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Abstract 

Background: Mutations in genes coding for sarcomeric proteins cause hypertrophic cardiomyopathy(HCM). Subtle 

structural abnormalities of the myocardium may be present in gene mutation carriers without hypertrophy(G+LVH−) but 

are difficult to quantify. Fractal analysis has been used to define trabecular complexity in LV noncompaction and to 

identify normal racial variations. We hypothesized that trabeculae measured by fractal analysis of cardiovascular 

magnetic resonance(CMR) images are abnormal in G+LVH− patients providing a prephenotypic marker of disease in 

HCM. 

Methods and Results: CMR was performed on 40 G+LVH− patients(33±15yrs, 38%men), 67 patients with a clinical 

diagnosis of HCM(53±15yrs, 76%men; 31 with a pathogenic mutation(G+LVH+)) and 69 matched healthy 

volunteers(44±15yrs, 57%men). Trabeculae were quantified by fractal analysis of cine slices to calculate the fractal 

dimension(FD)-a unitless index of endocardial complexity calculated from endocardial contours after segmentation.  

In G+LVH− patients apical LV trabeculation was increased compared to healthy volunteers(maximal apical FD, 

1.249±0.07 vs 1.199±0.05, P=0.001). In G+LVH+ and G−LVH+ cohorts, maximal apical FD was greater than in healthy 

controls(P<0.0001) irrespective of gene status(G+LVH+:1.370±0.08; G−LVH+:1.380±0.09). Compared to healthy 

volunteers, G+LVH− patients also had a higher frequency of clefts(28 vs 8%, P=0.02), longer anterior mitral valve 

leaflets(23.5±3.0 vs 19.7±3.1mm, P<0.0001), greater septal systolic wall thickness(12.6±3.2 vs 11.2±2.1mm, P=0.03), 

higher ejection fraction(71±4 vs 69±4 %, P=0.03) and smaller end-systolic volumes(38±9 vs 43±12mls, P=0.03). 

Conclusions: Increased myocardial trabecular complexity is one of several prephenotypic abnormalities in HCM 

sarcomere gene mutation carriers without LVH.  
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Text 

Background 

Hypertrophic cardiomyopathy (HCM) is the commonest inherited cardiac disease, with a prevalence 

of 1 in 500 in the general population.1 It is defined by the presence of left ventricular hypertrophy 

(LVH) in the absence of abnormal cardiac loading conditions2 and is predominantly caused by 

autosomal dominant mutations in sarcomeric protein genes.3,4 The penetrance of sarcomeric protein 

mutations is typically incomplete with variable age-related clinical expression. This means that many 

individuals who carry a causative mutation have no LVH and thus may be falsely reassured when 

they can still go on to manifest HCM with time.   

Subtle structural cardiac abnormalities (elongation of the anterior mitral valve leaflet5 (AMVL),  

clefts6–8) may be present in mutation carriers without LV hypertrophy9 (G+LVH−) imaged by 

cardiovascular magnetic resonance (CMR) (Figure 1) but are non-specific. Semi-quantitative 

methods have suggested that myocardial trabeculae are abnormal in clinically overt HCM10,11 but 

trabecular anatomy in prephenotypic mutation carriers has not been evaluated. Fractal analysis has 

been used to define myocardial trabecular complexity in individuals with left ventricular 

noncompaction and to identify normal racial variations.12 We hypothesized that trabecular 

complexity determined by fractal analysis of standard CMR images is abnormal in HCM mutation 

carriers without LVH and provides a prephenotypic marker of disease. 

 

Methods 

Study population 

One-hundred-and-seven individuals (aged 15 - 82 years) from 97 unrelated families with HCM 

recruited from a dedicated cardiomyopathy clinic at The Heart Hospital, UCLH, London were 

studied between January 2007 and February 2013: G+LVH− (n = 40); G+LVH+ (n = 31) and 

G−LVH+ (n = 36). Age (+/- 8 years), gender, body surface area (+/- 10%) (BSA) and ethnicity-



matched healthy volunteers were recruited for comparison with the three HCM groups, with some 

healthy volunteers being matched to patients in more than one group (n = 69, 44  15 years).  

Inclusion criteria for G+LVH− patients were: i) maximal LV wall thickness <13 mm by CMR and 

mass within the normal range relative to BSA, age and gender; ii) sinus rhythm, no LVH and no 

pathological Q waves/T-wave inversion on 12-lead electrocardiography (ECG); iii) no causes of 

secondary LVH (valve disease, hypertension). Diagnosis of HCM in the LVH+ groups was based on 

demonstration by CMR of a nondilated, hypertrophied LV (maximum wall thickness 15 mm) in the 

absence of another cardiac or systemic disease that could produce the magnitude of hypertrophy.1 

Exclusion criteria included: evidence of substantial LV remodeling and the end-stage phase of HCM, 

previous alcohol septal ablation, surgical septal myectomy or mitral valve replacement. Healthy 

volunteers had no history of cardiovascular disease or hypertension, a normal physical examination, 

no family history of inheritable cardiomyopathy or sudden cardiac death and no personal history of 

unexplained syncope. Exclusion criteria for all participants were the presence of conventional contra-

indications for CMR, claustrophobia and a high arrhythmogenic burden (e.g. atrial fibrillation, 

frequent ectopics) that precluded good cine acquisitions by retrospective gating.  

An ethics committee of the UK National Research Ethics Service approved the generic analysis of 

anonymized clinical scans. The genotyping project was approved by the UCL/UCLH Joint Research 

Ethics Committee. At the time of enrolment all participants gave written informed consent 

conforming to the declaration of Helsinki (V. revision, 2000).  

 

Electrocardiography 

Standard 12-lead ECG was performed in the supine position during quiet respiration. LVH was 

evaluated with the Romhilt-Estes13 and electrocardiographic European criteria.14,15 ECGs were 

analyzed by an experienced observer blinded to clinical information. 

 

 



Genetic screening 

Blood samples were collected at initial evaluation and genomic DNA was isolated from peripheral 

blood lymphocytes, using standard methodology. All G+LVH+ and G−LVH+ cases were screened 

using a targeted high-throughput sequencing methodology and sequencing data was subjected to 

bioinformatics analysis as previously described.16 Briefly, 2.1 Mb of genomic DNA sequence was 

screened per patient, covering coding, intronic and selected regulatory regions of 41 cardiovascular 

genes. Solution-based sequence capture was used followed by massive parallel resequencing on 

Illumina GAIIx. Average read-depth in the 2.1 Mb target region was 120. For G+ cases, non-

synonymous pathogenic and likely pathogenic variants were selected on frequency (<0.5% based on 

the 1000 Genomes Database17) and putative functional consequence: either missense variants 

previously published to be associated with the disease or splicing, nonsense and frameshift variants.16 

G+ individuals were defined as the ones carrying a mutation in one of the following sarcomere genes: 

myosin binding protein C (MYBPC3), beta myosin heavy chain (MYH7), troponin T (TNNT2), 

troponin I (TNNI3), myosin regulatory light chain (MYL2), myosin essential light chain (MYL3), 

tropomyosin (TPM1) and cardiac alpha actin (ACTC1). Thick-filament mutations consisted of 

MYBPC3, MYH7, MYL2 and MYL3, while thin-filament mutations included TNNT2, TNNI3, TPM1 

and ACTC1.  

 

Cardiovascular magnetic resonance 

Standard clinical scans (localizers, three long-axis views, black and white blood images, full LV 

short-axis stack) were performed using a 1.5-T magnet (Avanto, Siemens Medical Solutions, 

Erlangen, Germany). CMR short-axis volumetric studies18 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, 60 - 80°; TR, 3.0 ms; TE, 1.33 ms; FOV read typically, 380 mm; phase resolution, 

75%; typical acquired voxel size 1.5 x 1.7 mm; lines per segment, 12). 



Non-fractal image analysis 

LV volumes, ejection fraction (EF) and LV mass were determined according to standardized CMR 

methods19 (papillary muscles were included in the LV mass). LV wall thickness was calculated for 

the septum and posterior wall on end-diastolic and end-systolic short-axis cine frames. End-systolic 

left atrial areas were measured by planimetry on 4-chamber view. AMVL length was measured using 

the method described by Maron et al.5 The three long-axis views and a modified 2-chamber view 

(transecting right ventricular insertion points) were evaluated for the presence of myocardial clefts 

defined as focal myocardial defects with a depth of 50% of the adjacent myocardium.8 The degree 

(%) of transmural penetration of clefts was recorded. Presence of rest LV outflow tract obstruction 

and systolic anterior motion of the mitral valve leaflet were noted. Breath-held, delayed contrast 

enhancement images acquired through an inversion recovery turbo Fast Low Angle Shot (FLASH) 

sequence were obtained 7-15 min after injection of 0.1 mmol/kg gadolinium-DTPA. The presence of 

fibrosis and the structure of the LV were evaluated by cardiologists experienced in CMR (J.C.M, 

G.C., D.S.).  

 

Fractal analysis 

Fractal analysis was performed on the end-diastolic frames of each short-axis cine slice in the LV 

stack using our in-house, semi-automated MATLAB graphical user interface (The MathWorks Inc., 

Natick, MA, USA; authors – V.Mu, C.L., G.C.). CMR slices underwent automatic scaling according 

to DICOM pixel spacing metadata as the first image processing step. Analysis typically took <4 

minutes per heart and was divided into three parts (Figure 2): 1) user-defined selection of the region-

of-interest (ROI), 2) image segmentation to extract the endocardial border and 3) calculation of the 

fractal dimension (FD) of all endocardial borders in the LV stack using a standard box-counting 

method as previously described by our group.12 A validated, region-based level set method20 was 

employed for blood-endocardial segmentation and bias field estimation and correction of CMR data. 

Intracavitary papillary muscles and parts of the subvalvular apparatus also provided edges to the final 



image submitted to fractal analysis. The most apical ventricular slice which is known to be prone to 

partial voluming, was excluded from fractal analysis.  

To assess the global LV FD, an average of all FD in the LV stack was measured. To assess local 

fractal characteristics, the LV stack was split into basal and apical halves (consistently discarding the 

median slice in unevenly numbered stacks). Mean and maximal values for basal and apical FD were 

then calculated. Validation and repeatability experiments for the fractal algorithm are described in the 

Online Supplementary Material. 

 

Statistical analysis 

Statistical analysis was performed in R programming language for statistical computing (version 

3.0.1, The R Foundation for Statistical Computing) and in SPSS for Windows version 20.0 (Chicago, 

IL, USA). Descriptive data are expressed as mean ± standard deviation (s.d.) except where otherwise 

stated. Distribution of data was assessed on histograms and using Shapiro-Wilk test. Categorical 

variables were compared by 2 tests. Correlation between continuous variables was assessed with 

Pearson’s Correlation Coefficient. FD of HCM groups and matched healthy volunteers were directly 

compared using paired t-Test. Linear regression was used to determine which variables were 

associated with LV trabeculation across the three HCM groups. To adjust for differences when 

comparing between individual HCM groups a multivariate model was fitted which included variables 

identified as statistically significant in the univariate analyses. An optimal threshold value for FD 

within this case-control population was calculated as the Youden Index derived from the area under 

the receiver operating characteristics curve. Paired measurements for repeatability of fractal analysis 

were evaluated using the Bland-Altman method. Intraclass correlation coefficient was used to 

compare variability within and between readers. A two-sided P value <0.05 was considered 

significant.  

   



Results 

Patient characteristics 

HCM groups were matched with equivalent healthy volunteers in terms of age, gender and body 

surface area (Table 1). Patients with hypertrophy were nearly 2 decades older than the G+LVH− 

group. Children and adolescents (<18 years) comprised 20% of the G+LVH− cohort. Of the 40 

G+LVH− patients, 1 subject was excluded from subsequent analysis on account of maximal LV wall 

thickness by CMR >13 mm, not previously noted at echocardiography. Fifty-four unique mutations 

(29 unique mutations in the G+LVH+ plus 25 from the G+LVH−), in a total of 6 sarcomere genes 

were represented across the G+ populations (a full listing is provided in Supplementary Tables 1 and 

2): MYBPC3, n=29, MYH7, n=20, MYL2, n=1, TNNT2, n=7, TNNI3, n=11 and ACTC1, n=2, with 

mutations in MYBPC3 (41%) and MYH7 (29%) being most prevalent. There were two multiple-

mutation carriers among G+LVH− and none in the G+LVH+. 

Baseline CMR parameters (Table 1) for G+LVH− patients were similar to those of healthy 

volunteers, except for LV EF (71 ± 4 % vs. 69 ± 4 %, P=0.03), maximal septal wall thickness in 

systole (SWTs) (12.6 ± 3.2 mm vs. 11.2 ± 2.1 mm, P=0.03), end-systolic volume (ESV) (38 ± 9 mls 

vs. 43 ± 12 mls, P=0.03) and AMVL length (23.5 ± 3.0 mm vs. 19.7 ± 3.1 mm; P<0.0001). 

Substantial differences in CMR parameters were observed between G+LVH+/G−LVH+ HCM 

patients and healthy matched volunteers.  

In G+LVH+ and G−LVH+ patients, asymmetric septal hypertrophy was the commonest pattern of 

LVH (84% and 61% respectively). Resting peak left ventricular outflow tract obstruction and systolic 

anterior motion of the mitral valve were observed in 39% and 52% of G+LVH+ cases respectively 

and in 33% and 42% of G−LVH+.  Delayed contrast enhancement was present in 90% of G+LVH+ 

(28/31) and in 81% of G−LVH+ (29/36) but was absent in all G+LVH− patients and healthy 

volunteers.  



Trabeculation 

G+LVH− patients had increased global LV trabecular complexity compared to healthy volunteers 

(1.176  0.06 vs. 1.149  0.03, P=0.01). This was most marked in the apical half of the LV (maximal 

apical FD, 1.249 ± 0.07 vs. 1.199 ± 0.05, P=0.001). In this case-control population, the optimum 

threshold value for maximal apical FD, that distinguished G+LVH− patients from healthy volunteers, 

was found to be 1.241. We found no difference in trabecular complexity between G+LVH− patients 

and controls in the basal half of the LV (P=0.21, P=0.97, for mean and maximal basal FD) (Figures 3 

and 4A; Table 2). In G+LVH− patients there was no difference in trabeculation between those with a 

Romhilt-Estes ECG score of 1-3 vs. 0 (6/39 vs. 33/39; P=0.62). 

G+LVH+ and G−LVH+ patients had elevated FD across the whole LV compared to healthy 

volunteers (P<0.0001 for all comparisons, Figures 4B and 4C; Table 2). In G+LVH− patients 

maximal apical FD showed weak positive relationships with maximal diastolic (r=0.41, P=0.01; 

Figure 5) and systolic septal wall thickness (r=0.42, P=0.01), and LV mass-index (r=0.33, P=0.04); 

and a weak negative relationship with gender (r=-0.33, P=0.04). In G+LVH+ and G−LVH+ patients, 

FD was negatively correlated with BSA, LV end-diastolic volume (r=-0.25, P=0.04) and stroke 

volume and positively correlated with LV mass-index, EF, wall thickness and presence of scar (for 

scar, r=0.24, P=0.047). 

 

Relation of gene status to trabeculae and anterior mitral valve leaflet morphology 

In patients with LVH, univariate analysis identified age, ethnicity, gender, BSA, LV mass, maximal 

systolic and diastolic septal and posterior wall thickness, left atrial size and presence of delayed 

contrast enhancement as being associated with maximal apical FD and AMVL length. After adjusting 

for these factors trabeculation and AMVL length did not differ significantly between G+LVH+ and 

G−LVH+ patients (maximal apical FD, B=-0.01, P=0.90; AMVL length, B=0.22, P=0.07) and no 

gene-specific differences in trabeculation were observed in G+LVH+ and G+LVH− patients 

(MYBPC3 vs. MYH7 mutations, B=0.16, P=0.24; thick vs. thin filament mutations, B=-0.04, P=0.66).  



Relation of trabeculae to myocardial clefts 

Myocardial clefts were commoner in G+LVH− patients (11/39, 28%) compared to healthy volunteers 

(3/39, 8%; P=0.02). Of the 11 G+LVH− patients with clefts, 50% had >1 cleft (2 or 3) whereas all 

healthy volunteers had singular clefts. Clefts predominated in the basal inferior and inferoseptal 

walls. Within the G+LVH− group maximal apical FD did not differ significantly in the presence or 

absence of clefts (maximal apical FD, 1.256  0.02 vs. 1.246  0.01 respectively, P=0.71).                                                                                                                                                                                                                                                                                                     

 

Discussion 

These data show that carriers of HCM causing mutations with no LVH or scar have abnormal apical 

trabeculation. Three other previously described morphological abnormalities (myocardial clefts, 

AMVL elongation, increased systolic wall thickening) were also more common in mutation carriers. 

Together, these findings represent a preclinical HCM phenotype.7,21,22 

HCM patients have a lifelong risk of heart failure, atrial fibrillation, stroke, and sudden cardiac 

death.23  Detection of a preclinical HCM phenotype24–26 in the relatives of probands, facilitates closer 

clinical surveillance27 and may provide a surrogate marker for future therapeutic trials.28  In spite of 

this refined description of the intermediate HCM phenotype, detailed cardiac imaging studies are still 

unable to reliably distinguish preclinical HCM subjects from normal G− relatives on the basis of 

cardiac morphology alone,26 calling for the study of larger G+LVH−  populations and direct 

comparison with G− relatives.  

In this study, endocardial contours in the apical half of the LV were mathematically more complex in 

G+LVH− patients when compared to healthy volunteers. The finding of increased apical 

trabeculation in HCM is therefore one (new) of several (known) phenotypic abnormalities that have 

been described in gene mutation carriers before the development of hypertrophy. The trabecular 

abnormalities were more pronounced (higher FD) and widespread (also involving the base) in 

patients with LVH irrespective of genetic status.  



Trabeculae are composed of sheets of cardiomyocytes29 lined by endocardial cells. They form at the 

end of human gestational week-430 and their subsequent maturation is governed by genetic factors. 

Mutations of genes encoding NOTCH signaling pathway regulators,31 sarcomeric,32 cytoskeletal,33 

nuclear-membrane34 and chaperone proteins35 have been implicated in the trabecular disarray that 

results in left ventricular noncompaction. In HCM carriers it is therefore plausible that the interplay 

of the primary genetic defect and environmental factors36 may also be influencing trabecular 

formation. Trabecular thickening occurs in LVH37 and must account for some of the increased fractal 

complexity seen in our HCM cases (with some contribution from hypertrophied papillary muscles). 

In G+LVH− patients trabecular abnormalities are picked up by fractal analysis, even when other 

more conventional metrics (end-diastolic wall thickness, LV mass, ECG surrogates) fail to show 

clinically appreciable hypertrophy. Clefts are commoner in G+LVH−  but they do not explain the FD 

increase as their presence was not associated with FD and they are more basal8 and less visible on the 

short-axis slices.  

We observed higher EF and SWTs and smaller ESV in our G+LVH− cohort compared to healthy 

volunteers. Elevated EF38–40 and hypercontractility41 have been previously documented, but 

diastolic42 and systolic dysfunction43 have also been seen, although the latter may have been due to 

myocardial scar43 whereas our carriers were entirely free of scar. Elongation of the AMVL was also 

confirmed.5 The precise mechanism for this is not known but sarcomeric protein mutations may 

influence valvulogenesis through abnormal fibroblastic differentiation of epicardial-derived cells44 

adjacent to the mitral valve which increase levels of periostin,45 thought to be important in the 

regulation of valve differentiation and maturation.46 Longitudinal, morphological study of HCM 

animal models bearing sarcomere mutations that cause the human disease, could improve our 

understanding of phenotype evolution in preclinical and overt HCM, distinguishing the primary 

effects of sarcomere mutations from other compensatory structural changes.26 Just as in humans 

where age-dependent penetrance of HCM is seen, these published animal models (Table 3) only start 

to express LVH or histological changes typical for hypertrophy, later on in life. It is still unknown 



whether the preclinical abnormalities described in the human G+LVH− hearts are similarly 

recapitulated in these murine HCM mutants. 

Limitations of this study are that it is single-centre and cross-sectional in design. Some G+LVH− 

patients were related and trabecular morphology in family members of G−LVH+ HCM probands and 

in those of G+LVH+/− probands has not been evaluated. Results found in the carrier population merit 

validation in a separate, external G+LVH− cohort.   

 

Conclusions  

Increased myocardial trabecular complexity is one of several other phenotypic abnormalities that can 

be identified by CMR in HCM sarcomere gene mutation carriers without LVH. 
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Tables 

Table 1 Baseline characteristics and CMR parameters. 

Variable G+LVH− Normals P‡ G+LVH+ Normals P‡ G−LVH+ Normals P‡ 

(n=39*) (n=39)  (n=31) (n=31)  (n=36) (n=36)  

Age (yrs) 33±15 37±12   0.094 47±12 45±14   0.667 57±15 51±15   0.085 

Male/Female 15/24 15/24   NS 19/12 19/12   NS 32/4 32/4   NS 

Ethnicity† A=38 

D=1 

A=38 

D=1 

  NS A=21 

C=2 

D=5 

E=3 

A=21 

C=2 

D=5 

E=3 

  NS A=25 

C=8 

D=2 

E=1 

A=25 

C=8 

D=2 

E=1 

  NS 

BSA (m2) 1.8±0.2 1.8±0.2   0.544 1.9±0.2 1.9±0.2   0.916 2.0±0.2 2.0±0.2   0.801 

LVEDV (mls) 129±23 136±25   0.213 144±46 140±23   0.642 130±34 145±23   0.026 

LVEDVi (mls/m2) 72±10 74±11   0.315 74±22 72±9   0.656 66±15 73±9   0.018 

LVESV(mls) 38±9 43±12   0.033 43±30 45±10   0.789 32±17 47±12 <0.0001 

LVESVi (mls/m2) 21±4 24±6   0.039 22±15 23±5   0.777 16±8 24±5 <0.0001 

EF (%) 71±4 68±4   0.034 71±10 68±5   0.129 76±9 67±4 <0.0001 

Mass (g) 108±32 108±31   1.0 226±98 127±37 <0.0001 262±113 141±30 <0.0001 

Massi (g/m2) 60±13 59±14   0.849 117±51 65±14 <0.0001 133±59 71±14 <0.0001 

SV (mls) 91±16 92±16   0.717 100±29 95±18   0.352 98±25 97±15   0.821 

SWTd (mm) 9.1±1.9 8.5±1.2   0.075 21.0±6.5 9.0±1.4 <0.0001 21.3±5.4 9.8±1.3 <0.0001 

PWTd (mm) 6.5±1.4 6.5±1.4   0.945 9.7±3.2 7.06±1.6 <0.001 12.7±4.3 7.3±1.5 <0.0001 

SWTs (mm) 12.6±3.2 11.2±2.1   0.031 24.7±5.8 12.3±2.7 <0.0001 26.7±5.0 12.9±2.6 <0.0001 

PWTs (mm) 12.3±2.8 11.9±2.5   0.457 17.8±3.8 12.7±2.8 <0.0001 20.9±5.0 13.4±2.9 <0.0001 

SdPdR 1.4±0.3 1.4±0.3   0.338 2.3±1.0 1.3±0.3 <0.0001 1.8±0.6 1.4±0.3   0.002 

SsSdR 1.4±0.2 1.3±0.3   0.320 1.2±0.2 1.4±0.3   0.02 1.3±0.3 1.3±0.2   0.798 

PsPdR 1.9±0.4 1.8±0.3   0.317 1.9±0.4 1.8±0.3   0.382 1.7±0.4 1.9±0.3   0.149 

LA area (cm2) 19.5±3.4 19.3±2.7   0.761 29.6±6.5 19.4±2.7 <0.0001 27.1±7.0 19.6±2.6 <0.0001 

LA areai (cm2/m2) 10.8±1.5 10.6±1.4   0.394 15.3±3.4 10.0±1.2 <0.0001 13.7±3.4 10.0±1.4 <0.0001 

AMVL (mm) 23.5±3.0 19.7±3.1 <0.0001 24.6±4.6 19.6±2.8 <0.0001 25.7±3.3 19.2±3.0 <0.0001 



*After exclusion of 1 case with left ventricular hypertrophy detected by CMR.  

†Ethnic headings are defined in accordance with UK Office for National Statistics guidance on national standards: A = 

White; B = Mixed; C = Asian or Asian Black; D = Black or Black British; E = Chinese or other ethnic group (including 

Arab). 

‡Significant P values are highlighted in bold. 

AMVL, anterior mitral valve leaflet length; BSA, body surface area; CMR, cardiovascular magnetic resonance; EF,  

ejection fraction; G+/G−, sarcomere gene mutation positive/negative; LA areai, left atrial area indexed to BSA; LVEDVi, 

left ventricular end-diastolic volume indexed to BSA; LVESVi, left ventricular end-systolic volume indexed to BSA; 

LVH+/LVH−, left ventricular hypertrophy present/absent; Massi, LV mass indexed to BSA; NS, not significant; PsPdR, 

systolic posterior to diastolic posterior wall thickness ratio; PWTd/s, maximal posterior wall thickness in diastole/systole; 

s.d., standard deviation; SdPdR, diastolic septal to diastolic posterior wall thickness ratio; SsSdR, systolic septal to 

diastolic septal wall thickness ratio; SV, stroke volume; SWTd/s, maximal septal wall thickness in diastole/systole; yrs, 

years. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 2 Fractal dimensions across all populations.  

FD G+LVH− Normals P|| G+LVH+ Normals P|| G−LVH+ Normals P|| 

(n=39*) (n=39†)  (n=31) (n=31‡)  (n=36) (n=36§)  

Mn. Basal 1.142±0.07 1.126±0.04 0.213 1.255±0.07 1.138±0.06 <0.0001 1.219±0.07 1.130±0.07 <0.0001 

Max. Basal  1.218±0.08 1.217±0.05 0.973 1.344±0.08 1.227±0.05 <0.0001 1.305±0.09 1.223±0.06 <0.0001 

Global LV  1.176±0.06 1.149±0.03 0.012 1.300±0.06 1.165±0.05 <0.0001 1.279±0.07 1.169±0.05 <0.0001 

Mn. Apical  1.202±0.07 1.162±0.05 0.006 1.332±0.08 1.179±0.06 <0.0001 1.327±0.08 1.196±0.06 <0.0001 

Max. Apical  1.249±0.07 1.199±0.05 0.001 1.370±0.08 1.211±0.06 <0.0001 1.380±0.09 1.232±0.06 <0.0001 

*After exclusion of 1 case with LVH detected by CMR.  

†Of which non-White, n = 1 (ethnically matched to G+LVH−) 

‡Of which non-White, n = 10 (ethnically matched to G+LVH+) 

§Of which non-White, n = 11 (ethnically matched to G−LVH+) 

||Significant P values are highlighted in bold. 

FD, fractal dimension; Max., maximal; Mn., mean; Other abbreviations as in Table 1.  

 

 

 

 

 

 



Table 3 Murine models for HCM47 published to date.  

Gene Family Published Mutation detail Postnatal Phenotype 

MYBPC3 Vignier et al.48 2009 Knockin Ho-KI show LVH, ↓FS, interstitial fibrosis >3mo 

Het-KI showed no major phenotype 

 McConnell et al.49 2001 Truncated Het show slight LVH by 30wk 

 Carrier et al.50 2004 Knockout Ho show eccentric LVH,  ↓FS >3mo; ↓relaxation >9mo 

Het show ASH, interstitial fibrosis >10mo 

TNNT Tardiff et al.51 1998 Truncated ↓LV mass by 4mo, impaired relaxation 

 Javadpour et al.52 2003 R92Q ↓LV mass, impaired relaxation 

TNNI  Tsoutsman et al.53 2006 G203S LVH, interstitial fibrosis by 21wk 

 James et al.54 2000 R146G Interstitial fibrosis, impaired relaxation, enhanced contractility  

αMHC* Geisterfer-Lowrance et al.55 1996 R403Q Ho born with normal gross cardiac anatomy but lethal by 7 days 

Het show myocyte hypertrophy, interstitial fibrosis by 15wk; LVH by 30wk 

 Jones et al.56 1996  Knockout Ho are embryonic lethal; Het show ↓LV contractility and impaired relaxation 

αTM Muthuchamy et al.57 1999 D175N ↓FS , Impaired relaxation  

 Prabhakar et al.58 2001 E180G LVH and fibrosis by 1mo; lethal by 4mo 

TNNI+αMHC Tsoutsman et al.59 2008 Double-mutant:  

TNNI-203/αMHC-403 

↑LV mass, interstitial fibrosis by 14 days; heart failure and lethal by 21 days 

*Isoform is highly homologous to the human MHC gene.   

αMHC= alpha cardiac myosin heavy chain; αTM= alpha-tropomyosin; ASH= asymmetric septal hypertrophy; ↑= increased; ↓= decreased; FS= fractional shortening; Het= heterozygous; 

Ho= homozygous; KI= knock-in; mo= moths; MYBPC3= cardiac myosin-binding protein C gene; NA= not available; LVH= left ventricular hypertrophy; TNNI= cardiac troponin-I; 

TNNT= cardiac troponin T; wk= weeks. 

 

 

 

 



Figure legends 

Figure 1 Examples of preclinical HCM phenotype.  

Preclinical features of HCM consisting of the presence of (A) clefts, (B) elongation of the anterior 

mitral valve leaflet (here 23 mm) and (C) abnormal trabeculae (here FD of 1.318). Not shown is the 

slightly higher contractility recorded in our cohort.  

FD, fractal dimension; HCM, hypertrophic cardiomyopathy.  

 

Figure 2 Fractal analysis for trabecular quantification.  

Example analysis. A single slice (A) from a healthy volunteer cine stack. The ROI (B) is defined and 

the endocardial contour created using a level set method without further intervention (C). This 

undergoes box-counting fractal analysis (D): a series of grids of boxes of progressively smaller size 

are laid over the ROI and boxes containing pixel detail are counted. A natural logarithmic plot (E) of 

box-count (y axis) against scale (x axis, calculated from box/image size) is generated. The slope (m) 

of the line is the FD. Here, this slice has a FD of 1.257.  

Ln, natural logarithm; , scale; ROI, region of interest. Other abbreviations as in Figure 1. 

 

Figure 3 Mean FD values across the length of the LV from base to apex. 

Mean base-to-apex interpolated FD values for the three populations (healthy volunteers, G+LVH− 

and G+LVH+). Heavy central lines represent mean FD values; shaded areas represent 95% 

confidence interval of the mean for each population.  

G+, sarcomere gene mutation positive; LV, left ventricle; LVH+/−, left ventricular hypertrophy 

present/absent. Other abbreviations as in Figures 1 and 2. 

 

 

 

 



Figure 4 Basal and apical fractal dimensions.   

(A) Global LV, mean apical and maximal apical FD for G+LVH− vs. healthy volunteers. Global LV, 

maximal basal and maximal apical FD for G+LVH+ (B) and for G−LVH+ (C) vs. healthy volunteers. 

Error bars represent 95% confidence intervals. *P=0.012; **P=0.006; ***P=0.001; †P<0.0001. 

Abbreviations as in Figures 1 and 3. 

 

Figure 5 Relation between septal wall thickness and extent of trabeculation in G+LVH− and 

healthy volunteers.  

Across a similar range of diastolic septal wall thicknesses, maximal apical FD tends to increase 

disproportionately in carriers (squares), but not in healthy volunteers (spheres) potentially reflecting 

the influence of sarcomere gene mutation carriership (similar findings are recorded in systole). 

Markers represent mean FD; error bars represent standard error of the mean.  

Abbreviations as in Figures 2 and 3. 
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Figure 5 

 

 

 

 

 

 

 

 

 


