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Abstract

Background In clinical routine, rapid infarct sizing

techniques are warranted, as objective and precise infarct

sizing is important for clinical decision-making. Accurate

and objective measures of relative infarct size (rIS) using

contrast-enhanced cardiac magnetic resonance (ceCMR)

have been extensively demonstrated in experimental ani-

mals, but less in humans. The aim of this study was

therefore to quantify rIS assessed by ceCMR in patients

with chronic myocardial infarction using semi-automatic

quantitation techniques.

Methods A total of 62 patients (mean age 66 ± 9 years)

with ischemic cardiomyopathy (EF 24 ± 8%) underwent

ceCMR for viability testing. rIS was obtained by two time-

saving semi-automatic thresholding methods based on: (1)

visual definition of a single signal intensity cutoff value

(VISUAL) and (2) the full-width-at-half-maximum tech-

nique (FWHM). Results were compared to manual tracing

(MANUAL) as the reference standard.

Results VISUAL showed better agreement [r = 0.99;

intraclass correlation coefficient (ICC) = 0.98, limits of

agreement ±3.2%] to MANUAL than the FWHM tech-

nique (r = 0.77, ICC = 0.76, limits of agreement ±12%).

Infarct sizing using MANUAL was twice as time-

consuming (3.1 ± 0.2 min) compared to VISUAL (1.6 ±

0.1 min) or FWHM (1.6 ± 0.2 min).

Conclusions Visual estimation of signal intensity cutoff

values allows rapid and accurate determination of rIS in

patients with chronic myocardial infarction using ceCMR

and is superior to the FWHM technique.

Keywords Magnetic resonance imaging �
Ischemic cardiomyopathy � Automatic infarct sizing

Introduction

Contrast-enhanced cardiovascular magnetic resonance

(ceCMR) has emerged as a robust technique for non-

invasive quantitation of myocardial scar, owing to its high

spatial resolution and high contrast between infarcted and

non-infarcted myocardium [1–3].

Estimation of left ventricular (LV) infarct size is of

incremental importance in clinical routine, especially in

terms of evaluating new therapies that can reduce infarct

size, i.e., regenerative therapy with stem cells or new

procedures and drugs [4–6]. Several studies have also

shown that determination of infarct size using ceCMR

conveys important prognostic information [2, 7]. Further-

more, an inverse relationship between the amount of scar

and the outcome after revascularization has been demon-

strated [8].

Therefore, it is highly important to validate an objective

and rapid method that provides exact measurements of the

amount of scar in patients with myocardial infarction in

clinical routine. Although manual tracing is an accepted

method for scar quantitation using ceCMR, it is tedious and

time-consuming. Thus, more objective and rapid methods

are warranted in clinical routine. Recently, accurate and

objective measures of relative infarct size (rIS) using

ceCMR have been demonstrated in experimental animals
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with acute myocardial infarction [9]. In that study, the full-

width-at-half-maximum (FWHM) technique was advo-

cated as the optimal method for accurate and reproducible

IS quantitation [9]. However, whether this technique is also

accurate in humans with chronic infarctions has not been

investigated.

Therefore, the aim of this study was to evaluate two

different semi-automatic infarct sizing techniques based

on: (1) visual estimation of a single signal intensity cutoff

value (VISUAL) and (2) the FWHM technique compared

to manual tracing (MANUAL) for rapid, objective and

time-saving infarct sizing by ceCMR imaging.

Methods

Study design

A total of 62 consecutive patients (mean age 66 ± 9 years)

with ischemic cardiomyopathy [ejection fraction (EF)

24 ± 8% as determined by CMR] and clinical indication

for viability testing were enrolled. Ischemic cardiomyop-

athy was defined as reduced EF \ 50% and at least one

stenosis [50% in one major coronary vessel on invasive

coronary angiography.

All patients underwent ceCMR imaging. Patients with

contraindications to ceCMR, myocardial infarction within

6 weeks before enrollment in the study and unstable angina

pectoris were excluded from the study. Each patient gave

informed consent in accordance with the local ethics

committee requirements.

Imaging protocol

Images were acquired on a 1.5 T clinical scanner (Intera,

Philips, Best, The Netherlands) using a five-element phased

array cardiac synergy coil. Scout images were acquired in

long-axis and short-axis orientation for planning of the final

double-oblique long-axis and short-axis views. ECG-gated

cine images were acquired using a segmented steady-state

free precession sequence (TE/TR 1.8/3.6 ms, spatial reso-

lution 1.8 9 1.5 9 8 mm3, 25 frames per RR interval).

Three long-axis views and 10–12 short-axis views (slice

thickness 8, 2 mm gap) covering the whole left ventricle

were obtained during repeated breath-holds. A gadolinium-

based contrast agent (Magnevist, Bayer Vital, Leverkusen,

Germany; 0.2 mmol/kg) was then administered intrave-

nously. After 15 min, contrast-enhanced images were

acquired in the same orientation as the cine images using

a segmented inversion-recovery gradient-echo pulse

sequence triggered to end-diastole [10]. The inversion time

was set to null the signal of normal myocardium after

contrast administration (typically 250–300 ms) and was

adjusted in the course of the investigation if necessary.

Other parameters of the sequence were: TR/TE 2 heart

beats/5.0 ms, FA 25�, matrix 256 9 256, and a typical

voxel size of 1.4 9 1.4 9 8.0 mm3.

Data analysis

For data analysis, an observer unaware of the patient’s

history performed analysis of all CMR data using the

MASS software (release 6.1.5., Medis, Leiden, The

Netherlands).

MANUAL analysis

In each patient, the area of delayed enhancement in each

short-axis slice was determined by manual contour tracing

after visual optimization of window levels for optimal

display of the hyperenhanced region (Fig. 1a). The total rIS

per patient was calculated after summing all delayed

enhancement areas of all short-axis slices divided by the

total myocardial area and multiplied by 100. MANUAL

analysis served as the reference technique.

VISUAL analysis

The MASS software provides a tool for the semi-automatic

segmentation of the myocardium within the manually

traced endocardial and epicardial borders based on signal

intensity thresholds. Pixels demonstrating signal intensities

above a set threshold will be overlaid with pink color

(Figs. 1b, 2). The range of signal intensities of the myo-

cardium encompassed between the endo- and epicardial

boundaries is displayed. The observer sets a signal intensity

threshold within the range of signal intensities that

Fig. 1 Different methods of infarct size quantitation for the com-

parison of different thresholding techniques. a Delayed enhancement

image using ceCMR in a patient with a transmural inferior myocardial

infarction. The delayed enhancement area (= infarction area) is

manually outlined (yellow line). b The same patient as in (a). The

delayed enhancement area is overlaid with a pink color after visual

definition of an appropriate signal intensity cutoff value separating

non-infarcted from infarcted tissue. For the FWHM technique, see

text for details
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optimally covers the hyperenhanced regions with the pink

overlay. This threshold is defined for the complete study

only once and is not repeated for the different analyzed

slices. Based on the overlaid pixels, the infarct area is

automatically calculated for all slices. In addition, rIS is

calculated relating the infarct area to the total myocardial

area.

FWHM technique

With this method, the maximum signal intensity within the

delayed enhancement area representing infarcted myocar-

dium is determined in a representative slice. The final

extent of the scar is defined as the area including all pixels

with a signal intensity [50% of the maximum signal

intensity, as initially determined.

Assessment of observer variability

In 15 subjects, inter-observer variability was assessed by a

second independent observer unaware of the first obser-

ver’s results. Intra-observer variability was assessed by the

first observer with 2 weeks being allowed to elapse

between the two analysis sessions.

Statistical analysis

Data are displayed as mean ± standard deviation. Relative

IS measured by the different ceCMR techniques were

compared using linear regression analysis. Bland–Altman

analysis and intraclass correlation coefficient (ICC) for

absolute agreement were performed to assess the level of

agreement between the techniques for the determination of

rIS. To assess the difference between VISUAL and

FWHM, F-statistic was performed. Bland–Altman analysis

was performed for the assessment of inter-observer vari-

ability. The software SPSS 12.0 (SPSS Inc., Chicago, IL)

was used for all statistical analyses. A P value of \0.05

was considered to be statistically significant.

Results

Table 1 displays the clinical characteristics of the patient

population. According to invasive angiography, 55% of the

patients (n = 34) had three-vessel disease, 23% (n = 14)

had two-vessel disease and 23% (n = 14) of the patients

Fig. 2 Contrast-enhanced

images (short-axis views) of a

patient with chronic anterior

myocardial infarction. In all

short-axis views, the

endocardial and epicardial

borders are manually traced.

Pixels demonstrating signal

intensities above a visually set

threshold will be overlaid with a

pink color. Based on the

overlaid pixels, the infarct area

is automatically calculated for

all slices

Table 1 Patient characteristics

n = 62

Age (years) 66 ± 9

Gender (m/f) 45/17

Previous infarction 45 (73%)

Hypertension 46 (74%)

Diabetes mellitus 21 (34%)

Hypercholesterolemia 38 (61%)

Smoking 37 (60%)

Elevated serum creatinine (mg/dl) 14 (23%)

End-diastolic volume (ml) 251 ± 92

End-systolic volume (ml) 191 ± 83

Left ventricular mass (g) 114 ± 33

Ejection fraction (%) 24 ± 8
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had one-vessel disease. Cardiovascular risk factors

including smoking, hypertension (use of antihypertensive

medication or blood pressure at rest [140/90 mmHg),

diabetes mellitus (use of insulin or anti-diabetic agents or

fasting serum glucose [130 mg/dl) and hypercholesterol-

emia (total fasting serum cholesterol[200 mg/dl or use of

cholesterol-lowering medication) were assessed from the

patient chart. Elevated serum creatinine was defined as a

serum creatinine [1.2 mg/dl. All patients received stan-

dard pharmacological therapy including beta-blockers,

ACE-inhibitors, and statins. Additionally, 71% of the

patients received diuretics, 40% nitrates and 29% aldoste-

rone-antagonists. A part of the patient population has been

described previously [11].

Thresholding techniques for infarct sizing

using ceCMR

The results are summarized in Table 2 and Fig. 3, with

MANUAL rIS averaged at 17 ± 9%. Using the semi-

automatic thresholding techniques, rIS was 18 ± 9%

with VISUAL and 18 ± 9% with the FWHM method.

Correlation with MANUAL was higher for VISUAL

(r = 0.99; ICC = 0.98; P \ 0.001) compared to FWHM

(r = 0.77; ICC = 0.76; P \ 0.001). In addition, the limits

of agreement were narrower for VISUAL compared to

FWHM (±3.2 vs. ±12%; P \ 0.001).

Analysis time

Infarct sizing using MANUAL was twice as time-consum-

ing (3.1 ± 0.2 min) compared to VISUAL (1.6 ± 0.1 min)

or FWHM (1.6 ± 0.2 min) (P \ 0.001 for both).

Reproducibility

Inter-observer variability

The reproducibility of ceCMR data analysis was within

acceptable limits with no significant differences in mea-

surements by two different observers. The inter-observer

variability of MANUAL, VISUAL and FWHM achieved a

high correlation coefficient and narrow limits of agree-

ment (MANUAL: r = 0.91, limits of agreement ±6%;

Table 2 Semi-automatic infarct sizing techniques versus manual tracing by ceCMR

Correlation coefficient P value Bias (%) ICC Linear regression

VISUAL r = 0.99 \0.001 -1 ± 3.2 0.98 Y = 5.1 ? 0.64x

FWHM r = 0.77 \0.001 -2 ± 12 0.76 Y = 8.6 ? 0.43x

Fig. 3 Comparison of different

semi-automatic thresholding

techniques. a Bland–Altman

analyses for comparison of

MANUAL and VISUAL, as

well as results of linear

regression analysis. b Bland–

Altman analyses for comparison

of MANUAL and FWHM, as

well as results of linear

regression analysis. For further

details see Table 2
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VISUAL: r = 0.93, limits of agreement ±6%; FWHM:

r = 0.95, limits of agreement ±5%).

Intra-observer variability

The intra-observer variability was excellent for all infarct

sizing techniques. (MANUAL: r = 0.93, limits of agree-

ment ±5%; VISUAL: r = 0.95, limits of agreement ±5%;

FWHM: r = 0.95, limits of agreement ±5%).

Discussion

The results of the study demonstrate that semi-automatic

thresholding enables rapid, accurate and reproducible

quantitation of rIS in humans with chronic infarctions. In

contrast to previous data derived from animal experiments

of acute myocardial infarction [9], the FWHM technique

proved to be less accurate compared to a method based on

visual estimation of a signal intensity threshold for the

quantitation of rIS in the routine clinical setting.

Accurate and objective non-invasive infarct sizing gains

more and more importance, especially for the evaluation of

therapeutic options for infarct size reduction such as stem

cell therapy, post-conditioning, etc. [4, 5]. CeCMR offers

high resolution with a relatively sharp contrast between

infarcted and non-infarcted myocardium which renders this

method ideal for the quantitative analysis of rIS. Quanti-

tation of infarct size using ceCMR has been extensively

validated in experimental animal studies, but data in

humans are sparse [12, 13].

In this study, we compared two different semi-automatic

segmentation methods in manual tracing for rapid determi-

nation of rIS using ceCMR in patients with chronic

myocardial infarction. The first method uses a visually

defined signal intensity threshold value, which separates

infarcted from non-infarcted myocardium. With this

method, the amount of infarcted tissue per slice is displayed

as a pink overlay immediately after definition of the

threshold value, which allows an easy visual adaptation of

the cutoff value. As a disadvantage, the threshold value

applies for all short-axis slices of the same patient, which

ignores a possible shift in the inversion time between the

acquisitions of consecutive short-axis slices when using a

2D acquisition strategy as in the present study. This may be

less of a problem with 3D data acquisition strategies. Despite

this disadvantage, an excellent accuracy of the technique

compared to manual contour tracing was observed.

The FWHM technique is a method where the maximum

signal intensity within the infarcted myocardium is deter-

mined in a representative slice. The final extent of the scar

is defined as the area including all pixels with a signal

intensity [50% of the maximum signal intensity, as

initially determined. This technique was less accurate for

the assessment of rIS as compared to the visually defined

threshold value. This is at odds with the results of the study

by Amado et al. [9], who recently reported the FWHM

technique to be superior to visual assessment of IS. How-

ever, that study was performed in an optimal experimental

setting, which may not be applicable to the conditions

found in clinical routine. Moreover, in the former study,

data were acquired 24 h after induction of an acute myo-

cardial infarction, while in the present study we included

patients with chronic infarctions. Thus, both studies may

not be directly comparable. Although the FWHM method

may in theory be more observer-independent and would

thus be preferable to a more subjective analysis method

such as visual analysis, the results of this study do not

support the routine clinical use of the former method for

the analysis of rIS in patients with chronic infarctions. An

explanation for the inferior results of the FWHM technique

may be related to the fact that in clinical routine, nulling of

the myocardial signal during acquisition of the delayed

enhancement images might be less accurate than in the

experimental setting due to patient-related factors. Thus,

the transition of signal intensities from non-infarcted to

infarcted myocardium may be less sharp, resulting in a

broader distribution curve of signal intensities and in

inaccuracies when using the FWHM technique. However,

both semi-automatic infarct sizing techniques allowed

faster data analysis compared to manual tracing with good

reproducibility.

Conclusion and clinical implications

When using semi-automatic infarct sizing techniques,

VISUAL is superior to the FWHM technique for quanti-

tation of rIS in patients with chronic myocardial infarction.

Infarct sizing is clinically important because the amount of

scar is an independent predictor for functional recovery of

left ventricular function after revascularization [14].

Therefore, a tool that allows accurate and rapid infarct

sizing, which is also practicable in clinical routine, is

highly important. A ceCMR method based on visual defi-

nition of a signal intensity threshold value provides a rapid

and accurate tool for infarct sizing in clinical routine.
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