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Target Audience 
The finding benefits cardiologist, radiologist and other physicians for its potential reference value in differential diagnosis. This study also benefits physicists, MRI manufacturers, 
sequences developer and software designers due to its inter-disciplinary nature (biomedical engineering, medical physics and clinical medicine). 
Introduction 
Increased left ventricular trabeculations (LVT)  are often seen in patients with various cardiac conditions including left ventricular non-compaction (LVNC)1, hypertrophic (HCM)2 and 
non-ischaemic dilated cardiomyopathy (DCM)3. With its high spatial resolution, cardiovascular magnetic resonance (CMR) can provide adequate delineation of myocardial wall and 
left ventricle (LV). More recently, fractal analysis of CMR images has been proposed to quantify the LVT complexity in patients with LVNC and HCM1,2. Fractal analysis can assess 
the complexity of biological structures by using a scale-invariant index termed fractal dimension (FD)4., Apart from LVNC and HCM, we hypothesised the presence of increased LVT 
in hypertensive heart disease (HHD) and athlete heart syndrome (AHS). In this study, therefore, we aimed at extending the fractal analysis to a large cohort of normal volunteers, 
athletes and patients with the aforementioned cardiac conditions.  
Methods 
CMR was performed using a 3T magnet (Philips Achieva, Best, the Netherlands) on a total of 307 subjects, of which 11 has a diagnosis of LVNC (46.64±60.8yrs, 63.6% men), 79 of 
HCM (55.62±1.73yrs, 73.4% men), 27 of HHD (60.89±3.24yrs, 77.8% men), 39 of DCM (55.23±2.92yrs, 79.5% men), 27 of AHS (29.37±2.81yrs, 88.9% men), 48 healthy controls 
involved in high-level competitive sports (29.25±1.88yrs, 83.3% men) and 76 non-athletes controls (40.26±1.96yrs, 35.5% men). Cine images were acquired with steady-state free-
precession sequence in a short-axis view using a routine protocol. An in-house macro for Fiji5 (an open source distribution of ImageJ, National Institute of Health, Bethesda, MD, 
USA) was developed. The analysis was conducted in three steps (Figure 1): a. automated segmentation and binarisation of the LV blood pool and myocardium, including papillary 
muscles, using the intermodes algorythm6, followed by b. selection of the region of interest (ROI) and extraction of the endocardial border using a Sobel Filter7, and c. fractal 
analysis of the resulting image using FracLac plugin version 2.5 (Karperien, A. FracLac for ImageJ, 1999-2013). Trabecular complexity was quantified by FD of the extracted white 
endocardial border on black background. For each cine stack, the global FD was defined as the mean FD of all the 7 slices obtained; the maximum (FDmax) and minimum (FDmin) 
FD were defined in basal (2 slices), mid (3 slices) and apical (2 slices) regions, respectively. The analysis method was validated on 6 simulated geometrical shapes with known FD. 

The intra-observer reproducibility was evaluated by Intraclass correlation coefficient (ICC) on 144 
randomly selected measurements, after at least one month from the original assessment. All 
measurements are expressed as mean ± standard error. A p-value less than 0.05 was considered 
statistically significant.  
Results 
The analysis method was demonstrated to be accurate with the simulation study (ICC =0.991, 
p<0.001), and reliable in terms of intra-observer reproducibility (ICC=0.97, p<0.001). Mean time for 
analysis was equal to 3:49±6 seconds. The FD of healthy volunteers were the lowest and the ones 
of subject with a diagnosis of LVNC the highest. Albeit with overlap, there were significant 
differences between patient groups in global FD (p<0.001, Figure 2), maximum (p=0.036) and 
minimum basal FD (p<0.001, Figure 3), maximum (p<0.001) and minimum mid FD (p=0.004, 
Figure 4), maximum (p<0.001) and minimum apical FD (p<0.001, Figure 5). There were significant 
regional differences in trabeculations between each pair of conditions analysed, except between 
healthy athletes and control subjects. 
Conclusions 
Fractal analysis of left ventricular endocardial border is a fast, accurate and highly reproducible tool 
for characterising LVT. By quantifying the complexity of the myocardial geometry, FD values may 
characterise intrinsic LVT patterns developed with individual heart conditions. We believe that FD 
values in combination with other CMR parameters may be clinically useful in the differential 
diagnosis of heart disease in particular similar conditions such as HHD and HCM, both 
characterised by left ventricular hypertrophy. Future work is needed to better understand the 
clinical relevance of the above findings with respect to factors such as age, gender, status of heart 
disease, and other confounders in large patient databases. 
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Figure 2 Differences in global FD between groups, 
from left to right: control, athletes, AHS, DCM, HHD, 
HCM, LVNC (different gradations of grey).  95%CI bars 
included. 

Figure 3 Differences in minimum (light grey) and 
maximum (dark grey) basal FD between groups, from 
left to right: control, athletes, AHS, DCM, HHD, HCM, 
and LVNC. 95%CI bars included. 

Figure 4 Differences in minimum (light grey) and 
maximum (dark grey) mid FD between groups, from 
left to right: control, athletes, AHS, DCM, HHD, 
HCM, and LVNC. 95%CI bars included. 

Figure 5 Differences in minimum (light grey) and maximum 
(dark grey) apical FD between groups, from left to right: 
control, athletes, AHS, DCM, HHD, HCM, and LVNC. 95%CI 
bars included. 

AHS: athlete heart syndrome; CI: confidence interval; DCM: non-ischaemic dilated cardiomyopathy; FD: fractal dimension; max: maximum; min: minimum; HCM: hypertrophic cardiomyopathy; HHD: hypertensive heart disease; Ln: natural 
logarithm; LV: left ventricular; LVNC: left ventricular non-compaction; ROI: region of interest; SA: short axis. 
 

 
Figure 1 Illustration of the image processing and fractal analysis. In this example only a single slice 
of the LV SA stack cine, obtained from a healthy subject, was used (1.). The LV blood pool and 
myocardium, including papillary muscles, undergo thresholding and binarisation (2.), i.e. conversion 
to a black and white image, then, after ROI selection, the endocardial border is extracted (3.). Fractal 
analysis by iterative box-counting method is performed: in this illustration, only 5 box sizes are shown 
(4. to 8.). The slope of the line obtained by plotting the Ln of the number of non-zero boxes on the y-
axis and the Ln of the scale on the x-axis is the FD (9.). In this example FD is equal to 1.2185. 
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