT1 (ms) nT1 post (ms) 

Neilan 2013 

All patients 

Tim Trio (Siemens) 3 gadopentetate dimeglumine 0.15 

 52 ± 12  36 ± 3   

Subgroup: preserved EV  58 ± 8  36 ± 2   

Subgroup: reduced EF  38 ± 8  38 ± 3   

Healthy controls  62 ± 5   28 ± 2   

Tham 2013 Children Sonata (Siemens) 1.5 gadopentetate dimeglumine 0.125  57.6 ± 4.9  20.7 ± 3.6  1155.3 ± 56.5 

Jordan 2016 

Healthy controls 

Magnetom Avanto (Siemens) 1.5 
gadopentetate 

dimeglumine/gadoteridol 
0.15 / 0.2 

61±7  26.9 ± 0.2  965 ± 3  

Subgroup: newly diagnosed 63±8  27.8 ± 0.7  1058 ± 7  

Subgroup: AC cancer survivors  53±9  30.4 ± 0.7  1041±7 

Subgroup: non-AC survivors  60±7  29.5 ± 1.0  1041±10 

Heck 2017 

Subgroup: Candesartan 

Achieva (Philips) 1.5 gadolinium-DOTA 0.2 

62.0 ± 4.5 61.5 ± 4.7 27.4 ± 2.7 28.7 ± 3.1 1005 ± 31 1011 ±35 

Placebo 63.9 ± 4.4 60.7 ± 4.1 27.6 ± 2.6 28.6 ± 2.8 1004 ± 33 1011 ± 32 

All patients 62.8 ± 4.6 61.1 ± 4.4 27.5 ± 2.7 28.6 ± 2.9 1005 ± 32 1011 ± 33 

AC Low dose 62.6 ± 4.2 61.6 ± 4.3 27.5 ± 2.6 28.3 ± 2.6 1004 ± 32 1012 ± 34 

AC High dose 63.9 ± 6.3 58.8 ± 4.6 27.3 ± 3.1 30.6 ± 3.7 1006 ± 31 1006 ± 31 

Ferreira de Souza 2018 All patients Achieva (Philips) 3 gadoterate dimeglumine 0.2 69.4 ± 3.6 57.5 ± 6.1 32 ± 4 36 ± 4   

Heitner 2018 All patients Tim Trio (Siemens) 3 macrocyclic gadolinium chelate  0.15 62.65 ± 5.01  31 33   

Kimball 2018 All patients     72.2 ± 6.6 65.4 ± 9.3   
 935 ± 48 

Muehlberg 2018 
non-aCMP 

Avanto Fit (Siemens) 1.5 gadoteridol 0.2 
59.2 ± 10.2 58.3 ± 7.8 26.4 ± 2.0 29.4 ± 1.6 991 ± 56 1006 ± 41 

aCMP 63.5 ± 5.8 49.9 ± 5.0 27.5 ± 2.7 29.8 ± 1.7 1002 ± 38 1022 ± 43 

Takagi 2018 

basal septum  

Tim Trio (Siemens) 3 gadopentetate dimeglumine 0.15 

63 ± 9 t1: 65 ±12, t2: 61 ± 11 26 ± 3  1184 ± 46  

basal septum, 0.5y   27 ± 4 33 ± 3 1194 ± 61  1262 ± 32  

basal septum, 1.5y   26 ± 3  1183 ± 46  1238 ± 56 

apical lateral wall 63 ± 9 t1: 65 ±12, t2: 61 ± 11 26 ± 3  1128 ± 37  

apical lateral wall, 0.5y   27 ± 4 28 ± 4 1135 ± 44 1125 ± 40 

apical lateral wall, 1.5y   25 ± 3  1126 ± 53  

Haslbauer 2019 

All patients 

Achieva (Phillips) / Skyra (Siemens) 3 N.A. 

       

early (within 3 months)   55 ± 11    1137 ± 61 

late (>12 months)   48 ± 12    1121 ± 47  

Controls  60 ± 7     1053 ± 21  

Longitudinal group        

Harries 2019 
normal T1 

Avanto (Siemens) 1.5 N.A. 
      1023 ± 28 

increased T1   44 ± 13    1092 ± 20 
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Assessment of myocardial extracellular volume on body computed 

tomography in breast cancer patients treated with anthracyclines 

(from Monti CB, Zanardo M, Bosetti T, Alì M, De Benedictis E, Luporini A, Secchi F, Sardanelli F - 

Quantitative Imaging in Medicine and Surgery 2020) 

Background 

Breast cancer (BC) is the most common cancer in women, with 523,000 new cases and 138,000 

deaths in Europe in 2018 [188]. The average woman has a 1 in 8 chance of developing BC in their 

lifetime [189]. 

Among BC patients, anthracyclines represent a treatment mainstay, used to manage both early 

state and metastatic disease [187,190]. However, anthracyclines may cause cardiotoxicity 

ultimately leading to myocardial fibrosis, with cumulative effect (thought to be irreversible), and no 

options for a safe dosage [191]. Fibrosis may lead to asymptomatic left ventricular ejection fraction 

(LVEF) drops, hypertension, arrhythmias, QTc-interval prolongation, overt heart failure or 

myocardial ischemia [192,193]. 

Even though different potential biomarkers for chemotherapy cardiotoxicity have been 

proposed, none has so far been proved to be able to timely detect subclinical myocardial changes 

[176]. Therefore, there is a need for reliable and sensitive biomarkers, which could allow an early 

detection of myocardial changes, to guide physicians to act for the prevention of cardiac 

dysfunction in women at risk [194]. Detecting cardiotoxicity in a timely manner would in fact allow 

physicians to undertake preventive measures such as the administration of Dexrazoxane [195]. 

Extracellular volume (ECV) is an imaging biomarker which reflects the percentage of 

myocardium not constituted by cells and can increase in presence of fibrosis, inflammation or 

pathological depositions such as those of amyloidosis [2,145]. When assessed CMR through 

dedicated pulse sequences, ECV has been shown to correlate well with histological collagen volume 
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fraction, and an increase of ECV represents a risk factor for heart failure or cardiac-related death 

[196,197]. Normal value ranges have been proposed as a reference for CMR-derived ECV [148,183].  

Over the last few years, ECV calculation by computed tomography (CT) has also been proposed 

[150]. So far, CT-derived ECV has only been assessed through dedicated cardiac CT examinations 

[150]. Bandula et al. [160] have shown that CT-derived ECV displays a robust correlation with both 

CMR-derived ECV and histological findings. 

In the guidelines for clinical management of BC, contrast-enhanced chest CT is recommended 

for staging or restaging at all clinical stages if pulmonary involvement is suspected, and it is always 

recommended for clinical stage III patients, albeit not being recommended for screening of disease 

recurrence in asymptomatic patients [187]. Oncologic CT protocols may include a non-contrast 

scan, an arterial phase scan, a portal-venous phase scan at 1 min after contrast administration and 

delayed-phase scans from 3 min after contrast administration [198], either on both chest and 

abdomen or on the abdomen only. Notably, a standard contrast-enhanced chest CT allows for the 

visualization of the heart. The left ventricle is usually at least partially visible even in abdominal 

scans.  

A key topic in this context is major relevance of cardiac disease in BC survivorship. Older 

women diagnosed with BC are almost equally likely to die because of cardiovascular disease as they 

are to die because of BC [199].  

Thus, the aims of our study were: 1) to assess whether BC treatment with anthracyclines was 

associated to an increase in ECV even without clinical, echocardiographic, or electrocardiographic 

signs of cardiac damage; and 2) to appraise whether any increase in myocardial ECV after 

treatment remained unchanged at follow-up.  

Methods 

Ethical statement and study design 
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The local Ethics Committee approved this study (Ethics Committee of San Raffaele Clinical Research 

Hospital; protocol code “CardioRetro”, number 122/int/2017; approved on September 14th, 2017 

and amended on May 10th, 2018). This study was partially supported by Ricerca Corrente funding 

from the Italian Ministry of Health to IRCCS Policlinico San Donato. Due to the retrospective nature 

of this study, specific informed consent was waived.  

Study population 

All patients who had undergone chemotherapy including anthracyclines for BC at our institution 

between May 2012 and May 2018, whose contrast-enhanced CT examinations prior to and no longer 

than 5 months after the end of anthracycline treatment were available in our database, were 

included. All patients had been treated according to guidelines [187], and anthracycline treatment 

had been administered in intravenous bolus for 5 min, once every three weeks. Treatment would 

have been postponed for one week if neutrophils were under 1500/mm3, and the dose would have 

been reduced to 75% in case of febrile neutropenia. As per clinical recommendations, CT 

examinations were performed for staging and re-staging patients advanced stage disease, or in 

patients with symptoms of potential pulmonary involvement. 

Exclusion criteria were the lack of haematocrit values obtained from 4 weeks before to the date 

of the pre-treatment CT examination, and further than 4 weeks for subsequent examinations or 

intercurrent surgeries or blood transfusions in the time between haematocrit measurements and CT 

scans. Other exclusion criteria were incomplete heart scans or the presence of artefacts in the 

longitudinal view of the heart in the unenhanced scan or in any of the contrast-enhanced scans. 

Moreover, patients who had undergone radiation therapy for cancer in the left breast were excluded 

due to its potential for cardiotoxicity which may lead to potential confounding [200]. Patients also 

underwent an electrocardiogram and echocardiography, and patients with underlying cardiac 

pathology were excluded. 
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For follow-up assessment, we considered all patients who had undergone an additioanl contrast-

enhanced CT examination at least 5 months after the end of anthracycline chemotherapy and at least 

3 months after the first follow-up CT, so that any leftover oedema from acute toxicity should have 

resolved [201], At this stage, we excluded those who had undergone radiation therapy in the left 

breast or other cardiotoxic chemotherapy or targeted therapy (i.e., trastuzumab), and those who 

either lacked haematocrit values no further than 4 weeks from CT examination, or underwent 

surgery or blood transfusion in the time between haematocrit measurements and CT scans. 

CT acquisition protocol 

Patients were studied using one of two CT scanners, one 64-slice unit and one 16-slice unit. For the 

64-slice CT unit (Somatom Definition, Siemens), the following technical parameters were used: tube 

voltage 120 kVp; tube current from 100 to 200 mAs, depending on automatic exposure control 

system (CARE Dose 4D, Siemens); rotation time 0.5 s; pitch 1; kernel reconstruction technique B30f 

medium smooth. For the 16-slice CT unit (Emotion 16, Siemens), the following technical parameters 

were used: tube voltage 130 kVp; tube current from 100 to 200 mAs, depending on automatic 

exposure control system (CARE Dose 4D, Siemens), rotation time 0.5 s; pitch 1, kernel reconstruction 

technique B30f medium smooth. All patients underwent total body CT scans including the abdomen, 

at least part of the chest and the heart, and head. Slice thickness was 5 mm. 

An iodinated contrast agent (iopamidol, Iopamiro 370; 370 mg I/mL; Bracco Imaging) was 

injected intravenously at a dose of 1.2 mL/kg through a 20-gauge needle using an automatic injector 

(EmpowerCTA Contrast Injection System, Bracco Imaging) at the rate of 3 mL/s, followed by 50 mL 

of saline solution at the same rate. 

Scan delay was determined using an automated triggering hardware and a dedicated software 

(Bolus Tracking, Siemens). Specifically, low-dose monitor images were obtained in a single axial slice 

of the aorta after contrast injection. After obtaining a pre-contrast scan, when the descending aorta 

enhanced more than 100 HU, the first contrast-enhanced series was acquired (arterial phase, about 
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15‒18 s after contrast injection). Afterwards, additional scans were acquired for obtaining portal 

venous (1 min after contrast injection) and delayed phases at 7 min after contrast injection. 

Patients were instructed to hold their breath during acquisition and craniocaudal (top-down) 

scanning was the preferred direction for all scans. Radiation doses were reported using dose-length 

product (DLP), expressed in mGy×cm, and the total DLP value per patient were extracted. 

Image analysis  

All images were reviewed by a reader with 2 years of experience in body CT, and half of them, 

randomly chosen, were reviewed by another reader with 3 years of experience. First, the observer 

chose the best slice to visualize a longitudinal view of the cardiac chambers. Then, measurements 

were obtained by manually placing a round region of interest (ROI) as large as possible in the mid-

level ventricular septum and a second ROI in the intraventricular blood pool at the same level, again 

as large as possible but avoiding papillary muscles (based on contrast-enhanced scans). This was 

done on scans acquired at 1, and 7 min, as shown in Figure 19. Concerning unenhanced scans, ROI 

placements were copied from the 1 min scan, and placed in the same positions. Then subtle 

adjustments were performed considering density, as the myocardium is slightly denser than the 

blood on basal scans, as shown in Figure 20. As scans were not synchronized to an 

electrocardiogram, while placing ROIs, cardiac movement was considered: ROIs were mainly placed 

in the middle of the septum, excluding the boundaries close to the intraventricular blood pool.  

Septal ECV was calculated using the following formula, according to Bandula et al. [14]: 

 𝐸𝐶𝑉 = (1 − ℎ𝑎𝑒𝑚𝑎𝑡𝑜𝑐𝑟𝑖𝑡) ∙ [(𝐻𝑈𝑚𝑦𝑜𝑝𝑜𝑠𝑡
− 𝐻𝑈𝑚𝑦𝑜𝑝𝑟𝑒

) (𝐻𝑈𝑏𝑙𝑜𝑜𝑑𝑝𝑜𝑠𝑡
− 𝐻𝑈𝑏𝑙𝑜𝑜𝑑𝑝𝑟𝑒

)⁄ ] 

where: myo = myocardium; pre = pre-contrast; post = post-contrast. 
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Figure 19 Examples of regions of interest used for extracellular volume estimation, in computed tomography scans in a 
77-year-old woman: A (at 1 min); B (at 7 min). 

 

 

Figure 20 Depiction of region of interest placement on basal and 1 min post-contrast scan in a 30-year-old female 
patient. The regions of interest were first placed in the 1 min scan, where the myocardium and blood were more clearly 

discernible, and then copied in the same positions in the basal scan. 
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Moreover, we also recorded standard deviation (SD) for each ROI placed in the myocardium, and 

SD of background air as a measure of background noise, to appraise a potential contamination of 

measurements of myocardial HUs by motion artifacts and subsequent presence of blood in the ROI. 

An example of ROI placement in presence of motion artifacts is shown in Figure 21. 

 

Figure 21 Region of interest placement in a 62-year-old female patient, presenting motion artifacts involving the heart. 
The region of interest was placed in the mid-septum, excluding the areas closer to the ventricular cavity, where blood 

contamination was expected. 

 

Statistical analysis 



78 
 

Continuous variables were tested for normality with the Shapiro-Wilk test. Parametric data were 

reported as mean ± standard deviation, while non-parametric data were reported as median and 

interquartile range (IQR). 

Inter-reader reproducibility of CT-derived ECV was assessed in a subset of randomly chosen 

patients on the pre-treatment scans, with a two-way, mixed-effects interclass correlation coefficient 

(ICC). ICCs were reported and interpreted according to Koo and Li [202].  

Correlations were studied with Pearson r or Spearman ρ with regards to data normality. 

Correlation coefficients were interpreted according to Evans [203]. When correlations between ECV 

at different timings were present, Bland-Altman analyses were conducted to evaluate data 

consistency. Differences were appraised with t-test when variables were normal, or with Wilcoxon 

test when variables were not normal. 

Potential contamination of the HU of the myocardial ROIs was studied comparing the ratio 

between myocardial HU SD and background noise, represented by the SD of background air, to 1, 

with a one-sample parametric or non-parametric test, t-test or Mann-Whitney U respectively, with 

regards to data distribution. 

Statistical analysis was performed with SPSS v20 (IBM SPSS Inc.). P-values < 0.05 were 

considered as significant [127]. 

Results 

Study population 

Based on the availability of studies, 42 female patients were originally considered for analysis. After 

the application of exclusion criteria, our population for ECV assessment before and after treatment 

was composed by 32 patients. From the initial population, 8 patients were excluded due to 

haematocrit values being out of the desired time interval, 1 due to incomplete CT scans, and 1 since 

she underwent left radiation therapy. For ECV follow-up, 13 patients were excluded for the lack of an 

additional CT examination at appropriate timing and 8 since they underwent left radiation therapy 
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between the two CT examinations, leading to 32 patients being available for ECV comparison 

between pre- and post-chemotherapy, and 11 patients available for follow-up analysis (Figure 22). 

 

Figure 22 Flowchart describing patient selection. From the initial population of 42 women complying to inclusion 
criteria, 10 patients were excluded due to: lack of close haematocrit values (n =8); pre-treatment scan not including any 
analysable portion of the heart (n=1); intercurrent radiation therapy to the left breast (n=1). After the post-treatment 
evaluation, 21 additional patients were excluded due to: lack of a further computed tomography examination or close 

haematocrit (n=13); intercurrent radiation therapy to the left breast (n=8). 

 

Age at the first CT was 57 years ± 13 years; 29 patients had an infiltrating ductal carcinoma, 2 a 

poorly differentiated carcinoma, and 1 a neuroendocrine breast carcinoma. All patients had stage II 

or higher disease. Mean haematocrit before chemotherapy was 38% ± 4%, while electrocardiogram 

and echocardiography showed no abnormal findings, and LVEF at echocardiography was 64% ± 6%. 

Baseline characteristics of the study population are presented in Table 14. No subject showed 

cardiotoxicity during or after anthracycline treatment, with cardiotoxicity defined as a decrease in 

LVEF of more than 10% to below the lower limit of normal [204]. No subject experienced symptoms 
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of cardiac toxicity either. All patients underwent chemotherapy with dosages adjusted to body 

weight and body surface area according to clinical guidelines [3]. No patient received reduced doses 

or less treatment cycles due to toxicity. 26 patients received Epirubicin at 90 mg/m2 per cycle (total 

4 cycles) for a total dose of 360 mg/m2; 4 patients received mitoxantrone at 10 mg/m2 per cycle (total 

4 cycles) for a total dose of 40 mg/m2; and 2 received dosages of 60 mg/m2 of Adriamycin per cycle 

(total 4 cycles) for a total dose of 240 mg/m2. Out of 75 total CT examinations (32 pre-treatment, 32 

post-treatment and 11 at follow-up), all 75 examinations included the abdomen, part of the chest and 

the heart, and the head. DLP were highly variable due to the different CT acquisition protocols (chest 

or abdomen) and total scan volume: mean and standard deviation were 3,847±934 mGy×cm, with a 

minimum DLP value of 2,093 mGy×cm and a maximum value of 5,680 mGy×cm. 

Baseline population characteristics 

N 32 

Age (years) 57 ± 13 

Type of carcinoma:  
- infiltrating ductal 29 

- poorly differentiated 2 

- neuroendocrine 1 

Disease stage:  
- II 10 

- III 13 

- IV 9 

LVEF (%) 64 ± 6 

Hematocrit (%) 38 ± 4 

Table 14 Baseline characteristics of the study population. LVEF: left ventricular ejection fraction. 

 

Pre-treatment myocardial ECV and reproducibility 

Thirty-two patients were analysed for pre-treatment analyses. Pre-treatment ECV was 

27.0% ± 2.9% (mean± standard deviation) at 1 min, and 26.4% ± 3.8% at 7 min (Figure 23). Inter-

reader reproducibility was good at all scanning times: ICC was 0.78 (95% confidence interval [CI] 

0.39‒0.92) at 1 min, and 0.80 (95% CI 0.42‒0.93) at 7 min. 
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Pre-treatment ECV at 1 min showed a strong significant positive correlation with pre-treatment 

ECV 7 min (r = 0.743, p < 0.001). Bland-Altman analysis between ECV at 1 and 7 min showed a bias 

of 0.91% and a coefficient of repeatability of 12%.  

 

Figure 23 Boxplot depicting values of myocardial extracellular volume (ECV) at 1 min at different time points, namely 
before treatment, after treatment and at follow-up. Individual subjects ECV variations are represented by connecting lines. 

 

Myocardial ECV after therapy  

The median interval between the end of chemotherapy and the first CT after treatment was 89 days 

(IQR 23−127 days); 32 patients were analysed for post-treatment analysis. 

Post-treatment haematocrit was 35% ± 3% (mean ± standard deviation), with a significant 

decrease from pre-treatment values (p = 0.001). Post-treatment ECV was 31.1 ± 4.9% at 1 min, and 

30.0% ± 5.1% at 7 min, values significantly higher than those obtained before therapy at all scan 
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times, with p < 0.001 at 1 min, and p = 0.002 at 7 min. The average increase in ECV was 4.1% (IQR 

1.2−6.5%), and 2.7% (IQR 0.2−5.9%), respectively (see Figure 23). 

Follow-up  

The median interval from post-treatment CT to follow-up CT was 135 days (IQR 116−159 days), the 

median interval from pre-treatment CT to follow-up CT was 312 days (IQR 242-401 days); 11 

patients were analysed for follow-up analyses. 

At follow-up, haematocrit was 35% ± 3% (mean ± standard deviation). ECV was 31.0% ± 4.5% 

at 1 min, and 27.7% ± 3.7% at 7 min. There were no significant differences between follow-up and 

post-treatment ECV at 1 min (p = 0.669), and 7 min (p = 0.549). Follow-up ECV was significantly 

higher than pre-treatment ECV at 1 min (p = 0.002), but not at 7 min (p = 0.288, see Figure 23). 

Image quality of the myocardium 

The median SD of myocardial ROIs was 7.25 HU (IQR 6.26−8.60 HU) for the basal scan, 8.62 HU 

(IQR 6.74−9.91 HU) at 1 min, and 8.73 HU (IQR 7.06−10.11 HU) at 7 min. The median SD of the 

background was 8.45 HU (IQR 5.98−11.75 HU) for the basal scan, 8.98 HU (IQR 6.33−11.63 HU) at 1 

min, and 9.21 HU (IQR 6.79−11.76 HU) at 7 min. The median ratios between SD of the myocardium 

and background were 0.92 (IQR 0.66−1.18) for the basal scan, 0.96 (IQR 0.75−1.23) at 1 min, and 

0.96 (IQR 0.75−1.24) at 7 min, and neither ratio was significantly different from 1 (p = 0.187, p = 

0.921, and p = 0.817, respectively). 

Discussion 

In this study we demonstrated the feasibility of using ECV from CT scans as a biomarker of 

myocardial toxicity in oncologic patients undergoing potentially cardiotoxic chemotherapy. 

Our relatively small population can be considered representative of the average advanced BC 

patients in terms of age (57 ± 13 years). In fact, women are diagnosed with BC at a median age of 61 

years, and patients with metastatic disease undergoing chemotherapy tend to be slightly younger 

[205,206].  Considering that none of our patients was ever reported to have cardiac disease, with 
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normal electrocardiogram and LVEF at echocardiography, we can assume them to have had a healthy 

heart prior to chemotherapy. 

Our pre-treatment myocardial ECV values are in agreement with those reported by Kurita et al. 

in 14 healthy women at 7 min post-contrast injection [207], demonstrating that ECV values obtained 

by body CT are consistent with those obtained by dedicated cardiac CT. Our higher limit for ECV range 

compared to the study by Kurita et al. may be due to their stricter criteria for cardiac health condition, 

for instance excluding all subjects with a calcium scoring ≥100. The good inter-reader reproducibility 

at all scanning times suggests that CT-derived ECV should be not only accurate but also precise. The 

positive correlations between ECV measured at different times may indicate that all values are 

related to the extent of ECV. 

Patients were treated with anthracyclines according to current guidelines [187]. Although they 

were treated with different drugs, all anthracycline-based drugs have been proven to be cardiotoxic 

at such doses [208]. The significant difference in ECV between pre- and post- treatment can be 

explained by the known mechanisms of anthracycline cardiotoxicity, classified as type I damage 

according to Ewer et al. [209], leading to cell apoptosis and necrosis, thus to oedema at acute phase, 

and consequent fibrosis, both determining an increase in ECV [2]. 

The average increase in ECV we found in this study presented a wide distribution of values. This 

suggests that patients may respond differently to anthracycline treatment in terms of myocardial 

oedema and fibrosis, with some experiencing a steep increase most likely due to oedema and fibrosis 

following necrosis, and others maintaining a constant ECV. In fact, different predictors of response to 

anthracycline cardiotoxicity have been reported [210], and patients could react differently due to 

pre-existing conditions such as diabetes, overweight, smoking, or sedentary life [211]. An earlier 

identification of patients more susceptible to anthracycline cardiotoxicity may help adopting 

preventive actions, such as the administration of cardioprotectors such as Dexrazoxane [195].  
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Our follow-up results confirmed that CT-derived ECV reflects anthracycline cardiotoxicity. Of 

note, type I cardiotoxicity is considered as irreversible [209]. Thus, since our ECV values did not 

revert to pre-treatment levels months after the end of therapy, we may hypothesize for this ECV 

increase to be permanent or at least markedly prolonged. This phenomenon resulted to be clear for 

ECV values obtained at 1 min after contrast injection. For ECV values obtained at 7 min, we observed 

a highly significant increase from pre-treatment (26.4 ± 3.8%) to post-treatment (30.0 ± 5.1%) and 

a reduction to 27.7 ± 3.7% at follow-up, the last value being not significant different from that of both 

pre-treatment and post-treatment. This plays in favour of a partial revert of ECV to pre-treatment 

values but also opens the issue of which timing after contrast injection is optimal for estimating ECV 

using CT scans before/after the injection of iodinated contrast material, to be investigated in future 

researches. Our timing of 7 min is close to the acquisition timing of 5 min post-contrast injection 

which was found to be ideal for calculating ECV on CT scans by Treibel et al. [212]. Moreover, one 

study by Hamdy et al. [213] showed that delay times of 3, 5, and 7 min after contrast injection 

provided compatible ECV values, and our strong correlation and good agreement between values 

obtained at 1 and 7 min suggests the presence of a common denominator which may be evaluated at 

both times. The presence of scans acquired at different times stems from the use of a past imaging 

protocol, including more scans than currently recommended. We thus utilized the available scans at 

different timings to evaluate the feasibility of calculating ECV from contrast-enhanced CT. 

The detection of chemotherapy cardiotoxicity has already been proposed among the possible 

clinical uses of ECV [214]. In fact, Jordan et al. [166] and Neilan et al. [163], assessed ECV as a 

biomarker of anthracycline cardiotoxicity using CMR T1-mapping before/after the administration of 

gadolinium-based contrast agent. Both studies concluded that years after the end of treatment with 

anthracyclines, ECV was still elevated compared to patients not treated with cardiotoxic drugs. This 

agrees with our findings at follow-up. However, we should consider that both studies assessed 

myocardial ECV via CMR, which is a relatively high-cost examination, not included into the 
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assessment of BC patients undergoing chemotherapy. In addition, CMR is more time-consuming than 

CT, it has additional contraindications such as obesity or claustrophobia, and concerns about the 

safety of repeated injections of gadolinium-based contrast agents have been raised [215]. 

DLP was elevated and highly variable considering that patients underwent different CT 

protocols on two different CT scanners, one of them being an old 16-row unit, and all patients 

performed a total body CT scan (head, chest, abdomen and pelvis), reporting in these cases high 

values of DLP, however still under the DRL reverences values [216]. Nevertheless, an ideal protocol 

for the analysis of ECV on CT would include a basal acquisition on the heart, and venous phase scan, 

totalling around 0.3-0.4 mSv and 4-5 mSv respectively [217]. 

Limitations 

This study has some limitations. First, it is retrospective and monocentric, and thus a non-negligible 

number of subjects were not included due to the lack of contemporary haematocrit values, scans not 

sufficiently including the heart, or missing CT examinations. These factors reduced the sample size, 

limiting the statistical power, as discussed for ECV values obtained at 7 min at follow-up. Moreover, 

haematocrit measurement times were not standardized. However, the intrinsic variability of 

haematocrit is estimated to be around 10% as observed by Thirup et al. [218], i.e. 0.42 to 0.47, in the 

absence of significant events as bleeding or treatment suppressing the bone marrow. Patients who 

experienced such events were excluded from the study as per exclusion criteria, and while their 

timings of haematocrit measurement remain indeed varied, we may estimate such variation to be 

small and follow a random pattern, leading to a casual distribution which would not affect the 

eventual mean over the whole sample. Nevertheless, this initial experience showed the clinical 

feasibility of myocardial ECV estimate on oncologic CT scans. Moreover, while CT is not 

recommended as a screening tool for disease recurrence, or as a staging and re-staging imaging 

technique for asymptomatic, early stage breast cancer, a non-negligible number of patients 

undergoing heavily cardiotoxic treatments has advanced disease. Thus, CT may indeed be part of 
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their clinical workflow. Second, we used two different CT units (64- or 16- slice equipment), and our 

patients had undergone imaging according to a past protocol, including scans that are not currently 

recommended for disease staging and re-staging. Concerning the CT unit, as densitometry measured 

on CT scans is always standardized to water density [219], measurements should be considered 

reliable on both units. Regarding the use of an obsolete protocol, the main aim of our work was to 

evaluate feasibility of ECV from contrast-enhanced CT, and its results do not imply that a proposed 

prospective protocol for ECV assessment would need to include all the acquisitions that were 

performed on our patients. In fact, given the results obtained in the study, ECV could likely be 

calculated only using the 1 min scan, representing venous phase and thus recommended in staging 

and re-staging protocols, and one basal slice acquired on the heart to obtain pre-contrast HU values. 

Third, image time points were not standardized. However, studies on anthracycline cardiotoxicity 

showed that it is characterized by necrosis and subsequent fibrosis [209] Thus, knowing that the 

insult on patients’ hearts ceased with the end of chemotherapy, we may assume oedema to be 

resolved by 312 days. Therefore, we may assume that our follow-up data reflects irreversible fibrosis. 

Fourth, our images were not triggered ad not synchronized to the cardiac cycle. Nevertheless, we 

performed measurements to mid-septum, thus reducing the impact of this limitation. Moreover, we 

appraised potential contamination of ROI values by motion artifacts and presence of blood, analysing 

the ratio between myocardial SD and background noise and tested the hypothesis that such ratio was 

equal to one.  This would signify that the two variables were equal and thus all the variation in 

myocardial HUs was due to background noise. We found that for every scan timepoint, we could not 

reject the null hypothesis that variation in myocardial HUs was compatible with background noise 

(p=0.187, 0.921 and 0.817 for basal, 1.5- and 7-min scans respectively). Another limitation is the lack 

of a control group for ECV comparisons, and of a reference standard for our measurements of ECV 

via contrast-enhanced CT scans. However, the former issue is due to the fact that it is difficult to 

include in a retrospective study patients with breast cancer who underwent CT and did not undergo 
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treatments that may cause cardiotoxicity, as even trastuzumab or radiation therapy may bear 

cardiac-related adverse effects. Thus, reference values would need to be established via prospective 

studies before ECV assessment may be included in clinical practice.  

In conclusion, we showed that myocardial ECV can be estimated on CT scans in BC patients 

undergoing anthracycline-based treatment, and that a significant ECV increase can be appreciated 

after treatment. In a clinical perspective, as survival rates for patients diagnosed with BC constantly 

increase, detection of toxicities related to treatments become a crucial issue. In this setting, CT-

derived ECV could be an imaging biomarker for monitoring therapy-related cardiotoxicity, allowing 

for potential secondary prevention of cardiac damage, using data derived from an examination that 

could be part of patients’ clinical workflow. Prospective studies are warranted to define the role of 

CT-derived myocardial ECV in BC patients. 
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CONCLUSIONS 

Quantitative imaging biomarkers may be helpful in a clinical setting both as diagnostic and 

prognostic indicators, as they may help detect issues which would not be immediately evident at a 

qualitative general analysis. 

Nevertheless, the main issue which could limit the use of quantitative imaging biomarkers is the 

fact that they often require dedicated image post-processing which may be lengthy, time-consuming, 

and hard to integrate in an increasingly busy clinical practice [220]. Future developments in this 

regard may include the use of automated systems based on artificial intelligence (AI) for both the 

extraction of biomarker data from images, and for a deeper statistical assessment of their clinical 

significance [221]. 
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