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Abstract
Background
Left ventricular noncompaction (LVNC) is a myocardial disorder characterized by excessive left ventricular (LV) trabeculae. Current methods for quantification of LV trabeculae have limitations. The aim of this study is to describe a novel technique for quantifying LV trabeculation using cardiovascular magnetic resonance (CMR) and fractal geometry. Observing that trabeculae appear complex and irregular, we hypothesize that measuring the fractal dimension (FD) of the endocardial border provides a quantitative parameter that can be used to distinguish normal from abnormal trabecular patterns.

Methods
Fractal analysis is a method of quantifying complex geometric patterns in biological structures. The resulting FD is a unitless measure index of how completely the object fills space. FD increases with increased structural complexity. LV FD was measured using a box-counting method on CMR short-axis cine stacks. Three groups were studied: LVNC (defined by Jenni criteria), n=30(age 41±13; men, 16); healthy whites, n=75(age, 46±16; men, 36); healthy blacks, n=30(age, 40±11; men, 15).

Results
In healthy volunteers FD varied in a characteristic pattern from base to apex along the LV. This pattern was altered in LVNC where apical FD were abnormally elevated. In healthy volunteers, blacks had higher FD than whites in the apical third of the LV (maximal apical FD: 1.253±0.005 vs. 1.235±0.004, p<0.01) (mean±s.e.m.). Comparing LVNC with healthy volunteers, maximal apical FD was higher in LVNC (1.392±0.010, p<0.00001). The fractal method was more accurate and reproducible (ICC, 0.97 and 0.96 for intra and inter-observer readings) than two other CMR criteria for LVNC (Petersen and Jacquier).

Conclusions
FD is higher in LVNC patients compared to healthy volunteers and is higher in healthy blacks than in whites. Fractal analysis provides a quantitative measure of trabeculation and has high reproducibility and accuracy for LVNC diagnosis when compared to current CMR criteria.
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Background
Left ventricular noncompaction of the myocardium (LVNC) is a disorder of endomyocardial morphogenesis characterized by excessive left ventricular (LV) trabeculations and deep intertrabecular recesses.
LVNC occurs in association with many congenital cardiac disorders, but it is unclear whether isolated LVNC is a separate disease entity or a morphological trait shared by phenotypically distinct cardiomyopathies. Familial disease is estimated to occur in 18% to 64% of adults [1, 2] with isolated LVNC, mostly as an autosomal dominant trait caused by mutations in many genes including those coding for sarcomere [3] and cytoskeletal proteins. Many patients with LVNC are completely asymptomatic, but some present with congestive heart failure, thromboembolism and arrhythmias, including sudden cardiac death [4, 5].
Several attempts to quantify the extent of ventricular trabeculation as a means of diagnosing LVNC have been made using echocardiography but these criteria [1, 6, 7] poorly correlate with each other [8] and have poor reproducibility [9]. Even using high-contrast imaging modalities such as cardiovascular magnetic resonance (CMR) [10–12] and more recently computed tomography [13], there are still concerns over diagnostic accuracy [14, 15].
Fine trabeculae are a feature of the normal LV and their extent may vary among healthy subjects of different racial backgrounds [8, 14]. Existing criteria are problematic partly because they do not account for this normal spectrum of trabeculation. In addition some techniques are semi-quantitative [7], others rely on the subjective delineation of endocardial borders [11] or fail to consider the complex three-dimensional architecture of the myocardium [10]. The result is that there is no clear diagnostic standard.
A better approach may be to measure the complexity of the endocardial border, producing a continuous variable that can be used to both diagnose LVNC and assess its severity. One method to achieve this is to perform a fractal analysis of the endocardial border. Fractal analysis is a method of quantifying the complex geometric patterns which are encountered in biological, natural or mathematical structures [16, 17]. The resulting unitless measure index is the fractal dimension (FD). It measures how completely the complex structure fills space. The range of possible FD for a fractal set is dictated by its topological dimension. For example, the endocardial borders visualized in two-dimensions, are more complicated than simple straight lines, so their FD must be > 1, but because they do not fill two-dimensional space completely, their FD must be < 2. Therefore the range of possible FD for an endocardial border is consistently a non-integer value, anywhere between 1 and 2.
In LVNC, the excessive trabeculae create a highly irregular endocardial border. Fractal analysis of these borders in LVNC should generate a higher FD when compared to normal hearts.
In this proof of principle study we have assessed the utility of measuring FD as a method for discriminating patients with LVNC from ethnically diverse healthy subjects. The specific aims were to assess: i) the FD in LVNC patients and healthy white and black volunteers and ii) the diagnostic accuracy and reproducibility of FD for identification of LVNC compared to current standard imaging criteria.

Methods
Study population
Three adult populations (aged 18–85 years) were studied between January 2010 and February 2012: LVNC cases (n = 30); healthy white (n = 75) and healthy black (n = 30) volunteers. Ethnicity was self-defined. Healthy normal volunteers had a body-mass index > 18.5 kg/m2 and < 30.0 kg/m2 and were not involved in high-level competitive sports.
LVNC cases (87% white; 13% black) were recruited from a dedicated cardiomyopathy clinic at The Heart Hospital, UCLH. Inclusion criteria for LVNC cases were: i) the fulfillment of Jenni et al’s. echocardiographic criteria for LVNC [6, 18] and ii) the additional presence of at least one of the following: positive family history, associated neuromuscular disorder, regional wall motion abnormality, LVNC-related complications (arrhythmia, heart failure or thromboembolism) [10]. To ensure efficient segmentation of LV short-axis cines we excluded subjects with a high arrhythmogenic burden if this prohibited retrospective ECG gating for the duration of the scans. An ethics committee of the UK National Research Ethics Service approved the generic analysis of anonymized clinical scans. At the time of enrolment all participants gave written informed consent conforming to the declaration of Helsinki (V. revision, 2000).

Cardiovascular magnetic resonance
Clinical scans (localizers, three long-axis views, black and white blood images, full LV short-axis stack) were performed on all subjects using a 1.5-T magnet (Avanto, Siemens Medical Solutions, Erlangen, Germany). CMR short-axis volumetric studies [19] were acquired from retrospectively-gated, breath-held, balanced, steady-state free-precession cines (slice thickness, 7.0 mm; inter-slice gap, 3.0 mm; flip angle, 70 - 80°; TR, 3.0 ms; TE, 1.33 ms; FOV read, 380 mm; FOV phase, 75%; sampled matrix resolution, 320 × 154; lines per segment, 12).

Non-fractal image analysis
LV volumes, ejection fraction and LV mass were determined in all study participants using CMRtools (CVIS, London, UK). Two CMR methods for identifying LVNC were assessed in this study.
For the identification of LVNC using the Petersen method [10], all segments (excluding segment 17) were qualitatively assessed on each of the three long-axis cines for the presence of a distinct two-layered appearance. The noncompacted to compacted (NC/C) wall thickness ratio was calculated on the most trabeculated segment in each long-axis view and the maximal value was used for analysis. A ratio > 2.3 in diastole was considered diagnostic for LVNC.
For the Jacquier method [11], the epicardial contour was outlined on each end-diastolic short-axis frame. To measure the compacted LV mass, the endocardial border was drawn to include papillary muscle and exclude LV trabeculation. When the papillary muscles could not be clearly distinguished from the trabeculae, they were treated as trabeculae [20]. For total (compacted + noncompacted) LV mass, the endocardial border included both papillary muscles and LV trabeculation. Trabeculated LV mass was calculated as compacted LV mass subtracted from total LV mass with a value of trabeculated LV mass above 20% of the total LV mass considered diagnostic for LVNC.

Fractal analysis
Fractal analysis was performed on the end-diastolic frames of each short-axis slice in the LV stack using an in-house macro designed for public domain software, ImageJ [21] (version 1.38×, National Institute of Health, Bethesda, MD, USA). Analysis was divided into two parts: image segmentation to extract the endocardial border and then calculation of the FD of the endocardial border using the box-counting method. The first stage of image segmentation was thresholding and binarization of the LV blood pool and myocardium (Figure 1a). To ensure standardized treatment, this was done using an automated thresholding technique (a variation of the iterative intermeans IsoData algorithm) [22]. The endocardial border of the binarized image was then extracted by computing edges in the areas of highest gradient magnitude using the Sobel operator [23]. Papillary muscles and parts of the subvalvular apparatus, which were extracted at the time of segmentation, also provided edges to the final image submitted to fractal analysis.[image: A12968_2013_Article_3295_Fig1_HTML.jpg]
Figure 1Image processing sequence and fractal analysis of left ventricular cine images. Example analysis of a single slice (a-2) out of a cine volumetric left ventricular stack, belonging to an LVNC case. Dashed line across the 4-chamber view marks the slice location (a-1). Automatic thresholding, binarization (a-3) and edge-detection (a-4) are followed by fractal analysis (b). In the box-counting method a series of grids of boxes of progressively smaller size are laid over the ROI and boxes containing detail are counted (b-5 to 9). The same set of grid calibres is applied to the ROI in four different orientations. In this pictorial representation, only 5 box sizes are shown but the complete analysis for this slice actually involves 55 box sizes. Each orientation generates a separate natural logarithmic plot of box-count (y axis) against scale (x axis, calculated from box/image size) (c). The slope of the line-of-best-fit across the points represents a FD. The mean value from the four plots is the slice FD. In this case, the straight line supports the existence of a fractal pattern. FD for this slice is 1.34. FD = fractal dimension; Ln = natural logarithm; LVNC = left ventricular noncompaction; ROI = region of interest.




Fractal analysis of the endocardial border was performed using the standard box-counting method available in the FracLac plug-in (Karperien, A., version 2.5, 1e). In this method, a grid of known spacing (scale) was placed over the endocardial border image (border pixels = 1, background pixels = 0) and the number of boxes that contained non-zero pixels was counted (Figure 1b). This process was then repeated for multiple grids with increasing spacing. As the scale increases, the number of boxes containing the object decreases exponentially and the exponent is equivalent to the FD. To quantify the exponent, natural logarithmic plots of the number of boxes against scale and the gradient (−FD) was estimated using linear regression (Figure 1c). In our method, the maximum spacing was set to 45% of the diameter of the endocardial border and the minimum box size was two pixels.
To assess the global LV FD, the FD from each slice in the LV were averaged. To assess local fractal characteristics, the maximal FD in the basal, mid and apical thirds of the LV were recorded.
The endocardial borders generated during fractal analysis were also used to create a simpler semi-automated measure of endocardial complexity, which involved calculating the perimeter of each endocardial border image. Summing the perimeter of each slice gave the total heart endocardial perimeter, which was indexed to body-surface area.

Statistical analysis
A two-sided p value < 0.05 was considered significant. Statistical analysis was performed in SPSS for Windows version 20.0 (Chicago, IL, USA). Descriptive data are expressed as mean ± standard error of mean (s.e.m.) except where otherwise stated. Distribution of data was assessed on histograms and using Shapiro-Wilk test. Patient group characteristics were non-normally distributed and compared by the Kruskal-Wallis and Pearson’s Chi Square non parametric tests as appropriate. Correlation between continuous variables was assessed with Pearson’s Correlation Coefficient. FD was compared between the three study populations using Student’s t-Test. For the fractal method and perimetry, area under the receiver operating characteristics (ROC) curve (AUC) was calculated using the method described by Hanley et al. [24]. Optimal threshold values for diagnosing LVNC were calculated as the Youden Index J, where J = max (sensitivityc + [specificityc-1]), with c representing ranges over all possible criterion values.
Intra and inter-observer reproducibility of fractal analysis, perimetry, Petersen and Jacquier techniques were assessed on 60 subjects (n = 20 for each of LVNC cases, healthy white and healthy black volunteers) by two experienced and blinded readers (reader G.C. for intra-observer and reader A.B. for inter-observer ratings). Intra-observer readings were performed with one-month temporal separation between repeat analyses. Paired measurements from fractal analysis were evaluated using the Bland-Altman method [25] and by calculating coefficients of variation and repeatability coefficients (RC), where RC = 1.96 √(ΣDi2/n-1) (Di being the absolute difference between repeat measurements and n, the number of measurements). Intraclass correlation coefficient (ICC) was used to compare reproducibility between the various methods. Variability of binary outcome data for each method using established cut-off values was assessed using Fleiss’ Kappa test for concordance. For all methods, sensitivity, specificity, positive and negative predictive values with exact 95% CI are reported [26].


Results
Demographics
All three groups were well matched in terms of age, gender and body characteristics (Table 1). Clinical characteristics of LVNC cases are summarized in Additional file 1: Table S1. There was no difference in LV volumes or function between the healthy white and black populations. LVNC patients had larger LV volumes and lower ejection fractions than healthy volunteers.Table 1Clinical characteristics of the 135 subjects, by population studied


	Variable
	LVNC Cases
	Healthy whites
	Healthy blacks

	(n 30= , ± s.d.)
	(n= 75, ± s.d.)
	(n= 30, ± s.d.)

	Age (yrs)
	41 ± 13
	46 ± 16 (p = NS)
	40 ± 11 (p = NS)

	Male/Female
	16/14
	36/39 (p = NS)
	15/15 (p = NS)

	Weight (Kg)
	80 ± 14
	77 ± 14 (p = NS)
	78 ± 19 (p = NS)

	Height (cm)
	172 ± 6
	171 ± 11(p = NS)
	169 ± 9 (p = NS)

	BSA (m2)
	1.9 ± 0.04
	1.9 ± 0.03 (p = NS)
	1.9 ± 0.05 (p = NS)

	BMI (kg/m2)
	27 ± 4
	26 ± 4 (p = NS)
	27 ± 6 (p = NS)

	LVEDVi (mls/m2)
	104 ± 49
	74 ± 16 (p < 0.01)
	73 ± 13 (p < 0.01)

	EF (%)
	52 ± 17
	69 ± 4 (p < 0.001)
	72 ± 8 (p < 0.001)

	Max. Apical FD
	1.392 ± 0.053
	1.235 ± 0.03 (p < 0.00001*)
	1.253 ± 0.025 (p < 0.00001†)

	
                              Variable
                            
	
                              LVNC Cases
                            
	
                              Healthy Whites
                            
	
                              Healthy Blacks
                            

	(n = 20, ± s.d.)
	(n = 20, ± s.d.)
	(n = 20, ± s.d.)

	NC/C Ratio‡
	2.87 ± 0.94
	1.37 ± 0.40 (p < 0.00001)
	1.38 ± 0.48 (p < 0.00001)

	Trab. Mass (% LV)§
	33.35 ± 8.83
	18.12 ± 5.72 (p < 0.00001)
	20.05 ± 7.43 (p < 0.00001)


* Two-tailed p value for t, comparing FD between LVNC cases and healthy whites.
† Two-tailed p value for t, comparing FD between LVNC cases and healthy blacks.
‡ Results from the Petersen analysis. Two-tailed p value for t, comparing end-diastolic NC/C ratios between healthy volunteers and LVNC.
§ Results from the Jacquier analysis. Two-tailed p value for t, comparing trabeculated mass (% of LV) between healthy volunteers and LVNC.
BSA = body-surface area; BMI = body-mass index; C = compacted; EF = ejection fraction; FD = fractal dimension; LVEDi = left ventricular end-diastolic volume indexed to BSA; LVNC = left ventricular noncompaction; max. = maximal; NC = noncompacted; NS = not significant (after comparison with LVNC cases); s.d. = standard deviation; Trab. = trabeculated; Yrs = years.




Fractal dimension
Fractal analysis could be performed in all hearts with an average analysis time of 5.28 ± 0.41 minutes (± s.d.) (Figures 2 and 3). Global LV FD was greater in LVNC patients (1.290 ± 0.008) compared to healthy white (1.228 ± 0.002; p < 0.00001) and healthy black volunteers (1.246 ± 0.005; p < 0.0001). Blacks had higher global LV FD than whites (p < 0.01). In all populations the lowest FD across the LV was registered in the basal slice above the level of any papillary muscles or subvalvular apparatus (LVNC, 1.213 ± 0.012; healthy white, 1.164 ± 0.003; healthy black, 1.179 ± 0.008).[image: A12968_2013_Article_3295_Fig2_HTML.jpg]
Figure 2Illustrative left ventricular slices from each of the three study populations with corresponding FDs. Fractal analysis of each slice generates a value for the FD. In this study we demonstrate that FD differs significantly between LVNC, healthy black and white populations. Abbreviations as in Figure 1.



[image: A12968_2013_Article_3295_Fig3_HTML.jpg]
Figure 3FD across the left ventricle from base to apex. This interpolated dataset summarizes regional differences in left ventricular trabecular complexity. Population mean FD (solid lines) and s.e.m. (shaded areas) are shown. The maximum difference between groups was observed in the apical third of the ventricle (vertical grey bar). Illustrative end-diastolic CMR slices are shown for each of the three populations. CMR = cardiovascular magnetic resonance; s.e.m. = standard error of mean; other abbreviations as in Figure 1.




In the basal third of the LV, there was no difference in maximal FD between LVNC patients (1.325 ± 0.007) and healthy black (1.322 ± 0.007, p = 0.76) or white (1.317 ± 0.004, p = 0.35) volunteers. In the middle third, maximal FD in LVNC (1.348 ± 0.011) was higher than in healthy black and white populations (1.311 ± 0.008 and 1.318 ± 0.004 respectively, p < 0.05 both). The greatest difference in maximal FD between LVNC and healthy populations was registered in the apical third (p < 0.00001). Maximal apical FD was: LVNC, 1.392 ± 0.010; healthy white, 1.235 ± 0.004; healthy black, 1.253 ± 0.005 (Figure 4). At this location healthy blacks had higher maximal FD than healthy whites (p < 0.01). There was no overlap in maximal apical FD between LVNC and healthy volunteers.[image: A12968_2013_Article_3295_Fig4_HTML.jpg]
Figure 4Maximal apical FD in all subjects studied. Scatter plots show the distribution of FD in the apical third of the ventricle for all subjects studied. Error bars representing mean values (thick black lines) and upper and lower 95% CI (whiskers) are also shown. There was no overlap in maximal apical FD: no LVNC patient had a maximal apical FD < 1.309 (n = 30); all healthy whites had a maximal apical FD < 1.295 (n = 75) and all healthy blacks had a maximal apical FD < 1.299 (n = 30). CI = confidence interval; other abbreviations as in Figure 1.




No significant correlation was demonstrated between FD and body-surface area in the three populations (LVNC: r = −0.10, p = 0.61; healthy white: r = 0.2, p = 0.10; healthy black: r = 0.08, p = 0.70). In the LVNC group but not in the healthy volunteers, a correlation existed between FD and LV size (LVNC: r = 0.5, p < 0.01; healthy white: r = 0.12, p = 0.34, healthy black: r = 0.002, p = 0.99). FD remained elevated even in those LVNC patients without dilatation (59% of LVNC cohort) when compared to healthy volunteers (p < 0.0001). No significant correlation was demonstrated between FD and ejection fraction in the three populations (LVNC: r = −0.31, p = 0.09; healthy white: r = 0.10, p = 0.43; healthy black: r = 0.29, p = 0.16).

Diagnostic accuracy
In patients with LVNC, NC/C ratios measured using the Petersen method and trabeculated mass (% of LV) measured using the Jacquier technique, were significantly higher than in healthy volunteers (Table 1).
On ROC analysis, the optimum diagnostic threshold for global LV FD was 1.26, for maximal apical FD it was 1.30 and for total LV perimeter it was 3252 mm/m2 (Figure 5). For fractal analysis and perimetry, sensitivity, specificity, positive and negative predictive values were calculated using ROC-derived thresholds while for Jacquier and Petersen methods, previously published diagnostic cut-offs were used. Maximal apical FD discriminated LVNC from healthy volunteers with no overlap in FD. Of the 20 LVNC cases, 6 were mislabelled as normal by the Petersen method. Of the 40 healthy volunteers, 19 were mislabelled as having trabeculation in the LVNC range by the Jacquier approach. Accuracy statistics for all methods are summarized in Table 2.[image: A12968_2013_Article_3295_Fig5_HTML.jpg]
Figure 5ROC curves for perimetry and the fractal method. ROC curves (in blue) describing the performance of BSA-indexed perimetry (A), global LV FD (B) and maximal apical FD (C) for LVNC diagnoses using as a reference, patient classification according to our study criteria for inclusion of LVNC cases. Diagonal reference lines (in black) are also shown. In white and black populations: BSA-indexed perimetry ≥ 3252 mm/m2 predicts LVNC with specificity 91% and sensitivity 70% (AUC ROC curve 0.741, CI 0.60 – 0.89); global LV FD ≥ 1.26 predicts LVNC with specificity 86% and sensitivity 83% (AUC ROC curve 0.893, CI 0.83 – 0.96); maximal apical FD ≥ 1.30 predicts LVNC with specificity and sensitivity 100% (AUC ROC curve 1.0). ROC = receiver operating characteristics; AUC = area under the curve; BSA = body-surface area; max. = maximum; other abbreviations as in Figures 1 and 4.




Table 2Accuracy statistics for the fractal method and comparator CMR criteria.


	Accuracy statistic*
	Max. Apical FD
	Global LV FD
	Perimetry
	Petersen
	Jacquier

	Sensitivity (95% CI, UL-LL)
	100 (88–100)
	83 (61–92)
	70 (48–85)
	70 (46–87)
	95 (73–100)

	Specificity (95% CI, UL-LL)
	100 (97–100)
	86 (78–92)
	91 (86–97)
	98 (85–100)
	53 (36–68)

	PPV (95% CI, UL-LL)
	100 (88–100)
	63 (46–78)
	72 (50–87)
	93 (66–100)
	50 (34–66)

	NPV (95% CI, UL-LL)
	100 (97–100)
	94 (86–97)
	92 (85–96)
	87 (72–94)
	95 (75–100)


*Sensitivity, specificity, PPV and NPV values are quoted as %.
CI = confidence interval; LL = lower limit; NPV = negative predictive value; PPV = positive predictive value; UL = upper limit; other abbreviations as in Table 1.



Reproducibility
The fractal method showed good reproducibility without bias on Bland Altman plots, and produced small RC (intra-observer, 0.059; inter-observer, 0.067) and favourable coefficients of variation (5% for both intra and inter-observer readings). Comparison between methods showed better reproducibility for global LV FD, maximal apical FD and total LV perimetry when compared to the Petersen and Jacquier methods (Table 3).Table 3
                          Summary of reproducibility testing
                        


	Method†
	Intra-observer κ
	Inter-observer κ
	Intra-observer ICC
	Inter-observer ICC

	 	κ
	95% CI
	κ
	95% CI
	ICC
	95% CI
	ICC
	95% CI

	 	 	LL
	UL
	LL
	UL
	LL
	UL
	LL
	UL

	Max. Apical FD
	0.9***
	0.7
	1.2
	0.9***
	0.7
	1.2
	0.97
	0.95
	0.98
	0.96
	0.93
	0.97

	Global LV FD
	0.9***
	0.6
	1.2
	0.9***
	0.6
	1.1
	0.98
	0.97
	0.99
	0.97
	0.95
	0.98

	Perimetry
	0.9***
	0.6
	1.2
	0.9***
	0.7
	1.3
	0.98
	0.97
	0.99
	0.98
	0.96
	0.99

	Petersen
	0.8**
	0.5
	1.0
	0.7**
	0.4
	0.9
	0.89
	0.82
	0.93
	0.83
	0.73
	0.89

	Jacquier
	0.5*
	0.2
	0.8
	0.5*
	0.3
	0.9
	0.86
	0.87
	0.95
	0.89
	0.82
	0.93


*** Excellent agreement between ratings, κ of > 0.8.
** Strong agreement, κ of 0.61 – 0.8.
* Moderate agreement, κ of 0.41 – 0.6.
† For maximal apical FD, global LV FD and perimetry, cut-off values for LVNC diagnoses were derived from ROC analysis. For Petersen and Jacquier techniques, cut-off values for LVNC diagnoses were derived from previously published thresholds.
ICC = intraclass correlation coefficient; κ = Fleiss’ kappa; ROC = receiver operating characteristics; other abbreviations as in Tables 1 and 2.





Discussion
The main findings of this study were that: i) FD was significantly higher in LVNC patients compared to healthy volunteers, ii) FD was higher in healthy blacks than in whites, and iii) fractal analysis was accurate and reproducible when compared to current techniques. The fractal method permits better identification of patients with LVNC.
The fractal dimension
Although classically used to describe ‘pure fractals’ (objects that are self-similar at infinite scales), fractal analysis can also be performed on real-world objects [27]. In nature, these include river networks, leaf structures and vascular trees with a higher FD suggesting more complexity (in our case, endocardial borders in LVNC cases were more irregular and produced higher FD on account of the hypertrabeculation).
Fractal analysis has already found widespread application in the medical imaging field for the analysis of lungs [28], vasculature [29, 30], bone [31] and brain [27] and across several imaging modalities (plain radiographs, retinal photography, computed tomography, magnetic resonance imaging).

Distribution of trabeculation
The elevated FD noted at the mid-ventricular level in both LVNC and healthy volunteers (Figure 3) is explained by the presence here of the papillary muscles and subvalvular apparatus - a constant feature of both healthy and noncompacted hearts. This is in line with previously reported data [32–34].
While the apex of healthy hearts is known to be lined by numerous trabeculae [35, 36], these parietal structures are fine [37] and with our resolution their segmentation approximates the true complexity, in much the same way as their measured height for NC/C calculations or their traced contours for trabeculated mass %, approximates the ground truth towards the apex. This is not so in LVNC where trabeculae are larger and easier to segment producing the highest apical FD.

Effect of ethnicity on trabeculation
The healthy LV is more trabeculated in blacks than in whites as evidenced by higher global LV FD and maximal apical FD in this study. This ethnic difference, suggested before [8, 14, 38] but never quantitated, remains unaccounted for by current imaging criteria.
In a large multi-ethnic cohort free from hypertension and cardiac disease at baseline (n = 367) Kawel [14] reported that 43% had a noncompacted to compacted wall thickness ratio of > 2.3 pointing towards oversensitivity of the Petersen method. This finding was not borne out in our study. The reasons for this could be several: firstly Kawel studied a substantially larger and more ethnically-diverse population (that also included Chinese subjects); secondly we, like Petersen, employed a single Siemens scanner together with CMRtools software for all our analysis; thirdly, the Bethesda group incorporated into their analyses two additional methodological steps (cross-referencing long-axis datasets to the short-axis cines before recording measurements and correcting for chemical shift artefact at the epicardial border) that were not part of the original Petersen description. The cumulative influence of these factors on the sensitivity of the method are not known.

Diagnostic power
Accurate diagnosis of LVNC is required for the appropriate management of confirmed cases and it avoids the unjustified diagnosis of cardiomyopathy in healthy subjects [39, 40]. Applied singly, current criteria are shown to be moderately accurate [14]. Their diagnostic performance may be improved by applying a more complex, combined criteria approach involving several CMR parameters [12]. In this feasibility study, we compared healthy hearts to a group of clinically and morphologically severe LVNCs and we show how the maximal apical FD may serve as a useful diagnostic marker for LVNC. Global LV FD also has reasonable diagnostic accuracy, although it doesn’t significantly outperform either LV perimetry or the Petersen methods. This is because global LV FD is an average measure and includes fractal values from the basal and mid-ventricular levels where LVNC cases are not too dissimilar from healthy volunteers. This has a tendency to attenuate the larger apical differences in FD. Nevertheless, global LV FD has a greater AUC than LV perimetry, suggesting that the extra geometric information encoded in the FD is of diagnostic benefit. Both fractal methods and perimetry demonstrated very high levels of reproducibility when compared to other methods mainly because they were semi-automated rather than investigator-dependent techniques. CMR fractal analysis may be considered to be a semi-automated technique because user-interaction is limited to ROI delineation.

Effect of left ventricular size on fractal dimension
We found a positive correlation between FD and LV size within the LVNC population. This raises the question about whether the higher FD recorded in LVNC cases could simply have been the result of larger cardiac size. To address this, we showed how FD remained elevated even amongst those LVNC cases with non-dilated ventricles. Furthermore, the box-counting approach is scaled so each FD is calculated relative to the size of the ROI (size of the LV). This correlation between FD and LV size is interesting, and merits further study involving a larger more extensively-phenotyped population.

Limitations
The main limitation of this study is the lack of an LVNC reference-standard, so a composite diagnostic criterion was used to define our LVNC cases. This was a single-centre study and thus the sensitivity of the developed methodology to the use of different scanners, different manufacturers and to varying scan parameters has not been tested. The last apical slice of short-axis stack, containing a few milliliters of blood and highly prone to partial voluming, was omitted from analysis (in line with the approaches of Petersen et al. [10] and Kawel et al. [14]). Further work would be needed with this (and other) technique/s to determine the effects of image ascertainment on measurements. The impact of noise, high arrhythmogenic burden and presence of contrast on the fractal analysis will need to be examined. Future research should clarify whether global or region-specific FD is better and under which circumstances. Fractal properties of other cardiac phenotypes where trabeculae are also believed to be abnormal such as hypertrophic cardiomyopathy, dilated cardiomyopathy or congenital heart disease will need to be explored. A fractal-based definition of ventricular trabeculation could serve as a useful adjunct for the improved diagnosis of LVNC but it describes only part of the phenotype – other features remain important: thinning of the compacted wall [41] (which fractal analysis does not consider), scarring, dilatation, LV function, thrombi, family history, genetics, arrhythmia and associated neuromuscular disease.
The LV FD could permit the stratification of hearts imaged by CMR across a spectrum of normal to abnormal trabecular patterning but ethnically-appropriate, population-based, normative reference ranges for trabeculation in health will be needed for this.


Conclusions
In this study, we describe a novel reproducible approach to measuring LV trabecular complexity using fractal analysis applied to CMR. FD is higher in LVNC patients compared to healthy volunteers and is higher in healthy blacks than in whites. In subjects with a high pre-test probability for disease, the biological signal measured by fractal analysis distinguishes LVNC from health with high diagnostic accuracy.

Acknowledgement

                Funding
              
Dr Moon: Higher Education Funding Council for England; Dr Mohun: Medical Research Council (U117562103); Drs Muthurangu, Flett, Sado: British Heart Foundation; Dr Captur: University College London Graduate Research Scholarship, Charlotte and Yule Bogue Research Fellowship and European Union Science and Technology Research Grant. This work was undertaken at the University College London Hospital and University College London, which receive a proportion of funding from the Department of Health’s National Institute for Health Research Biomedical Research Centres funding scheme.

References
1.
Chin TK, Perloff JK, Williams RG, Jue K, Mohrmann R: Isolated noncompaction of left ventricular myocardium. A study of eight cases. Circ. 1990, 82: 507-13. 10.1161/01.CIR.82.2.507.CrossRef

2.
Pignatelli RH, McMahon CJ, Dreyer WJ, Denfield SW, Price J, Belmont JW, Craigen WJ, Wu J, El Said H, Bezold LI, Clunie S, Fernbach S, Bowles NE, Towbin JA: Clinical characterization of left ventricular noncompaction in children: a relatively common form of cardiomyopathy. Circ. 2003, 108: 2672-8. 10.1161/01.CIR.0000100664.10777.B8.CrossRef

3.
Klaassen S, Probst S, Oechslin E, Gerull B, Krings G, Schuler P, Greutmann M, Hürlimann D, Yegitbasi M, Pons L, Gramlich M, Drenckhahn JD, Heuser A, Berger F, Jenni R, Thierfelder L: Mutations in sarcomere protein genes in left ventricular noncompaction. Circ. 2008, 117: 2893-901. 10.1161/CIRCULATIONAHA.107.746164.CrossRef

4.
Sarma RJ, Chana A, Elkayam U: Left ventricular noncompaction. Prog Cardiovasc Dis. 2010, 52: 264-73. 10.1016/j.pcad.2009.11.001.CrossRefPubMed

5.
Stöllberger C, Blazek G, Dobias C, Hanafin A, Wegner C, Finsterer J: Frequency of stroke and embolism in left ventricular hypertrabeculation/noncompaction. Am J Cardiol. 2011, 108: 1021-3. 10.1016/j.amjcard.2011.05.039.CrossRefPubMed

6.
Oechslin E, Jenni R: Left ventricular non-compaction revisited: a distinct phenotype with genetic heterogeneity?. Eur Heart J. 2011, 32: 1446-56. 10.1093/eurheartj/ehq508.CrossRefPubMed

7.
Stöllberger C, Finsterer J, Blazek G: Left ventricular hypertrabeculation/noncompaction and association with additional cardiac abnormalities and neuromuscular disorders. Am J Cardiol. 2002, 90: 899-902. 10.1016/S0002-9149(02)02723-6.CrossRefPubMed

8.
Kohli SK, Pantazis A, Shah JS, Adeyemi B, Jackson G, McKenna WJ, Sharma S, Elliott PM: Diagnosis of left-ventricular non-compaction in patients with left-ventricular systolic dysfunction: time for a reappraisal of diagnostic criteria?. Eur Heart J. 2008, 29: 89-95.CrossRefPubMed

9.
Saleeb SF, Margossian R, Spencer CT, Alexander ME, Smoot LB, Dorfman AL, Bergersen L, Gauvreau K, Marx GR, Colan SD: Reproducibility of echocardiographic diagnosis of left ventricular noncompaction. J Am Soc Echocardiogr. 2012, 25: 194-202. 10.1016/j.echo.2011.10.002.CrossRefPubMed

10.
Petersen SE, Selvanayagam JB, Wiesmann F, Robson MD, Francis JM, Anderson RH, Watkins H, Neubauer S: Left ventricular non-compaction: insights from cardiovascular magnetic resonance imaging. J Am Coll Cardiol. 2005, 46: 101-5. 10.1016/j.jacc.2005.03.045.CrossRefPubMed

11.
Jacquier A, Thuny F, Jop B, Giorgi R, Cohen F, Gaubert JY, Vidal V, Bartoli JM, Habib G, Moulin G: Measurement of trabeculated left ventricular mass using cardiac magnetic resonance imaging in the diagnosis of left ventricular non-compaction. Eur Heart J. 2010, 31: 1098-104. 10.1093/eurheartj/ehp595.CrossRefPubMed

12.
Grothoff M, Pachowsky M, Hoffmann J, Posch M, Klaassen S, Lehmkuhl L, Gutberlet M: Value of cardiovascular MR in diagnosing left ventricular non-compaction cardiomyopathy and in discriminating between other cardiomyopathies. Eur Radiol. 2012, 22: 2699-709. 10.1007/s00330-012-2554-7.PubMedCentralCrossRefPubMed

13.
Melendez-Ramirez G, Castillo-Castellon F, Espinola-Zavaleta N, Meave A, Kimura-Hayama ET: Left ventricular noncompaction: a proposal of new diagnostic criteria by multidetector computed tomography. J Cardiovasc Comput Tomogr. 2012, 6: 346-54. 10.1016/j.jcct.2012.07.001.CrossRefPubMed

14.
Kawel N, Nacif M, Arai AE, Gomes AS, Hundley WG, Johnson WC, Prince MR, Stacey RB, Lima JA, Bluemke DA: Trabeculated (noncompacted) and compact myocardium in adults: the multi-ethnic study of atherosclerosis. Circ Cardiovasc Imaging. 2012, 5: 357-66. 10.1161/CIRCIMAGING.111.971713.PubMedCentralCrossRefPubMed

15.
Niemann M, Störk S, Weidemann F: Left ventricular noncompaction cardiomyopathy: an overdiagnosed disease. Circ. 2012, 126: e240-3. 10.1161/CIRCULATIONAHA.112.095059.CrossRef

16.
Search H, Journals C, Contact A, Iopscience M, Address IP: Fractal characterization of complexity in temporal physiological signals. Physiol Meas. 2002, 23: R1-38. 10.1088/0967-3334/23/1/201.CrossRef

17.
Gomory R: Benoît Mandelbrot (1924–2010). Nature. 2010, 468: 378-10.1038/468378a.CrossRefPubMed

18.
Jenni R, Oechslin E, Schneider J, Jost CA, Kaufmann PA: Echocardiographic and pathoanatomical characteristics of isolated left ventricular non-compaction : a step towards classification as a distinct cardiomyopathy. Heart. 2001, 86: 666-71. 10.1136/heart.86.6.666.PubMedCentralCrossRefPubMed

19.
Kramer CM, Barkhausen J, Flamm SD, Kim RJ, Nagel E: Standardized cardiovascular magnetic resonance imaging (CMR) protocols, Society for Cardiovascular Magnetic Resonance: Board of Trustees Task Force on Standardized Protocols. J Cardiovasc Magn Reson. 2008, 10: 35-10.1186/1532-429X-10-35.PubMedCentralCrossRefPubMed

20.
Papavassiliu T, Kühl HP, Schröder M, Süselbeck T, Bondarenko O, Böhm CK, Beek A, Hofman MM, van Rossum AC: Effect of endocardial trabeculae on left ventricular measurements and measurement reproducibility at cardiovascular MR imaging. Radiology. 2005, 236: 57-64. 10.1148/radiol.2353040601.CrossRefPubMed

21.
Abràmoff MD, Hospitals I, Magalhães PJ, Abràmoff M: Image processing with ImageJ. Biophotonics Int. 2004, 11: 36-42.

22.
Ridler TW, Calvard S: Picture thresholding using an iterative selection method. IEEE TSMC. 1978, 8: 630-2.

23.
Ahammer H, DeVaney TTJ: The influence of edge detection algorithms on the estimation of the fractal dimension of binary digital images. Chaos. 2004, 14: 183-8. 10.1063/1.1638947.CrossRefPubMed

24.
Hanley JA, McNeil BJ: The meaning and use of the area under a receiver operating characteristic (ROC) curve. Radiology. 1982, 143: 29-36.CrossRefPubMed

25.
Bland JM, Altman DG: Statistical methods for assessing agreement between two methods of clinical measurement. Lancet. 1986, 1 (8476): 307-10.CrossRefPubMed

26.
Bossuyt PM, Reitsma JB, Bruns DE, Gatsonis CA, Glasziou PP, Irwig LM, Moher D, Rennie D, de Vet HC, Lijmer JG: The STARD statement for reporting studies of diagnostic accuracy: explanation and elaboration. Ann Intern Med. 2003, 138 (1): W1-12. 10.7326/0003-4819-138-1-200301070-00012-w1.CrossRefPubMed

27.
Sandu AL, Rasmussen IA, Lundervold A, Kreuder F, Neckelmann G, Hugdahl K, Specht K: Fractal dimension analysis of MR images reveals grey matter structure irregularities in schizophrenia. Comput Med Imaging Graph. 2008, 32: 150-8. 10.1016/j.compmedimag.2007.10.005.CrossRefPubMed

28.
Copley SJ, Giannarou S, Schmid VJ, Hansell DM, Wells AU, Yang GZ: Effect of aging on lung structure in vivo: assessment with densitometric and fractal analysis of high-resolution computed tomography data. J Thorac Imaging. 2012, 27: 366-71. 10.1097/RTI.0b013e31825148c9.CrossRefPubMed

29.
Moledina S, de Bruyn A, Schievano S, Owens CM, Young C, Haworth SG, Taylor AM, Schulze-Neick I, Muthurangu V: Fractal branching quantifies vascular changes and predicts survival in pulmonary hypertension: a proof of principle study. Heart. 2011, 97: 1245-9. 10.1136/hrt.2010.214130.CrossRefPubMed

30.
Doubal FN, MacGillivray TJ, Patton N, Dhillon B, Dennis MS, Wardlaw JM: Fractal analysis of retinal vessels suggests that a distinct vasculopathy causes lacunar stroke. Neurology. 2010, 74: 1102-7. 10.1212/WNL.0b013e3181d7d8b4.PubMedCentralCrossRefPubMed

31.
Amer ME, Heo MS, Brooks SL, Benavides E: Anatomical variations of trabecular bone structure in intraoral radiographs using fractal and particles count analyses. Imaging Sci Dent. 2012, 42: 5-12. 10.5624/isd.2012.42.1.5.PubMedCentralCrossRefPubMed

32.
François CJ, Fieno DS, Shors SM, Finn JP: Left ventricular mass: manual and automatic segmentation of true FISP and FLASH cine MR images in dogs and pigs. Radiology. 2004, 230: 389-95. 10.1148/radiol.2302020761.CrossRefPubMed

33.
Vogel-Claussen J, Finn JP, Gomes AS, Hundley GW, Jerosch-Herold M, Pearson G, Sinha S, Lima JA, Bluemke DA: Left ventricular papillary muscle mass: relationship to left ventricular mass and volumes by magnetic resonance imaging. J Comput Assist Tomogr. 2006, 30: 426-32. 10.1097/00004728-200605000-00013.CrossRefPubMed

34.
Dawson DK, Maceira AM, Raj VJ, Graham C, Pennell DJ, Kilner PJ: Regional thicknesses and thickening of compacted and trabeculated myocardial layers of the normal left ventricle studied by cardiovascular magnetic resonance. Circ Cardiovasc Imaging. 2011, 4: 139-46. 10.1161/CIRCIMAGING.110.960229.PubMedCentralCrossRefPubMed

35.
Sedmera D, Pexieder T, Vuillemin M, Thompson RP, Anderson RH: Developmental patterning of the myocardium. Anat Rec. 2000, 258: 319-37. 10.1002/(SICI)1097-0185(20000401)258:4<319::AID-AR1>3.0.CO;2-O.CrossRefPubMed

36.
Mysliwiec MR, Bresnick EH, Lee Y: Endothelial Jarid2/Jumonji is required for normal cardiac development and proper Notch1 expression. J Biol Chem. 2011, 286: 17193-204. 10.1074/jbc.M110.205146.PubMedCentralCrossRefPubMed

37.
Petitjean C, Dacher JN: A review of segmentation methods in short axis cardiac MR images. Med Image Anal. 2011, 15: 169-84. 10.1016/j.media.2010.12.004.CrossRefPubMed

38.
Luijkx T, Cramer MJ, Zaidi A, Rienks R, Senden PJ, Sharma S, van Hellemondt FJ, Buckens CF, Mali WP, Velthuis BK: Ethnic differences in ventricular hypertrabeculation on cardiac MRI in elite football players. Neth Heart J. 2012, 20: 389-95. 10.1007/s12471-012-0305-7.PubMedCentralCrossRefPubMed

39.
Stöllberger C, Finsterer J: A diagnostic dilemma in non-compaction, resulting in near expulsion from the football world cup. Eur J Echocardiogr. 2011, 12: E8-10.1093/ejechocard/jeq110.CrossRefPubMed

40.
Finsterer J, Stöllberger C, Tymms T, Fazio G, Siejka S: Shall a pilot with left ventricular hypertrabeculation/noncompaction fly passengers?. Int J Cardiol. 2010, 145: 72-3. 10.1016/j.ijcard.2009.04.031.CrossRefPubMed

41.
Gebhard C, Stähli BE, Greutmann M, Biaggi P, Jenni R, Tanner FC: Reduced left ventricular compacta thickness: a novel echocardiographic criterion for non-compaction cardiomyopathy. J Am Soc Echocardiogr. 2012, 25: 1050-7. 10.1016/j.echo.2012.07.003.CrossRefPubMed



Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
All authors have contributed significantly to the submitted work: JCM. and PME conceived and directed the project. JCM, VM, PME and GC wrote the article. JCM, VM, PME, ASF and GC developed the fractal technique for use with CMR. GC, CC, ASF, DS, SA and JCM performed the CMR imaging in humans. GC and JCM analyzed the human data. GC and AB performed the reproducibility experiments. PME, VM, TM, RW and WJM provided expert advice and critical review of the manuscript. All authors read and approved the final manuscript.


OEBPS/sidebar.gif





OEBPS/A12968_2013_Article_3295_Fig5_HTML.jpg
ROC Curve for BSA-indexed Perimeter ROC Curve for Global LV FD

10 ROC Curve for Max. Apical FD
08 05| 081
06| 06

041
02 021 021
X T T y v 1 T T T T J T y g T
00 02 04 2 08 10 02 04 06 08 10 00 02 08

04 06
1.- Specificity 1- Specificity 1 - Specificity





OEBPS/A12968_2013_Article_3295_Fig3_HTML.jpg
Fractal dimension

116 _ N R —
QAo
! ¥ f f i ;
0 10 20 30 40 50 60 70 80 90

Base =—— Mid =——— Apex






OEBPS/contact.gif





OEBPS/A12968_2013_Article_3295_Fig4_HTML.jpg
Fractal dimension

1.6 5

L] L]
T

00...00' 3
o p <0.00001 p <0.00001

* ;
1.392+0.010

' .... '
“°°°o"-°°° = aNages
oo’ W =
' .“Q;Q”n.
[ ]
1.235 1 0.004

A
1.253%0.005

LVNC Black W hite





OEBPS/A12968_2013_Article_3295_Fig1_HTML.jpg
Count: 9

40

81

150
Scale: 0.38 0.25 0.13 0.08 0'05/
q N
Calculate Ln

"":‘ 4
3
8 |
C
=4

| FD=1.34 S

Ln scale





OEBPS/A12968_2013_Article_3295_Fig2_HTML.jpg
LVNC *

u

I Whlte

FD =134 126 1.21





