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INTRODUCTION :

Contexte : La surface endocardique des ventricules cardiaques est caractérisée par la
présence de nombreux reliefs tubulaires ou cdniques nommées trabéculations, lui conférant
une morphologie complexe. Ces trabéculations semblent jouer un réle indispensable lors de
I’embryologie cardiaque, du fait d’une surface de contact accrue avec le sang circulant, en
permettant I’apport d’oxygeéne et de nutriments au muscle cardiaque [1].Celles-ci involuent
ensuite progressivement, en paralléle de la maturation du réseau coronarien.
Schématiquement, la paroi des ventricules peut étre décomposée en une couche compacte,
contractile (dite « compactée » ou C) et une couche de trabéculations (dite « trabéculée », NC
ou T) d’épaisseur et de volume variables a 1’état physiologique. En pratique courante, le
volume ou la masse de ces trabéculations ne sont généralement pas pris en compte dans le
calcul de la masse pariétale ventriculaire, en raison de la complexité du post-traitement des
images [2]. Or, de nombreuses méthodes de quantification de ces trabéculations ont été mises
au point avec la description d’une cardiopathie dont I’existence a été débattue : la non-
compaction du ventricule gauche (NCVG). Une des seules caractéristiques, d’ordre
morphologique, de cette pathologie est la présence de nombreuses trabéculations
ventriculaires, associées a un aspect aminci de la couche compactée [3]. Certains auteurs ont
alors proposé des critéres diagnostiques pour la NCVG fondés sur une évaluation quantitative
de ces trabéculations :

- Entermes d’épaisseur pariétale : en échographie d’abord [4], [5], puis en IRM par la

suite [6].
- Entermes de volume ou de masse : selon differentes méthodes de segmentation

manuelles [7]-[9].
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- Enfin, en valeur absolue, par le calcul d’une dimension fractale de la surface

endocardique [10].

Bien que les seuils proposés soient d’une aide précieuse au diagnostic, ceux-ci se sont
révelés imparfaits et peu spécifiques. Premierement, il existe des conditions pathologiques
dans lesquels une augmentation des trabéculations a été observée. Dans les cardiomyopathies
dilatées (CMD), la quantification des trabéculations pourrait étre influencée par le remodelage
ventriculaire [11]. Dans les cardiomyopathies hypertrophiques (CMH), la prise en compte des
trabéculations et de la masse papillaire semble modifier significativement les résultats des
mesures des parametres fonctionnels du VG et donc les valeurs de référence a considerer
[12]-[14]. Chez les patients porteurs de mutations génétiques impliquées dans la CMH, une
augmentation de la complexité des reliefs endocardiques a été observée (Captur, Circ
Cardiovasc Genet., 2014). De plus, des sous-phénotypes de CMH « hypertrabeculés » ont été
décrits [15]. Par ailleurs, dans la maladie de Fabry [16] et dans d’autres conditions
pathologiques entrainant un phénotype hypertrophié [17], [18], les masses papillaires et des
trabéculations, augmentées, entrainerait un biais plus important dans 1’évaluation
fonctionnelle du VG.

La CMH est la plus fréquente des cardiopathies génétiques et la premiere cause de mort
subite chez les sujets jeunes et les sportifs [19]. Elle est caractérisée par une hypertrophie
pariétale ventriculaire, segmentaire et hétérogéne, associée a divers degrés a des zones de
fibrose, des anomalies endocardiques (variations anatomiques des muscles papillaires,
cryptes) ou valvulaires et des troubles cinétiques segmentaires [20], [21]. Du fait du caractere
hétérogéne de cette atteinte séméiologique, il apparait intéressant de quantifier les
trabéculations de maniére globale, mais surtout segmentaire. De plus, pour quantifier une
éventuelle augmentation de la masse trabéculée il faut s’interroger sur d’hypothétiques

valeurs de référence de celle-ci dans une population indemne de pathologie cardiaque. Ainsi,
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plusieurs auteurs ont étudié le volume ou la masse trabéculée sur des cohortes de sujets sains,
obtenant cependant des résultats hétérogénes et fortement dépendants des méthodes de

segmentation [22], [23].

Objectif et analyses : Notre objectif était d’étudier le comportement de la masse trabéculée
du ventricule gauche dans une population de patients atteint de CMH, comparativement a des
sujets sains, avec 1’hypothése que la masse trabéculée augmentait proportionnellement a la
masse pariétale (C) du ventricule gauche. Plusieurs paramétres étaient étudiés :
- TetC: les masses trabéculée et pariétale, quantifiées de maniere globale et
segmentaire
- PM : la masse papillaire et PMT : sommes des masses trabeculée et des muscles
papillaires.
- T/C et PMT/C : le rapport entre la masse trabéculée et pariétale et le rapport entre la

somme des masses papillaire et trabéculée et la masse pariétale.

L’analyse segmentaire permettait de chercher une éventuelle association entre les régions
hypertrophiées et les régions les plus trabéculées. Enfin la recherche de facteurs

morphologiques ou fonctionnels favorisant un phénotype hypertrabéculé était conduite.

Meéthode de mesure : Notre approche de quantification des trabéculations, se définissait
par les caractéristiques suivantes :

- Analyse semi-automatique : utilisation d’un logiciel de segmentation semi-
automatique, validé sur modele murin, en comparaison a 1’histologie et testé sur une
petite cohorte de patients sains [24]. L’analyse était conduite sur des coupes d’IRM en
petit axe avec détection des contours myocardiques et systéeme de seuillage semi-

automatique des trabéculations. L’analyse est détaillée plus précisément dans 1’article
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objet de cette thése. Une étude paralléle de notre groupe de travail, en cours de
rédaction, vise a étudier la masse trabéculée et la répartition de ces trabéculations dans
une cohorte de sujets sains, d’ages différents (Z. Bentatou, Distribution of left
ventricular trabeculation across gender and age in a cohort of 140 healthy Caucasian
subjects) et utilisant le méme procédé de traitement des images.

Analyse volumique des trabéculations et de la masse pariétale : notre méthode de
quantification permet une mesure du volume de C et T de maniére globale et dans 16
des 17 segments cardiaques de I’AHA. En réalisant un produit de ce volume par la
densité myocardique (1,05g/m2), nous obtenions la masse de ces structures.

Analyse segmentaire : cette méthode permettant une étude par segment de la masse
trabéculée, effectuée grace a notre logiciel est, a notre connaissance, la seule existante

dans la littérature.
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Quantification of left ventricle trabeculae in Hypertrophied
Cardiomyopathy (HCM), in comparison with healthy subjects

M FINAS (1), Z. BENTATOU (2), J. FRANDON (2,4), P. HABERT (3), A. JANKOWSKI (1), S. RAPACCHI
(2), F. KOBER (2), S. BRICQ (5), A. LALANDE (5), M. BERNARD (2) and A. JACQUIER (2,3)
(1) Clinique Universitaire de Radiologie et d’Imagerie Médicale, CHU Grenoble-Alpes
(2) Centre de Résonance Magnétique Métabolique et Biologique— UMR 7339
(3) Radiologie adultes et neuroradiologie — Hopital de la Timone, Marseille
(4) Radiologie — Imagerie médicale, HOpital Universitaire Carémeau, Nimes
(5) Laboratoire Electronique, Informatique et Image, UMR CNRS 6306, Dijon

Résumé :

Introduction :

Le principal symptéme de la Non-Compaction du Ventricule Gauche (NCVG) est le caractére
trés trabéculé du VG. Cependant, il existe d’autres cardiomyopathies au cours desquelles le
VG peut apparaitre hypertrabéculé, notamment la Cardiomyopathie Hypertrophique (CMH).
Cette étude portait sur la quantification semi-automatique des trabéculations du VG dans une
cohorte de patients atteints de CMH, en comparaison a des volontaires sains.

Méthodes :

Notre recrutement portait sur des patients porteurs d’'une CMH, suivi dans notre institution
(CHRU Marseille la Timone) et ayant bénéfici¢ dans ce cadre d’une IRM cardiaque durant
I’année 2015. Des volontaires sains ont été recrutés prospectivement et appariés aux patients
en termes de genre et d’age. Pour chaque sujet, la masse trabéculée (T), la masse compactée
(C) et la masse papillaire (MP) étaient calculée a I’aide d’un procédé de traitement semi-
automatique. Les ratios T/C et PMT/C étaient calculés. Des analyses en groupe (Patients
contre Contréle) et en sous-groupe (Patients avec hypertrophie sévére [« LVH+ », C>85g/m?]
contre Patients avec hypertrophie modérée [« LVH-», C<85g/mZ2]) ont été réalisées pour
chaque parametre. Enfin, la répartition segmentaire de ces paramétres au sein du VG était
étudiée.
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Résultats :

75 sujets ont été recrutés dans chaque groupe (37 patients « LVH+ » et 38 patients « LVH- »).
Une différence significative existait pour T/C et PMT/C entre les Patients et les Controles
(13.4+/-3.1% versus 9.9+/-2.6%, p<0.001 and 17.8+/-3.2%, versus 13.9+/-2.9% p<0.001).
Aucune différence significative n’existait pour ces ratios entre les sous-groupes « LVH+ » et
« LVH- », mais des différences significatives étaient notées entre ces sous-groupe et les
Controles (« LVH- »: 13.94/-3.4% and 18.3+/-3.5%; « LVH+ »: 12.9+/-2.8% and 17.3+/-
2.9%; Controles : 9.9+/-2.6% and 13.9+/-2.9, p<0.001). Chez les patients, les segments les
plus trabéculés étaient les segments 12, 13 et 16 et les plus hypertrophiés étaient les segments
1, 3 et 9. Une corrélation forte existait entre T et C dans les segments 11 et 16. Il n’y avait pas
de corrélation entre les parameétres fonctionnels usuels du VG et le ratio T/C.

Conclusion :

Les ratios T/C et PMT/C étaient différents entre les Patients porteurs d’'une CMH et les
Contrdles, ce qui suggeére que 1I’augmentation de la masse trabéculée puisse étre un marqueur
phénotypique de la CMH, en particulier chez les patients sans augmentation de I’index de

masse pariétal (hypertrophie modérée).

Abstract

Introduction: Hypertrabeculation is the main symptom of left ventricular non-compaction
(LVNC) however the current literature advocate that LV hypertrabeculation might be a
phenotype trait overlapping in other cardiomyopathies, such as hypertrophic cardiomyopathy
(HCM). We used a semi-automated method to quantify global and segmental trabeculated
mass (T) across the LV in a cohort of HCM patients, in comparison with healthy subjects.
Method: HCM patients were retrospectively recruited from January 2015 to December 2015

in our institution (CHRU La Timone, Marseille). Healthy volunteers were prospectively
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recruited to match the patients regarding baseline characteristics. For each subject
trabeculated mass (T), compacted mass (C) and papillary muscles (PM) masses were
evaluated with a semi-automated software. The T/C and PMT/C ratios were then computed. A
subgroup analysis was performed comparing Patients with severe LV hypertrophy («LVH+»,
C mass>85g/m?), Patients with moderate hypertrophy («LVH-», C mass<85g/m?) and
Controls. We further studied the segmental distribution of T/C across the LV.

Results: 75 subjects were recruited in each group (37 «LVH+» and 38 «LVH-» patients in
each subgroup). T/C and PMT/C ratios differed significantly between Patients and Controls
(13.4+/-3.1% versus 9.9+/-2.6%, p<0.001 and 17.8+/-3.2%, versus 13.9+/-2.9% p<0.001).
These ratios didn’t differ between «LVH+» and «LVH-» Patients, however a significant
difference was noticed between both subgroups of Patients and Controls («LVH-»: 13.9+/-
3.4% and 18.3+/-3.5%; «LVH+»: 12.9+/-2.8% and 17.3+/-2.9%; Controls: 9.9+/-2.6% and
13.9+4/-2.9, p<0.001). Among patients, the most trabeculated segments were 12, 13 and 16 and
the most compacted segments were 1, 3 and 9. A positive correlation between T and C in 14
segments. No correlation was found between T/C ratio and LV function parameters.
Conclusion: T/C and PMT/C ratios are different in Patients comparing to Controls,
suggesting that hypertrabeculation might be a phenotypic trait of HCM, evenmore in patients
with moderate LV hypertrophy. Global and segmental distribution of T and C are correlated

in HCM patients.
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Introduction:

Left ventricle (LV) trabeculae are a normal constituent of the endocardial layer. Excess of LV
trabeculae was described in several cardiomyopathies like left ventricular non compaction
(LVNC), dilated cardiomyopathy (DCM), restrictive cardiomyopathy (RCM) and HCM [25].
Other conditions like pregnancy or high intensity training can also involve trabeculated
phenotypes. However, there is no standardized method to quantify LV trabeculae. Several
MRI methods for trabeculated mass quantification have been proposed in the last decade:
semi-quantitative 2D analysis (T and C thickness ratio) [4], [6], 3D quantitative analysis
(volume and mass quantification) [7]-[9], and indirect quantification, by fractal dimension of
the LV endocardial border (FD) [10]. Recently, a new trabeculae quantification tool, using
semi-automated segmentation, has been introduced. However, the method was only validated
in healthy subjects [24]. This method provides a finer assessment of T mass and subsequent
T/C ratio quantification.

LV Hypertrabeculation has been described as a potential phenotypic marker in hypertrophic
cardiomyopathy (HCM). In HCM patients, literature suggests a higher mass of both
trabeculae and papillary muscles [18] and a higher rate of myocardial crypts [21]. This last
phenotypic specificity could help to identify patients carrying a sarcomeric mutation for
HCM, without expressing the usual phenotype of this disease [26], as well as the increase of
endocardial complexity, assessed by FD, in subjects carying sarcomeric mutation without
myocardial hypertrophy (Captur, Circ Cardiovasc Genet., 2014). Thus, we aimed to study T
and C masses and T/C ratio on a cohort of HCM patients in comparison with healthy subjects
with a semi-automatic post treatment solution. Furthermore, we aimed at benefiting from the
refined analysis to study the segmental distribution of T mass and T/C ratio along the LV

cavity.
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Material and methods:

Population:

This retrospective study gathered data from 75 Patients suffering from HCM, who received a
follow-up at our institution (La Timone, Centre Hospitalier Régional Universitaire, Marseille,
France) and underwent a cardiac MRI between January 2015 and December 2015. The study
was approved by the local ethical committee in accordance with the guidelines outlined in the
Declaration of Helsinki and signed informed consent was obtained for each patient. Inclusion
criteria were: patient with hypertrophic cardiomyopathy defined by an end-diastole left
ventricle wall thickness > 15mm on at least 1 segment and age >18 yo. Exclusion criteria
were: patient suffering from another cardiac disease likely to cause myocardial hypertrophic
phenotype (Hypertension, amyloidosis, aortic stenosis, Fabry disease) or pregnancy. A

pregnancy test was performed for all female participants of childbearing age.

Seventy-five volunteers from the Heatmap cohort, prospectively recruited from September
2012 to June 2014 were included in this cohort as Controls, and paired with patients by age
and gender. For volunteers, inclusion criteria were: age over 18 and below 70 year-old, ability
to understand and sign the consent form, ability to maintain supine position for 20 minutes, no
cardiac symptoms, normal cardiovascular examination results and no known risk factors or
history of cardiac disease. Exclusion criteria were: claustrophobia, transfused subjects,
haematological disease, martial balance disruption, high blood pressure, contraindication for

MRI, pregnancy, diabetes and arrhythmias.

For subgroup analysis, Patients’ group was split into two subgroups of 37 Patients with a
global hypertrophy (Cmass>85 g/m?) and 38 patients with only segmental hypertrophy
(normal Cmass<85g/m2). The threshold of 85g/m? was set based on the normal LV wall mass

across the literature [27].
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Image acquisition:

Images acquisitions were performed both on a 3T Skyra scanner (Siemens Healthineers,
Erlangen, Germany) and on a 1.5 T Avanto scanner (Siemens Healthineers, Erlangen,
Germany) using multichannel body array coils combined with a spine array coil with the
subjects in supine position. A stack of balanced steady-state free precession (bSSFP) cine
sequences were acquired in short axis view, covering the whole LV from base to apex with
7mm slices. Acquisitions were ECG gated and performed during inspiratory breath hold.
Following parameters were used for 1.5T scanner: flip angle: 77°, pixel bandwidth: 930Hz,
spatial resolution between 1.37x1.37mm? and 1.48x1.48mm?, slice thickness: 6mm, gap
between slices: 9mm, repetition time: 3.62ms, echo time: 1.51ms, parallel imaging
(GRAPPA). Following parameters were used for 3T scanner: flip angle: 46°, matrix: 120-
150*208, pixel bandwidth: 1095Hz, gap between slices: 7mm, TE/TR: 1.2/2.4 ms, 11
segments per cardiac phase, pixel resolution: 2*1.6 mm2. The resolution and the flip angle
were adapted to subject morphology for everyone. In patients, cine BSSFP sequences were

done either before or after Gadolinium chelate injection.

Image analysis:

Argus Ventricular Function software (Siemens Healthineers, Erlangen, Germany) was used to
quantify end diastolic volume (EDV), end systolic volume (ESV), end diastolic LV mass and
to compute the ejection fraction (EF) for all subjects. The end-diastolic images were defined
as the frame with the largest blood pool volume in the LV cavity. The end-systolic (ES)
images were determined as the frame with the smallest blood pool volume in the LV cavity.
The most basal slice of the LV was set as the one that still showed at least 50% of the LV
myocardium circumference at ED. The most basal section could differ between ED and ES.
LV trabeculations, endocardial and epicardial borders were defined using the semi-automatic

method proposed by Bricq et al. [24]. Compacted (C) and trabeculated (T) masses were
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defined as the difference between the epicardium and the trabeculations contour and between
the trabeculation contour and the endocardium respectively, as described in [ibid]. Figure 1 is
an example of LV processing with our software. C and T masses were indexed to the body
surface area (BSA). The T/C ratio was then computed for 16 of the AHA cardiac segments
[28] (apical segment excluded from the analysis) and the whole LV cavity. All left ventricular
parameters, C and T measurements were done by an operator specialized in cardiovascular
MRI (M.F., two-year experience). Image analysis was blinded to the operator. Intraobserver
reproducibility was assessed by iterative processing on 10 random patients, 3 months later
than the first processing. Interobserver reproducibility was assessed on 10 other random
patients whom images were processed by another operator (Z.B., three-year experience).
LV parameters:
In addition to usual LV function parameters, we studied the following parameters for each
subject:

- T and C: trabeculated and compacted masses,

- PM: Papillary muscles mass, PMT: sum of PM and T,

- TIC, PM/C and PMT/C ratios: T, PM and PMT divided by C and expressed as a

percentage, giving the relative amount of each of these parameters.

Segmental LV wall thickness at end diastolic phase was also measured following standard
recommendation [20] in Patients in order to compare semi-quantitative thickness analysis and

quantitative volume assessment regarding the distribution of T and C masses across the LV.

Statistical analysis:
Statistical analysis was performed using GraphPad Prism version 7.0b (GraphPad software

Inc., San Diego, CA). Values are reported as meanzstandard deviation (SD). The mean values
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were calculated on Patients and Controls groups. BSA was calculated using Dubois and
Dubois formula. Volunteers were selected to match as much as possible to Patients in term of
age and gender. Mann-Whitney tests were performed on age, weight, height, EF and EDV. An
unpaired t test was performed on BSA to assess these baseline characteristics for both groups.
For both group and subgroups analysis, a d’Agostino-Pearson normality test was performed
for each parameter. Subsequently, an Unpaired t test or a Mann-Whitney test were performed
to compare T, C, T/C, PM, PM/C, PMT and PMT/C. Finally, ROC curves were performed to
figure out potential diagnosis performances of T/C and PMT/C ratios for group and subgroup

analysis.
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Results:

Baseline clinical characteristics:

Seventy-five Patients and seventy-five VVolunteers were included. Baseline characteristics are
listed in Table 1. There was no significant difference between the groups regarding age,
gender, height, weight and body surface area (BSA). The ejection fraction (EF) and the end-
diastolic volume (EDV) were slightly higher in the Patients group.

Global analysis: T and C masses and T/C ratio

All mass results are given indexed to the BSA and are summarized in Table 2. T and C
masses were significantly higher in the Patients group compared to the Volunteers. The T/C
ratio was higher for the HCM patients: 13.4+3.1% versus 9.9+2.6% for Volunteers (p<0.001).
Papillary muscles mass (PM) was higher in the Patients group compared to VVolunteers, but
there was no statistical difference between the groups regarding PM reported to C (PM/C). If
T mass and PM were summed, there was still an increase in PMT in the Patients group, even
reported to C compared to the VVolunteers. All these results are showed in Figure 2. In
addition, there was a strong correlation between T and C in the whole cohort of HCM patients
(Spearman’s ceefficient = 0.81, p<0.001).

Twenty-five females and fifty males took part of our Patients cohort. Regarding gender, there
was no significant difference for T (12.1+5.8 g/m? for female, versus 11.85£3.5 g/m? for male,
p=0.63). However, female had a slightly lower C (84.2+39 g/m?2 versus 94.3+27.8 g/m? for
male, p=0.025), a slightly higher T/C ratio (14.5+3.5% versus 12.8+2.8%, p=0.025), and a
lower EF (54+14.5 versus 66.7+9.1, p<0.001). A weak negative correlation was noted
between T/C ratio and age in the Volunteers group. A weak correlation was observed between
age and EF in the Patients group, while a weak negative correlation between age and LV-

EDV and a weak positive correlation between BSA and LV-EDV were noted among the
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Volunteers. Considering the whole cohort, there was a positive weak correlation between EF
and age.

ROC curves, pictured in Figure 5, showed an area under curve (AUC) of 0.81 (1C[0.74;0.87],
p<0.001) for T/C and 0.82 (I1C[0.75;0.88], p<0.001) for PMT/C, suggesting that these ratio are
discriminant between groups. These curves showed that a T/C>15.2% had a specificity (Sp)
of 100% for HCM, and thus a Predictive Positive Value (PPV) of 100%. 21.3% of patients
had a T/C>15.2%.

Subgroup analysis: «LVH-» patients versus «LVH+» patients and Controls

Among Patients, there was thirty-seven patients with severe LV Hypertrophy («LVH+») and
thirthy-eight patients without total LV mass increase («LVH-»). See Table 2 and Figure 4
for the sub-group analysis results.

«LVH+» versus «LVH-»:

This analysis showed that «LVH+» patients had higher T mass, C mass, PM mass and PMT
compared to «LVH-» patients. Nevertheless, neither T/C nor PM/C ratios were different
between these subgroups. Neither was the PMT/C ratio.

«LVVH-» versus Healthy:

«LVH-» patients had higher T/C and PMT/C ratios compared to healthy controls. ROC curves
showed AUC of 0.83 (IC[0.74;0.91], p<0.001) for T/C and 0.84 (1C[0.76;0.91], p<0.001) for

PMT/C. Among «LVH-» subgroup, 11 (29%) patients had a T/C>15.2%, with a 100% Sp.

Segmental analysis: T/C ratio across the LV

Segmental results for T and C masses, T/C ratio, and segmental correlation between T and C
across the LV are pictured in Figure 3. The most hypertrophied segments were the segments
1(13.7£5.19), 3 (12.1+4.99) and 9 (12.5+5.69): anterior and postero-septal basal and

midcavity postero-basal). The most trabeculated segments were segments 12 (2.0++/-1.2Qg),
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13 (2.9+1.1g) and 16 (2.5+1.1g) (postero-lateral midcavity, and anterior and lateral apical).
There was a basal to apical gradient in the T mass distribution. Distribution of T/C ratio
across the LV showed a higher ratio in segments 7 (23.2+11.8%), 13 (30.1+9.7%) and 16
(27.8+9.0%) (mid-anterior and anterior and lateral apical segments).

There was a positive correlation between segmental T and C masses in 14 segments among
16. This correlation was strong in segments

Reproducibility:

Intra and interobserver reproducibility showed good concordance between the different
processing, suggesting that our method is robust also in pathological conditions. For T mass,
C mass and T/C ratio, intra and interobserver reproducibility’s were respectively 0,97, 0,99
and 0,84 (p<0.001) and 0.92, 0,99 and 0.86 (p<0.001), showing good reproducibility despite
measure error enhancement for T/C ratio, due to the multiplication of the both T and C masses

measurement errors.
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Discussion:

The main findings of our study are:

- T mass is significantly increased in HCM patients compared to healthy volunteers and
T/C and PMT/C ratios are also significantly increased, suggesting that hypertrabeculation
could be a phenotypic marker of HCM.

- This finding is heightened when considering patients without global LV mass increase
(«LVH-», LV mass<85g/m?). Indeed, we found larger differences in T/C and PM+T/C
comparing «LVH-» patients with healthy subjects suggesting that trabeculations could
provide a diagnostic help in patients with none or moderate hypertrophy in addition to
well-known morphologic criterions of HCM. This could be of interest particularly in
patients eligible for proband screening.

- T and C masses were positively correlated in most segments, suggesting that
hypertrabeculation is prevailing in diseased segments. This data could be confirmed by
studying segmental T analyses coupled with other parameters including late gadolinium
enhancement, myocardial strain, EVC or T1 mapping.

- In patients, PM masse is increased, but not PM/C ratio suggesting that hypertrophy only
involve LV wall and trabeculation. PM are nevertheless involved in other non-ischemic

cardiomyopathies (NICM), like Fabry disease for instance [16].

Normal T, PMT masses and T/C, PM+T/C ratios:

Across the literature, results in quantifying T and C masses and their subsequent T/C ratio, are
very heterogenous and depending on the method of segmentation. Main results of previous
works are listed in Tables 3 and 4. Big gaps between values are seen throughout them. In
one hand, our values are lower than the values provided by Chuang et al. [22] and André et
al. [23] for instance. However, with careful attention for their contouring and segmentation

methods, their analyses considered both blood inside trabeculae and partial volume effects,
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whereas our thresholding method is made for managing partial volume effects. For Andre et
al. [23] the values of the T/C ratio are very high (above 100% for female), hence their
segmentation method is questionable. Our method allows a quick intertrabecular blood
removal and decreases the incidence of partial volume artifacts in trabeculation masse
assessment. On another hand, our values are higher than these provide by Janik et al.[17] who
found that PM and T masses account for only 6.2% of the LV wall mass, what seems really
few. Finally, our values are concordant with Papavassiliu et al. [29], with a manual
segmentation approach. These data were confirmed by Golfin et al. [30], Grothoff et al. [8]
and Kozor et al. [18] suggesting that our method is relevant.

PM+T masses and T/C, PMT/C ratios in HCM patients:

For HCM patients, literature data is also really heterogenous. Firstly, for the PMT/C ratio,
Janik et al.[17] found values depending on the LV remodeling (concentric versus eccentric
hypertrophy) and increased in LVH comparing to healthy subjects. Golfin et al. [30] and
Grothoff et al.[8] found respectively a PMT/C and a T/C ratios decreased for the LVH
patients comparing to controls. Jacquier et al. [7] found a T/C ratio similar for HCM patients
and healthy controls. However, these studies include partial volume effect and analyses were
made on small patient’s samples. Elsewhere, Captur et al [31] showed that FD increase were
independently correlated to LV mass and LV wall thickness in a large cohort of the MESA
study, suggesting that patients with LV hypertrophy might have more LV trabeculations. But
the FD assessment should be conducted on HCM patients. In the present study we showed
that the quantity of LV trabeculation is increased in hypertrophic cardiomyopathy
independently to the magnitude of C mass increase. For «LVH-» patients (C mass<85g/m?),
the T/C and PMT/C ratios could provide a diagnostic help, as well as the endocardial border

FD assessment (Captur, Circ Cardiovasc Genet., 2014). This technic has thus to be tested on a
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larger normal LV mass population of HCM patients as well as patient with genotype and no
phenotype of HCM to assess the value of this phenotype for proband screening.

Regional analysis:

Local distribution of C mass and LV wall thickness increase is concordant with the literature.
Indeed, the most compacted segments were anterior, antero-septal and postero-septal basal
[21]. We found a positive correlation between global and segmental T and C masses,
suggesting that NC increase occur in hypertrophied segments (see Figure 3). Wall motion
anomalies could be linked to hypertrabeculation as suggested by Chuang et al. [22] and a
segmental approach of T/C mass ratio combined to wall motion evaluation has further to be
performed.

Parameters influencing T/C and PMT/C ratio:

We didn’t find any association between neither T/C ratio, nor [PM+T]/C ratio and EF, age,
gender, LV EDV nor BSA. Other works suggest that T/C ratio, evaluated directly by mass
assessment or even indirectly by Petersen’s method [6], and EF should be inversely correlated
[91, [23], [32].

Limitations and perspectives:

T/C ratio analyses on large cohort [32], as well as fractal dimension endocardial border

assessment [10], [31] showed ethnical discrepancies since Asian and Afro-American people
are “more trabeculated”. Our study is conducted in a population of Caucasian subjects and
results should be applied with care to other populations. [26]. We only included patients with
good LV function parameters. Hence, T/C and PMT/C should be also considered in patients
with cardiac compensation mechanisms overrun. Finally, our processing, despite being semi-
automated, stays time consuming with an average of 10 minutes spent per patient. Finally, our
retrospective designed study is subject to bias and our findings should be confirmed with a

prospective approach.
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Conclusion:

Results of this study suggest that hypertrabeculation is a phenotypic trait in HCM patient

independently to the magnitude of the LV compacted mass increase. T/C and PMT/C ratios

for proband screening should thus be relevant and could provide a diagnostic help in addition

to well-known imaging diagnosis criterions of this prevalent cardiac disease. Further study is

required to assess the value of trabeculation quantification in a population of patients with

genotype and no classical phenotype of HCM to assess the value of the described method for

proband screening.
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TABLES AND FIGURES

Figure 1. Example of processing of the LV cavity

=

c
2
=

©
o
p=
O
I

Healthy Volunteer

Figure 1A. Left column: Contouring of epicardium (blue line), endocardium (red line), trabeculated area (green
line) and papillary muscles (yellow line); Middle column: extraction of trabeculated area before semi-automated
thresholding; Right column: trabeculation thresholding, removing the blood and partial volume effects.
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Figure 1B. Example of contouring and trabeculation thresholding at three levels in the LV cavity.
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Figure 2. Results of the group analysis
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Figure 2. Showing parameters of interest of the group analysis; *: p<0.001, t: p=ns; HCM: hypertrophied
cardiomyopathy group; Healthy: Healthy volunteers group



Figure 3. Segmental distribution of T, C, T/C ratio, and correlation between T and C

|:| Tmass<1g |:| C mass < 10g

- 1g < T mass < 2g - 10g < C mass < 12g

- T mass > 29 - Cmass>12g

|:| TIC <10% |:| very wear or none
[ 10% <T/c <20% [ ] weak
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- Strong

Local distribution of 4 parameters across the LV in HCM patients, through 16 segments of the AHA 17 segments
model. A: T mass; B: C mass; C: T/C ratio; D: correlation between NC and C in each segment. Apical segment
(17) was not taken into consideration since its analyze is complex in short axe stacks.
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Figure 4. Results of the sub-group analysis
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Figure 4. Showing parameters of interest of the subgroup analysis; * : p<0.001 ; 1 : p=ns; LVH+: patients
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Figure 5. ROC curves for T/C and [PM+T/C] ratios
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Figure 5. ROC curves for Group and Subgroup analysis, showing diagnostic performances of T/C and [PM+T]/C
ratios for group analysis (HCM patients vs Healthy volunteers) and two of the three subgroups («LVH-» patients
[patients without global hypertrophy, ie C<85g/m?] vs Healthy volunteers).
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Table 1. Baseline characteristics

Data/Group HCM Healthy Volunteers p-value
Age 51.6+/-14.5 50.6+/-13.3 ns
Gender (f/m) 25/50 25/50 ns
Height (cm) 171.7+/-7.9 172.3+/-10.1 ns
Weight (Kg) 78.4+/-15.0 74.8+/-11.8 ns
BSA (m?) 1.91+/-0.19 1.88+/-0.20 ns

EF (%) 66.1+/-9.6 62.9+/-5.6 p=0.002

LVEDV (mL/m?) 82.5+/-20.2 74.9+/-15.9 p=0.028

Results given as mean+/-SD, HCM: hypertrophic cardiomyopathy, BSA: body surface area, EF: ejection fraction,

LVEDV: Left ventricle end-diastolic volume

Table 2. Main results of group and sub-group analysis
HCM patients

Parameters

T mass indexed (g/m2)
C mass, indexed (g/m2)
T/C ratio (%)

PM mass, indexed (g/m2)
PM/C ratio

T+PM mass (9)
[T+PM]/C ratio (%)

Mean FE (%)

11.7 +/-3.9

88.8 +/—26.7

13.4 +/-3.1
3.9+/-18
44 +/-15
15.6 +/—4.9
17.8 +/-3.2

66.1+/-9.6

Healthy volunteers

5.5+/-1.7

56.1+/—11.9

9.9 +/-2.6
2.2+/-0.8
4+/-13

7.7 +/-2.1

13.9 4/-29

62.8+/-5.6

14.2+/-3.6

110.5+/-19.3

12.9+/-2.8

4.9+/-1.9

4.4+/-1.6

19.1+/-4.2

17.3+/-2.9

64.6+/-10.2

9.2 +/-23
67.6 +/—11.3
13.9 +/-3.4
3.0 +/-1.0
45+/-13
123 4/-25
18.3 +/-3.5

67.6+/-8.8
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Table 3. Results of the literature

Table 3A. Healthy subjects

[T+PM]/C (%)

Author T mass (g/m?) TIC (%) T+PM mass (g/m?)

Papavassiliu [29] 8.1* 10

Jacquier [7] 9+/-4 g/m2 12+/-5 %

Grothoff [8] 5.3+/-2.4 g/m? 9.9+/-4.4

Bricq [24] Male: 6.4+/-2.1 g/m?2 Male: 9.7+/-3.1

Female: 6.2+/-2.0 g/m? Female: 10.8+/-3.4

Janik [17] 3.1+/-0.7

Golfin [30] 23.4+/-9.8

Chuang [22] 20**

Kozor [16] 8

Andre [23] Male: 43.1+/-8.7
Female: 38.1+/-5.9

6.2

17.2+/-4.9

30

13+/-2

Male: 88.0+/-17.7

Female: 105.5+/-16.3

*Result given in term of volume in the original article. Indexed mass obtained by formula: Volume (mL) times
Myocardial density (1.05g/m?) times mean Body Surface Area in a Caucasian population (BSA, 1.73m?2); **
Results given in term mass in the original article. Indexed mass obtained by multiplying mass by mean BSA in a

Caucasian population (1.73m?2).

Table 3B. HCM patients

[T+PM]/C (%)

T mass (g/m?) T/C (%) T+PM mass (g/m?)
Jacquier [7] 14+/-5 12+/-4
Grothoff [8] 7.04/-3.1 8.4+/-4.2
Janik [17] Con. Hypertr. 12
Ecc. Hypertr. 20.9
Han [12] 17
Golfin [30] 24.3+/-15.1
Park [13] 20.2+/-5.8

10.8

18.6

17

13.2+/-8.8

20

42




THESE SOUTENUE PAR : FINAS MATHIEU
TITRE : Interne DES radiodiagnostic et Imagerie Médicale
Conclusion :
Les principales conclusions de notre étude sont les suivantes :

- Lamasse trabéculée (T) augmente significativement chez les patients
porteurs d’une CMH et cette augmentation est également valable pour la
masse « relative » de ces trabéculations, rapportée a la masse pariétale du
VG (C). Ce fait est traduit par une différence significative entre les groupes
contrdle et patient vis-a-vis des rapports T/C et [PMT]/C.

- Cette différence apparait encore plus marquée pour les patients ne
présentant qu’une hypertrophie segmentaire (C<85g/m?). 1."étude des ratios
T/C et PMT/C chez des patients éligibles au dépistage de la CMH apparait
donc intéressant et pourrait apporter un outil diagnostic supplémentaire en
complément des traits phénotypiques déja reconnus de cette pathologie
fréquente.

- Ladistribution segmentaire de ’excés de trabéculations apparait
spatialement corrélée a I"augmentation de C, ce qui suggére un caractére
hypertrabéculé des segments malades. Cette donnée pourrait étre appréciée
par une étude segmentaire des trabéculations couplée a d’autres données,
comme I’étude du rehaussement tardif, du strain myocardique ou encore de
I'ECV ou du T1 mapping.

- Chez les patients, la masse papillaire (PM) est augmentée, mais le rapport
PM/C n’était pas significativement différent de celui du groupe controle.

Ce fait suggére que Iatteinte hypertrophique concerne les trabéculations et
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la paroi, mais pas les muscles papillaires, contrairement a certaines

cardiomyopathies de surcharge, comme la maladie de Fabry.

Toutefois, pour confirmer ces tendances, il apparait nécessaire de suivre des cohortes
prospectives de patients, atteints de CMH et d’autres CMNL En effet, notre cohorte reste de
petite taille, monocentrique et sans suivi transversal des patients. Les valeurs des paramétres
T/C et [PMT)/C pourraient étre corrélées i des paramétres fonctionnels, lorsque ceux-ci sont
devenus pathologiques dans I’évolution de la maladie. De plus, si 1"étude régionale des
masses C et T parait pertinente dans la CMH, du fait d*une distribution segmentaire de la
maladie (épaississement pariétal, plages de fibrose, cryptes), un couplage i 1’étude de la
fibrose (ECV, T1 mapping, prise de contraste tardive) et des troubles cinétiques segmentaires
(strain myocardique), paramétres altérés en régions pathologiques, sont indispensables si 1’on
veut tenter de démontrer une corrélation régionale entre 'excés de trabéculations et la

présence de tissu myocardigue pathologique.
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Résumé
Introduction: Hypertrabeculation is the main symptom of left ventricular non-compaction (LVNC)
however the current literature advocate that LV hypertrabeculation might be a phenotype overlapping in
other cardiomyopathies, such as hypertrophic cardiomyopathy (HCM). We used a semi-automated
method to directly quantify global and segmental trabeculated mass (T) across the LV in a cohort of
HCM patients, in comparison with healthy subjects.
Method: HCM patients were retrospectively recruited from January 2015 to December 2015 in our
institution (CHRU La Timone, Marseille). Healthy volunteers were prospectively recruited to match the
patients regarding baseline characteristics. For each subject trabeculated mass (T), compacted mass (C)
and papillary muscles (PM) masses were evaluated with a semi-automated software. The T/C and
[PM+T]/C ratios were then computed. A subgroup analysis was performed comparing patients with
global LV hypertrophy («LVH+», C mass>85g/m?), patients without global hypertrophy («<LVH-», C
mass<85g/m?) and controls. We further studied the segmental distribution of T/C across the LV.
Results: 75 subjects were recruited in each group (37 «<LVH+» and 38 «LVVH-» patients in each
subgroup). T/C and [T+PM]/C ratios differed significantly between HCM patients and controls (13.4+/-
3.1% versus 9.9+/-2.6%, p<0.001 and 17.8+/-3.2%, versus 13.9+/-2.9% p<0.001). These ratios didn’t
differ between LVH+ and LVH- subjects, however a significant difference was noticed between both
subgroups of patients and healthy subjects (LVH-: 13.9+/-3.4% and 18.3+/-3.5%; LVH+: 12.9+/-2.8%
and 17.3+/-2.9%; Healthy: 9.9+/-2.6% and 13.9+/-2.9, p<0.001). Among patients, the most trabeculated
segments were 7, 12, 13 and 16 and the most compacted segments were 1, 3 and 9. A positive
correlation between T and C in 14 segments. No correlation was found between T/C ratio and LV
function parameters.
Conclusion: T/C and [PM+T]/C ratios are different in HCM patients comparing to controls, suggesting
that hypertrabeculation might be a phenotypic trait of HCM, even in patients without LV hypertrophy.
Global and segmental distribution of T and C are correlated in HCM patients.
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