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1. Abreviaturas y acronimos
AAS: Acido Acetil Salicilico

AV: auriculo-ventricular

AVC: Accidente Vascular Cerebral

ARA: antagonistas del receptor de la angiotensina

cDM1: Distrofia Miotonica tipo 1 congénita

CPK: creatinin-kinasa

CV: cardiovascular

DAI: Desfibrilador automatico implantable

DM1: Distrofia miotonica tipo 1

DMD: Distrofia Muscular de Duchenne

DMB: Distrofia Muscular de Becker

DMB/D: fenotipo intermedio Becker-Duchenne

ECG: electrocardiograma

EDMD: Distrofia muscular de Emery-Dreifuss

FA: Fibrilacién auricular

FEVI: fraccion de eyeccion del ventriculo izquierdo

GLS: strain longitudinal global

IC: Insuficiencia cardiaca

iDM1: Distrofia Miotdnica tipo 1 infantil

IECA: inhibidores del enzima convertidor de la angiotensina
jDM1: Distrofia Miotonica tipo 1 juvenil

L-CMD: Distrofia muscular congénita relacionada a LMNA
LGMD1B: Distrofia muscular de cinturas tipo 1B

LVEF: left ventricular ejection fraction

MCD: miocardiopatia dilatada

NT-proBNP: fraccion N-terminal del pro-péptido natriurético cerebral
MRNA: RNA mensajero

Pre-mRNA: mRNA precursor

RMc: Resonancia Magnética

RNA: acido ribonucleico

TA: Taquicardia auricular

TV: Taquicardia ventricular
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3. Resumen de la tesis

Titulo: |dentificacién de predictores arritmias y muerte subita en pacientes

pediatricos afectos de enfermedades neuromusculares.

Introduccioén: Las enfermedades neuromusculares son enfermedades raras de
base genética y que pueden manifestarse desde edades muy tempranas y
pudiendo tener manifestacion cardiaca. Esta afectacion cardiaca, cada vez mas
reconocida a medida que han ido mejorando las terapias de los otros 6rganos
afectos y por la rehabilitacion, ocurre por un proceso degenerativo que pone a
estos pacientes a riesgo de padecer arritmias, defectos de conduccion,
disfuncion ventricular y muerte subita. La afectacion cardiaca en enfermedades
neuromusculares ha sido, clasicamente, poco estudiada. Bajo un protocolo
especifico de seguimiento y manejo de estas enfermedades raras podrian
detectarse signos precoces de miocardiopatia y arritmias.

La afectacion cardiaca en enfermedades neuromusculares es muy heterogénea
y varia en funcion del tipo de enfermedad: desde ausente o leves
manifestaciones cardiacas hasta formas severas de miocardiopatia con
insuficiencia cardiaca y arritmias malignas que pueden llevar a la muerte subita,
incluso como primera manifestacion de la afectacion cardiaca.

Por esta razon, los pacientes pediatricos con enfermedades neuromusculares
deben ser estudiados exhaustivamente a nivel cardiologico para detectar la
afectacion cardiaca de forma precoz y poder indicar terapias especificas

preventivas de fallo cardiaco, arritmias y/o de muerte subita.

Hipotesis: el estudio con ecocardiografia funcional y de deformaciéon miocardica
y la monitorizacion electrocardiografica de larga duracién en pacientes con
enfermedades neuromusculares pueden cambiar el prondstico cardiovascular y

el riesgo de muerte subita en pacientes pediatricos.
Objetivo: identificar predictores de arritmias cardiacas y muerte subita en

pacientes pediatricos afectos de distrofia muscular y distrofinopatias, como

grupos de riesgo de las enfermedades neuromusculares.
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Métodos: se ha realizado un estudio prospectivo durante 5 afios de pacientes
con enfermedades neuromusculares (distrofinopatias, distrofia miotonica tipo 1
y laminopatias) en el Hospital Sant Joan de Déu para analizar predictores de
arritmias y muerte subita mediante el analisis de funcion cardiaca (mediante
ecocardiografia funcional y segmentaria) y monitorizacién cardiaca (analisis de
arritmias bajo monitorizacion de larga duracion). Los métodos propuestos no
estan bajo guias clinicas pediatricas y se cree en su utilidad como herramientas
fundamentales de diagndstico precoz de afectacion cardiaca en este grupo de
pacientes.

Resultados principales: de la poblacion con enfermedades neuromusculares
que ha sido estudiada prospectivamente, se han detectado arritmias malignas
en pacientes afectos de distrofia muscular relacionada con el gen LMNA en la
monitorizacion electrocardiografica con Holter subcutaneo, pudiendo detectar
arritmias malignas en 5 pacientes en los que se ha tenido que implantar un
desfibrilador para la prevencion de la muerte subita, y un marcapasos en un
paciente, debido a asistolia como forma de debut cardiaco de la enfermedad.
Durante el seguimiento, después de la publicacion de los articulos, se han
detectado también en el registro de holter subcutaneo arritmias (auriculares y
ventriculares) refractarias al tratamiento farmacologico y electrofisioldgico en dos
pacientes gemelas, con aparicion de insuficiencia cardiaca por miocardiopatia
rapidamente progresiva conduciendo a la muerte de ambas pacientes.

En cuanto al grupo de pacientes con diagnostico de Distrofia miotonica de
Steinert, tras el analisis las caracteristicas clinicas, ecocardiograficas y
electrocardiograficas de este grupo de pacientes no ha habido diagndstico de
arritmias potencialmente malignas ni miocardiopatia en edad pediatrica, aunque
se ha encontrado informacion cardiovascular valiosa que puede ser el sustrato
para arritmias malignas y miocardiopatia en la etapa adulta.

Del grupo de pacientes con distrofinopatias (Distrofia muscular de Duchenne y
Becker), a pesar de encontrar datos de miocardiopatia dilatada y/o fibrotica en
edades precoces, tras el analisis prospectivo clinico, de las pruebas de imagen
y de las pruebas electrofisioldgicas no invasivas, no se han obtenido predictores
dada la falta de arritmias potencialmente malignas ni muerte subita. A pesar de
esto, hay datos valiosos sobre la expresividad variable del fenotipo y del
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deterioro precoz del strain miocardico en algunos pacientes a pesar de mantener
valores normales de funcion cardiaca, que invitan a seguir investigando

predictores de severidad fenotipica.

Conclusiones:

En las enfermedades neuromusculares, a pesar de existir insuficiencia cardiaca
y arritmias, es frecuente que no haya ningun sintoma cardiovascular o que éstos
sean atipicos, dificultando el manejo clinico. Ademas, la expresién del fenotipo
cardiaco y su grado de severidad son variables, incluso con una misma mutacion
patogénica, sugiriendo que existen modificadores genéticos que podrian
representar potenciales indicadores de letalidad.

Los accidentes cerebrovasculares estuvieron presentes en las laminopatias de
debut neuromuscular precoz antes de los 2 anos de edad por lo que podria
considerarse tratamiento anticoagulante en caso de coexistir arritmias
auriculares y disfuncion cardiaca.

En las laminopatias neuromusculares es frecuente encontrar, precozmente,
antes de los 10 afios de edad, insuficiencia cardiaca por miocardiopatia dilatada
y arritmias potencialmente malignas relacionadas con la muerte subita. A pesar
de que el estudio electrofisiolégico no mostrd predictores de arritmias
potencialmente malignas, la monitorizacion electrocardiografica con dispositivos
implantables (holter subcutaneo) si fue util, ayuddé a identificar arritmias
potencialmente letales y a tomar decisiones clinicas para prevenir la muerte
subita, especialmente las que debutan con clinica neuromuscular de forma
precoz antes de los 2 afnos de edad.

En las laminopatias neuromusculares y en la distrofia muscular de Duchenne, el
analisis ecocardiografico basico y avanzado con strain miocardico es util para
identificar alteraciones de la deformacion cardiaca de forma mas precoz que
valores clasicos como la fraccién de eyeccidn. En el caso de las laminopatias, el
strain miocardico del ventriculo izquierdo se relaciona a un peor prondstico
cardiaco.

En la distrofia miotonica tipo 1 (enfermedad de Steinert), las arritmias
potencialmente malignas y la muerte subita son muy poco frecuentes durante la

edad pediatrica, aunque existen hallazgos electrocardiograficos precoces que
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pueden ser motivo de investigacion en la etapa adulta para poder comprobar si
son indicadores precoces de un peor prondstico cardiovascular.

En la distrofia muscular de Duchenne, las arritmias potencialmente malignas y la
muerte subita son muy poco frecuentes durante la edad pediatrica, aunque la
miocardiopatia dilatada y la insuficiencia cardiaca son progresivas durante la
adolescencia y la funcion cardiaca se deprime significativamente.
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4. Introduccion

41. Generalidades

Las enfermedades neuromusculares son enfermedades raras de origen genético
que se manifiestan clinicamente al nacimiento o en la infancia precoz. Se
caracterizan por diferentes grados de hipotonia congénita, retraso del desarrollo
motor, debilidad muscular progresiva, y distrofia en la biopsia muscular. Estas
enfermedades neuromusculares son genética y fenotipicamente heterogéneas,
y coinciden en no tener, por el momento y de forma general, un tratamiento
curativo.(1)

Las enfermedades neuromusculares también pueden afectar al miocardio, que
ocurre como un proceso degenerativo con fibrosis y reemplazamiento con tejido
graso en el miocardio. El papel del cardiélogo es importante por el riesgo que
existe de arritmias auriculares, enfermedad del tejido de conduccion, bradicardia,
arritmias ventriculares, y muerte subita.

En poblacion pediatrica, tienen un papel relevante para el cardiélogo pediatrico
las distrofinopatias (distrofias musculares de Duchenne y Becker), la distrofia
miotonica y las laminopatias (distrofia muscular de cinturas, distrofia muscular
congénita, distrofia muscular de Emery-Dreifuss), que se caracterizan por
distrofia del musculo esquelético y, en ocasiones, del musculo cardiaco, por lo
que pueden manifestar grados variables de severidad de miocardiopatia
dilatada, degeneracion del tejido de conduccidn y eventos arritmicos (2-7).

El analisis cardiaco en estos pacientes es importante por diversas razones.
Primero, el claro impacto en el cuidado de estos pacientes y la prevencion de la
muerte subita, detectando, previniendo y ayudando a tratar la insuficiencia
cardiaca y las arritmias potencialmente letales. Hay farmacos y terapia
antiarritmica que pueden reducir la morbilidad en pacientes con disfuncidn
ventricular izquierda asintomatica.

Muchos de estos pacientes tienen una disfuncion ventricular y, por ende, una
insuficiencia cardiaca cronica. Hasta la fecha hay muy pocos estudios
ecocardiograficos en pacientes pediatricos con enfermedad muscular
esquelética, con poca poblacion de estudio y con marcadores ecocardiograficos

y electrofisiologicos aun por definir.(8)
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Tal y como se ha descrito, algunos de estos pacientes pueden manifestarse
como muerte subita antes de que las alteraciones en la ecocardiografia basica
puedan ser detectadas, por lo que su estudio es necesario desde edades
precoces. A pesar de esto, la afectacién cardiaca en pacientes con afectacion
del musculo esquelético ha sido escasamente estudiada durante la vida
pediatrica.(6,9-13)

4.2. Fenotipos neuromusculares con expresién cardiaca

De las enfermedades neuromusculares con mas expresion cardiaca se han
descrito las laminopatias neuromusculares, las distrofinopatias (Distrofia
muscular de Duchenne y Becker), y las distrofias miotdnicas. A continuacién, se
describen y analizan por separado.

4.2.1. Laminopatias neuromusculares

Las distrofias musculares por mutacion en el gen LMNA (Laminopatias)
son una entidad rara (0.5/100.000) y que se caracteriza por debilidad
muscular axial, escapulo-peroneal, contracturas y escoliosis. Suele
encontrarse un patrén de distrofia en la biopsia muscular y una elevacion
de la creatinin-kinasa (CPK). (14) La expresidon puede ser muy precoz,
incluyendo la época fetal caracterizado por una disminucion de
movimientos fetales, que se traducen en la época del lactante con datos
de retraso psicomotor y debilidad muscular. En ocasiones, esta expresion
se focaliza en la pérdida de sostén cefalico (Dropped-head Syndrome), e
incluso pueden perder, de forma progresiva, la habilidad de sentarse o
caminar. Ademas, debido a esta debilidad muscular existe un riesgo
incrementado de insuficiencia respiratoria, deformidades espinales y
articulares, y afectacion cardiaca.(14,15)

Base genética

El gen LMNA, localizado en el cromosoma 1 en q21.1-21.3, de 12 exones,
codifica las proteinas lamina A/C, que son filamentos intermedios
importantes para el desarrollo y diferenciacion celular (16), ademas de
facilitar la sefal entre el citoesqueleto y nucleo (17,18) y proporcionando

estabilidad y modulando la organizacién de la cromatina y la expresion
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génica (19-24). El esquema de la localizacion de la proteina en la célula,
el esquema del gen y de la proteina se describen en las Figuras 1y 2.

Mechanical integrity

Cytoskeletal networks

Cytoplasm Nesprins
ONM

2 SUN1/2
INM Emerin

Nucleus

Lamin A/C

Chromatin

Lamin A/C
AP-1 TGFB

(Regulation of signalling pathways) [ Chromatin organisation ] l

Regulation of gene expression

Rb/E2F
Rb/MyoD

Lamins A/C interact with several transcription factors (c-fos, Rb, etc.) and regulate several important signalling pathways such as differentiating pathways Rb/E2F or Rb/MyoD and
proliferating pathways AP-1 and TGFp for example. Via their interactions with SUN1/2 and Nesprins, A-type lamins form nucleocytoskeletal networks with actin microfilaments, microtubules

and cytoplasmic intermediate filaments, providing mechanical resistance to the cell. AP-1 = activator protein 1; BAF = barrier to auto-integrative factor; INM = inner nuclear membrane;
LAP = lamin associated protein; ONM = outer nuclear membrane; R = retinoblastoma protein; TGFp = transforming growth factor p.

Figura 1: esquema de la interaccién de la lamina A/C con las proteinas de la membrana interna

nuclear y proteinas nucleoplasmicas y sus funciones. Figura publicada por Charron et al. (146)
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Schematic representation of LMNA gene and the two main isoforms: prelamin A and lamin C. The 281 LMNA mutations associated with striated muscle are depicted by black lines and are
located along the molecules. LMNA mutations leading specifically to adipose tissue defects are depicted by dotted lines and are essentially located in the N- and C-terminal domains, with a
hotspot in the Ig-like domain at Argds2 (80 % of the patients). Mutations associated with premature aging syndromes (progeria) are depicted in light grey. They are also essentially located in
the N- and C-terminal domains, with a hotspot at position 608 (77 % of HGPS patients) and at position 527 (85 % of MAD, or mandibuloacral dysplasia, patients). The position of the unique
LMNA mutation, p.R298C, leading to axonal neuropathy, is also indicated.
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Figura 2: figura superior, distribucion de las mutaciones en el gen LMNA, publicado por
Charron et al (146) y figura inferior, esquema de la lamina A y C publicado por
Malashicheva et al (100). FPLD: Lipodistrofia familiar parcial. MAD: Displasia mandibulo-

acral.

Las mutaciones mas frecuentemente identificadas en la literatura son no
truncantes e, hipotéticamente, la combinacion de diferentes grados de
haploinsuficiencia los efectos de un mecanismo dominante negativo
contribuyen a la severidad de la enfermedad dado que permitiria una
produccion de sintesis de proteina completa o casi completa, pero
disfuncionante con mas expresion en musculo estriado que las

mutaciones truncantes.(25-28)

Existen algunas hipotesis para justificar los mecanismos subyacentes
responsables de la fisiopatologia de las laminopatias con expresion
cardiaca. Entre estas hipotesis se hallan: defectos de la estructura
nuclear, alteracion estructural de la arquitectura del tejido contractil y
alteraciones de la transcripcion de los factores de regulacion y de la union

a la cromatina (ver figura 3). (29)
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Figura 3. Figura publicada por Crasto et al. (29) Representacion grafica de la
localizacion de la proteina lamina A/C y de las hipétesis de los mecanismos que

pueden existir detras de la afectacién cardiaca.

Especificamente, en la miocardiopatia por alteracion en LMNA, existe una
desestabilizacién de la red de microtubulos. El transporte de proteinas por
los microtubulos establece, mantiene y remodela componentes celulares
importantes en los miocardiocitos incluyendo el tubulo transverso, reticulo
sarcoplasmatico y discos intercalados. Es en estos discos intercalados
donde existen regiones para la unién a cardiomiocitos adyacentes y son
mas ricos es desmosomas, entre otros. Los microtubulos estan unidos al
nucleo mediante una conexion directa con la lamina nuclear mediante el
complejo LINC. La inestabilidad de los microtubulos en la miocardiopatia
por LMNA causada por la expresién disminuida de la alfa-tubulina
acetilada causa un remodelado de Cx43 y altera la comunicacion entre
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miocardiocitos, responsable finalmente de las alteraciones cardiacas.

Este mecanismo de alteracion citoesquelética se representa en la figura
4.

WT
Cardiomyocyte

2y, Microtubule
R g

Muscle fiber

LMNA cardiomyopathy

Figura 4, de la publicacién original de Chatzifrangkeskou et al. (30) En ella

se representa la figura esquematica de la alteracion citoesquelética en la
miocardiopatia por LMNA.

Ademas de esta alteracion, existen otras anomalias a nivel de la
organizacion del filamento intermedio (entre otros, la desmina) que
provocaria, entre otros, una disrupcion de la desmina al nucleo, que
resulta en alteraciones en la interaccion entre lamina y cromatina y en,

finalmente, una disfuncion del miocardiocito ventricular. (30)

Fenotipos

Existe una expresion fenotipica muy diversa descrita en la literatura,
incluyendo la neuromuscular, la cardiaca con trastorno de la conduccion

y trastornos metabolicos. Los fenotipos se resumen en la figura 5.
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Figura 5. Espectro fenotipico de las laminopatias y los diferentes tejidos que pueden
afectarse, figura extraida del articulo de Malashicheva et al (100).

Dentro de las laminopatias neuromusculares por mutacion en el gen
LMNA, se describen la distrofia muscular congénita o LMNA-related
congenital muscular dystrophy (L-CMD, OMIM 613205), la distrofia
muscular de Emery-Dreifuss autosémica dominante o Emery-
Dreifuss muscular dystrophy (EDMD, OMIM 181350) y la distrofia
muscular de cinturas o Limb-girdle muscular dystrophy 1B (LGMD-
1B). (25,31-33) Es dificil establecer un prondstico o una prediccion tan
s6lo con la variante patogénica en el gen LMNA ya que se ha reportado
ampliamente en la literatura diferentes fenotipos con una misma variante
patogénica, por lo que hay otros factores que colaboran en la expresion
fenotipica y en el grado de severidad de la laminopatia. (34)

Los pacientes con L-CMD presentan problemas motores severos y
debilidad muscular de forma muy precoz antes de los 2 afios de edad.
Aunque clasicamente no se ha relacionado de forma inicial con el
compromiso cardiaco, si que se han publicado casos de muerte
subita.(14) Los pacientes con EDMD pueden tener complicaciones
cardiacas incluyendo la insuficiencia cardiaca, trastornos de la
conduccion, accidente vascular cerebral y muerte subita. Aunque la

miocardiopatia dilatada suele presentarse a una edad mas avanzada, las
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arritmias (bloqueo AV, silencio auricular, taquicardia auricular, fibrilacidon
auricular y TV) pueden ser mas precoces. En el caso de la LGMD1B, la
debilidad suele ser de cinturas y de inicio antes en extremidades inferiores
que las superiores.(6,35—-37) Se ha relacionado también con arritmias y
defectos de la conduccién, aunque la miocardiopatia dilatada seria de
aparicion muy tardia en el adulto, en caso de presentarse, al igual que
EDMD. (37)

Expresién neuromuscular

La expresion fenotipica del grupo de pacientes con diagnostico de EDMD
y LGM1B suele ser mas tardia que en el caso de L-CMD (antes de los 2
afnos de edad), aunque puede existir solapamiento en la expresion
fenotipica que dificulte la clasificacion clinica.(25,38,39) Los pacientes con
L-CMD se han relacionado con complicaciones precoces a nivel
respiratorio, cardiaco y nutricional, asi como escoliosis severa con
afectacion respiratoria secundaria. (34,38) En este subgrupo de pacientes
es muy llamativa la precocidad de la debilidad axial, el retraso motor y la
pérdida motora rapidamente progresiva con la caracteristica debilidad del
cuello (Dropped head). (14,25,32) Ademas, estos pacientes presentan
una pérdida de la deambulacién precoz con necesidad de ventilacién
invasiva o no invasiva por insuficiencia respiratoria. En revisiones
retrospectivas se ha postulado que cuanto antes es la pérdida de la
deambulacion o no haber conseguido nunca deambular, peor suele ser el

prondstico respiratorio y cardiaco. (25)
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En la figura 6 se representa graficamente los diferentes fenotipos

neuromusculares de la laminopatia.

LMNA mutations
Congenital
muscular
dystrophy
Emery-Dreifuss Limb-girdle
muscular dystrophy muscular
dystrophy 1B

Dilated
cardiomyopathy
with conduction
defects

Figura 6, extraida del articulo de Lu et al.(36), donde se representan los fenotipos por
laminopatia: EDMD (Distrofia muscular de Emery-Dreifuss), LGMD1B (Distrofia muscular
de cinturas 1B), L-CMD (distrofia muscular congénita) y MCD (miocardiopatia dilatada)

con defectos de la conduccién sin alteracién neuromuscular.
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Expresion cardiaca

La miocardiopatia dilatada con arritmias, trastornos de la conduccion y
muerte subita estan descritas en las laminopatias neuromusculares, tanto
en la infancia como en los adultos, haciendo de esta enfermedad un
desafio para el cardidlogo dada la amplia expresividad fenotipica y los
escasos estudios prospectivos especialmente en edad
pediatrica.(2,4,25,36—38,40-48). La evolucién cardiolégica que pueden
presentar se representa en la figura 7.

Sintomas cardiovasculares que pueden manifestarse ’\
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Figura 7 (creaciéon propia). Implicacién y evolucion cardiovascular en la laminopatia
neuromuscular en edad pediatrica. CV: cardiovascular; ECG: electrocardiograma. TA:
taquicardia auricular. FA: fibrilacion auricular; TV: taquicardia ventricular. MCD:
miocardiopatia dilatada. DAI: desfibrilador automatico implantable; AAS: &cido

acetilsalicilico; AVC: accidente vascular cerebral; IC: insuficiencia cardiaca.

Los sintomas cardiovasculares estan infraestimados en esta poblacion ya
que cuanto mas severo es el fenotipo neuromuscular, mas se confunden
los sintomas cardiovasculares con otros sintomas y mas atipicos suelen
ser estos. (49,50)

Clasicamente, la evaluacion cardiologica en la laminopatia neuromuscular
no se ha establecido de forma sistematica en la edad pediatrica,
reservandose los controles soélo cuando los pacientes estaban
sintomaticos, siendo en muchos casos una situacion tardia con grave
repercusion cardiaca. A pesar de series retrospectivas amplias que ponen

de manifiesto la expresividad cardiaca en laminopatias congénitas con

30



presencia de alteraciones cardiologicas precoces, necesidad de DAl y
marcapasos, existen aun muchos interrogantes aun sobre la causa exacta
de mortalidad en edad pediatrica. (25)

A nivel ecocardiografico, no hay datos publicados especificos sobre el
funcionalismo cardiaco o de deformacién cardiaca (strain miocardico) en
las laminopatias neuromusculares en edad pediatrica, restringiéndose los
datos de la miocardiopatia dilatada y strain miocardico a aquellos
recogidos en miocardiopatia dilatada en otros contextos genéticos o bien
en series de adultos con mutacion en el gen de lamina A/C. (44,51,52)
En cuanto al control clinico para determinar la existencia de arritmias
potencialmente malignas, tampoco hay protocolos pediatricos al respecto,
ajustandose el seguimiento al que se realiza de forma general en otras
entidades neuromusculares (ECG, Holter 24h y estudio electrofisioldgico
segun indicaciones generales de sintomas o hallazgos de TV). En el
ultimo consenso para evaluacidon y manejo de arritmias en enfermedades
neuromusculares para poblacién adulta, se incluye la valoracion de EDMD
y LGMD1B pero no de la L-CMD, sugiriendo que esta poblacion tiene un
mayor riesgo de arritmias (taquiarritmias ventriculares, bradiarritmias) y
muerte subita, que puede manifestarse en cualquier edad e independiente
del grado de afectacion neuromuscular, y que suele ser mas precoz en
EDMD que en LGMD1B. (37) Es por este motivo que un holter implantable
incrementa la tasa de éxito diagndstico de arritmias en adultos, tal y como
se sugiere, pudiendo beneficiarse del implante de un dispositivo como un
DAI o un marcapasos. (37)

Muchos de los pacientes son poco o no deambulantes, presentar
comorbilidades y deformidades toracicas, con lo que se infraestiman
sintomas como las palpitaciones y el dolor toracico de origen cardiaco.
(49,50)

También esta descrito que los pacientes con EDMD y LGMD1B pueden
presentar a lo largo de su vida mayor riesgo de fibrilacion auricular, flutter
auricular, y silencio auricular, y puede que el accidente vascular cerebral
sea la primera manifestacion incluso en jovenes por lo que se sugiere
anticoagulacion independientemente de los riesgos tradicionales
calculados por CHAxDSx-VASc. (37)
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A nivel genético, existen numerosos reportes en la literatura que recogen
los tipos de variantes patogénicas mas frecuentemente identificadas en
esta poblacion. Especificamente, en la laminopatia congénita se recogen
muchas variantes patogénicas no truncantes, sugiriendo un probable
mecanismo dominante negativo con la produccion de una proteina
completa o casi completa de lamina A/C, mientras que las variantes
truncantes podrian estar mas relacionadas con formas menos severa de

la enfermedad o con afectacion cardiaca aislada. (25,26)

Pronéstico y factores de riesgo

El corazon puede verse afectado en cualquiera de las tres
manifestaciones fenotipicas descritas, y puede preceder a la clinica
neuromuscular y suelen tener peor prondstico las formas con debut mas
precoz y/o congénitas.(25,31-33) A pesar de que existen protocolos en
adultos con calculadoras de riesgo para taquicardias ventriculares para la
laminopatia cardiaca, no hay publicaciones al respecto en pacientes con
laminopatia neuromuscular en edad pediatrica para prevenir las arritmias
malignas y muerte subita. (25,28) Factores de riesgo como un intervalo
PR >240ms, un bloqueo de rama izquierda y/o un intervalo HV prolongado
se han asociado a mayor riesgo de arritmias ventriculares en pacientes
con EDMD y LGMD1B en etapa adulta, pero no en nifios ni tampoco se
incluyen valoraciones de pacientes con fenotipo L-CMD. (37)

Ademas, no hay una clara correlacion fenotipo-genotipo, por lo que se ha
sugerido que existen modificadores epigenéticos, ambientales v,
probablemente, genéticos que sean responsables de la heterogeneidad

alélica (31).

Tratamiento

No hay un tratamiento especifico para la insuficiencia cardiaca ni las
arritmias en pacientes con laminopatia neuromuscular. Habitualmente, se
utilizan los farmacos para insuficiencia cardiaca como antagonistas
neurohormonales, diuréticos y vasodilatadores. Para las arritmias
tampoco hay tratamientos especificos mas alla de los antiarritmicos, asi

como los dispositivos de estimulacidn cardiaca, cuando estan indicados,
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4.2.2.

como el marcapasos, la terapia de resincronizacion cardiaca y el
desfibrilador. (7,53-56)

Distrofia miotoénica tipo 1 (Enfermedad de Steinert)

La distrofia miotonica tipo 1 (DM1), o enfermedad de Steinert, es la
distrofia neuromuscular mas prevalente en adultos (1:8000), aunque
puede diferir segun regiones geograficas (1:600 en Canada por efecto
fundador). (57,58)

Base genética

La base genética de la DM1 se halla en el cromosoma 10q13.3, en el que
existe una expansion patologica autosomico dominante de repeticiones
CTG en el gen DMPK. A nivel molecular, existe una ganancia de funcion
toxica de RNA, que conlleva a una retencion nuclear de las repeticiones
de CTG y causa desregulacion de splicing alternativo de un subconjunto
de pre-mRNAs.(57) Esto podria estar en relacion con las arritmias
detectadas en algunos pacientes con DM1, debido a un splicing anbmalo
del gen SCN5A. (57,59)

En las generaciones consecutivas hay un fendmeno de anticipacion, que
consta en una aparicion mas precoz y severa de la clinica. (60,61) En
poblacion sana, el numero de repeticiones CTG normales varia de 5 a 37.
(62)

Clinica y presentacion

La aparicion de la clinica puede ser variable, desde prenatal hasta la
etapa adulta. Ademas, existe variabilidad clinica que puede ser explicada
por la expansion inestable de CTG a lo largo de la vida en células
somaticas.(62,63) Segun el momento del debut y de la severidad clinica
en edad pediatrica, se puede categorizar en forma congénita (cDM1),
infantil (iDM1) y juvenil (jDM1).(64)

La forma cDM1 puede ya ser detectada en época fetal por falta de
movimientos fetales y por polihidramnios, y acostumbra a corresponderse
con >1000 repeticiones CTG. Ademas, puede asociar pie equino-varo y
ventriculomegalia. Asocia una mortalidad que puede llegar al 18% segun
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las series. Es el grupo de pacientes mas afecto a nivel sistémico, ya que
suele haber retraso del desarrollo, del lenguaje, hipotonia, disfagia e
insuficiencia respiratoria. (62,65,66)

La forma iDM1 se caracteriza por presentar sintomas antes de los 10 afios
de edad, y predominan los trastornos cognitivos y del comportamiento, asi
como trastorno de la atencién, autismo y problemas psiquiatricos. (62)
La forma jDM1 ocurre mas tardiamente a partir de los 10 afios de edad y
se asemeja mas a la forma clasica de DM1. El sintoma mas comun es la
miotonia, que suele ser mas pronunciada después del descanso y mejora
con la actividad muscular. Los grupos musculares afectados incluyen lo
del antebrazo, mano, lengua y mandibula. Esto se traduce en una
distribucion muscular preferente craneal (incluyendo ptosis), tronco y
parte distal de extremidades. Evolutivamente, pueden afectarse grupos

musculares mas proximales. (62)

Afectacion cardiaca

Las arritmias por trastornos de la conduccion son la presentacion clinica
cardiovascular mas habitual en la DM1 en el adulto. El bloqueo AV es la
segunda causa de mortalidad después de la insuficiencia respiratoria,
aunque puede variar segun las series y las formas de presentacion de la
DM1. (62,67)

Los trastornos de la conduccion y arritmias son frecuentes en la etapa
adulta e incluyen el bloqueo AV de primer grado (28-45%), el bloqueo de
rama (16-19%), arritmias supraventriculares (5-12.5%) y arritmias
ventriculares (taquicardia ventricular entre el 1y 4%). (57,67) La fibrosis
infiltracion grasa y retrasos en la conduccion en el sistema His-Purkinje
pueden llevar a la presentacion de las arritmias ventriculares. (57)
También han sido descritos: bradicardia, pausas sinusales o asistolia,
flutter y fibrilacion auricular. La miocardiopatia con disfuncion ventricular
puede estar presente a partir de la tercera o cuarta década de la vida,
siendo raro que aparezca antes de esa edad.(57)

En cuanto a la miocardiopatia y/o disfuncion cardiaca, se ha descrito
esencialmente en adultos entre 10-20% de los pacientes con DM1, con
fenotipos como la miocardiopatia hipertrofica y dilatada, con o sin
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disfuncion sisto-diastolica, y también casos de prolapso valvular mitral.
(68,69) En algunos casos, la disfuncion sistélica ventricular en adultos se
ha podido asociar a los defectos de la conduccion (bloqueo de rama
izquierda) por lo que se sugiere que puede haber una relacidon
electromecanica de disincronia o asincronia que colabore o0 sea
responsable de la disfuncion sistdlica y que ademas pueda ser
responsable de una deformidad cardiaca alterada de forma precoz a
pesar de no presentar datos de disfuncion cardiaca. (69,70)

En la figura 8 se resumen los grupos y el compromiso cardiovascular que

puede presentarse segun la edad.

Sintomas cardiovasculares que pueden manifestarse ‘
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Figura 8 (creacion propia). Resumen grafico del compromiso cardiovascular en la DM1 segun
subgrupo de DM1 congénita, infantil o juvenil. La etapa del adulto representada en rojo es

la de mayor riesgo cardiovascular descrito en la literatura.

Otras manifestaciones sistémicas

Otras manifestaciones sistémicas que justifican el manejo multidisciplinar
son las oculares (cataratas), neuropsiquiatricas, cognitivas, trastorno del
comportamiento, gastrointestinales (colelitiasis, estrefiimiento, diarrea),
endocrinolégicas (hipogonadismo, hipercolesterolemia,
hipertrigliceridemia), disfuncion hepatica (aumento de enzimas

hepaticos), entre otras.
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Manejo y tratamiento

No hay un tratamiento especifico para la DM1 que altere el curso o que
sea curativo. Hay algunos farmacos que pueden mejorar la miotonia
(anticomiciales, antiarritmicos) aunque debe tenerse en cuenta el efecto
proarritmico que puede representar ya que algunos de ellos son
bloqueantes de canales de sodio. (57) Se recomienda un manejo
multidisciplinar dada la afectacion multisistémica en la DM1.(57,62) A nivel
respiratorio se recomienda el seguimiento evolutivo para detectar factores
contribuyentes a la hipoventilacion y comprobar indicacion de una
ventilacion no invasiva 0, en caso necesario, ventilacion con
traqueostomia.(62)

En cuanto a las posibles dianas terapéuticas basadas en los mecanismos
fisiopatologicos, hay revisiones que sugieren posibles lineas de
investigacion, pero al tratarse de una manifestacion multisistémica aun no

hay ninguna evidencia al respecto (ver figura 9). (71)

DM1 PATHOGENESIS THERAPEUTIC STRATEGIES

DMPK locus Transcription inhibition
- DMWD DMPK [BNLE)
m Gene editing
& CAP,\M%»AMAA Inactivation of t?xic
DMPK mRNA mutant transcript
e)e) )
00 Modulation of MBNL
O O and CELF expression
CELF MBNL

upregulation sequestration

Splicing alteration
miRNA dysregulation
circRNA upregulation

RAN translation

Modulation of
downstream signalling
pathways

> 1

Figura 9, figura publicada por Izzo et al (71). Posibles dianas terapéuticas

basadas en los mecanismos fisiopatolégicos en la distrofia miotonica tipo 1.
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Predictores de muerte subita

La incidencia anual de muerte subita en la DM1 en adultos se estima entre
0.53% y 1.15%, frecuentemente atribuida a bradiarritmias por la
enfermedad avanzada del tejido de conduccién. Otras arritmias
involucradas pueden ser la taquicardia ventricular, taquicardia ventricular
rama-rama y otras causas no cardiolégicas como el tromboembolismo
pulmonar. (57,72,73)

En las recomendaciones para adultos recientemente publicadas se

indican como predictores de muerte subita tener un PR = 240ms o un

QRS = 120, y la presencia de bloqueo de rama izquierda. (57,74) En el
estudio electrofisiolégico se ha encontrado un riesgo de bloqueo AV
completo y de muerte subita aquellos pacientes con un intervalo HV 70 y
una prolongacion media del intervalo HV de 1.2ms/afo. (57) Estos
predictores se traducen en las recomendaciones publicadas
recientemente para valorar la implantacion de un marcapasos o0 un
desfibrilador, segun la indicacion, o una terapia de resincronizacion. (57)
En la figura 10 se muestra el algoritmo cardiovascular en el manejo de la

DM1 segun las recomendaciones para adultos.
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Patient with DM1
or DM2*

PR 2240 ms,
QRS 2120 ms,
or second- or third-
degree AV
block

ICD

Sinus node concordant

dysfunction or AV
Yes»C_ block on noninvasive
testing*

Symptoms of
bradycardia

Symptoms Mild o
moderate
of VT and )
L v . conduction disorder® No ICD
A ponciagnostic and nondiagnostic (COR 2b)
Lot noninvasive

eoh
testing testing’®

Yes Yes

EP w
(COR 2b) (COR 2a)

No
N HV 270 ms

ICD
concordant
with patient goals of
care and clinical
status

No Pacemaker
(COR 2a)

ICD.
(COR 2b)

Figura 10. Imagen extraida de Groh et al (57). HRS Evaluation and Management of

Arrhythmic Risk in Neuromuscular Disorders).

A pesar de estas recomendaciones, no existen unos valores
electrofisioldgicos establecidos para la edad pediatrica ni tampoco guias
especificas de manejo para poner de manifiesto predictores del riesgo

cardiovascular durante la infancia.
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4.2.3. Distrofinopatias: Distrofia muscular de Duchenne

Las distrofinopatias estan caracterizadas por la debilidad muscular
progresiva por degeneracion de la fibra muscular. Tienen en comun la
ausencia, disminucion o expresion andomala de la distrofina. En la figura
11 se muestra la representacion grafica de la distrofina entre el

citoesqueleto y la matriz extracelular.

Laminin

Collagen
Dystroglycans
Extracellular Sarcolemma
matrix Caveolin-3
Intracellular ) ' nNOS
(sarcoplasm) . ] Syntrophins

-Dystrobrevin

Cytoskeletal o
F-actin Cysteine-rich
domain
N terminus
‘ Hinges
Dystrbphin

Figura 11. Representacion grafica de la distrofina, que sirve de enlace mecanico entre el
citoesqueleto de la célula muscular y la matriz extracelular. Fuente de la imagen: Davies et
al. (147)

Epidemiologia

De los fenotipos mas frecuentemente reconocidos esta la distrofia
muscular de Duchenne (DMD), con una prevalencia de 5/100000 varones
y una incidencia de 1 de cada 3800-6300 recién nacidos varones. Existen
fenotipos intermedios 0 mas leves a nivel neuromuscular, que no estan
exentos de afectacion cardiaca pero si tienen una distrofina mas funcional

(Distrofia muscular de Becker, DMB).
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Genética

Es una enfermedad ligada al cromosoma X. El gen responsable de la
codificacion de la distrofina, el gen DMD, se encuentra en el Cromosoma
X (Xp21).(75) La estructura del gen DMD se resume en la figura 12. La
mayor parte de pacientes con DMD, alrededor del 70-75%, tendran una
delecion o una duplicacion, pero también existen mutaciones puntuales o
deleciones/duplicaciones pequefas hasta en un 30% de pacientes. La
alteracion genética provoca una ruptura del marco de lectura del ARNm
que sintetiza la distrofina y que conduce a la produccion de una proteina
no funcional. Aunque este mecanismo puede no estar presente en el 10%
de los casos, pues hay un reordenamiento secundario oculto o salto
espontaneo de la lectura de un exon, algo que restableceria el marco de
lectura.(76)

Un 10% de los pacientes pueden tener mutaciones puntuales nonsense,
y que igualmente pueden ocasionar fenotipo DMD debido a que la
distrofina es no funcional por un codén de parada prematura de la lectura
ribosomal sin ruptura del marco de lectura. (76)

En revisiones publicadas basandose en bases de datos genéticas, se
halla una mayoria de mutaciones frame-shift (93%). Ademas, se describe
que el 66% de las deleciones amplias en la DMD se hallan en region
hotspot 45-55, 14% en region hotspot 2-20 y 20% en regiones no hotspot.
En cambio, en duplicaciones amplias, se halla el 15% en region hotspot
45-55, 50% en region hotspot 2-20 y el 35% en regiones no hotspot. (77)
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Dp427
Brain Muscle Purkinje cell

ot + 0 @ 5 0 o s e

Actin binding Hinge 1

Dp260 Retina

Hinge 2
Dp140 CNS, Kidney

nNOS binding
Dp116 Schwann cells Dp71 CNS, Ubiquitous
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69 70 71.72.73.74 75 (76 77 78 (79  3UTR
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Figura 12, extraida de Douglas et al (75) Representacion grafica del gen DMD y los 79
exones representados. Los exones quedan coloreados segun el dominio que codifican:
en azul region proximal N-terminal, Rod domain en verde oscuro, Cysteine-rich domain

en verde claro, en rojo la regién C-terminal.
Clinica

En la tabla 1 se resumen los sintomas y signos clasicos y mas frecuentes
en la DMD.

Clinica motora Clinica no motora
Trastornos de la marcha Retraso cognitivo
Pseudo-hipertrofia de gemelos Estancamiento o retraso ponderal
Signo de Gowers Trastornos de aprendizaje y atencion
Caminar de puntillas Retraso en el habla o dificultades de
articulacion

Retraso motor grueso
Debilidad en el control de la cabeza

Disminucién de la resistencia al ejercicio

Incapacidad para saltar, correr o trepar
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Dificultad para subir escaleras
Pie plano
Caidas frecuentes o torpeza

Incapacidad para seguir a sus

compafieros

Pérdida de habilidades motoras

Dolor muscular o calambres

Adaptacion de la tabla de las Recomendaciones de la sociedad espanola de
cardiologia  pediatrica 'y  cardiopatias  congénitas. Disponible en:
https://secardioped.org/guias/

Existen diferentes fases en la DMD que marcan la historia clasica o
natural de la enfermedad (78,79):

» Fase presintomatica (antes de los 2 afios de edad): no suele haber
manifestaciones clinicas, pero en ocasiones puede existir retraso
global del desarrollo, del habla o dificultades de la interaccion
verbal.

= Fase ambulatoria (entre los 2 y los 12 afios de edad):

= Temprana (entre 2 y 5 afos): debilidad muscular que se
representa mas en extremidades inferiores y se traduce en
caidas frecuentes, dificultades para la marcha y para subir
escaleras. Existe pseudo-hipertrofia de gemelos y signo de
Gowers positivo.

= Tardia (entre 5 y 12 afos): adquieren habilitades motoras
aunque pronto inician un deterioro progresivo con pérdida
de la fuerza muscular, ademas de contracturas musculares,
fracturas y escoliosis. Pueden asociar alteraciones
conductuales, cognitivas, intelectuales y también asociar
trastorno del espectro autista.

= Fase no ambulatoria (entre los 12 y los 20 afios de edad):

= Temprana (entre los 12 y 16 anos): en la DMD suele

representarse con una pérdida de la marcha y es este el
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momento de inicio evidente de la miocardiopatia y patologia
respiratoria.

» Tardia (a partir de 20 afos): se caracteriza por
empeoramiento respiratorio, cardioldgico y precisan soporte
ortopédico, ademas de la incapacidad de mantenerse en
una posicion sentada.

» Variabilidad individual: la progresién y gravedad de los sintomas
viene influida por factores genéticos y/o ambientales, que se
traducen, entre otras, en una diferente expresividad fenotipica y
funcionalidad de la distrofina, por lo que hay fenotipos mas leves
que no cumplirian con las etapas descritas y se comportarian mas

como fenotipos intermedios o DMB.

La afectacion cardiaca en la distrofia muscular de Duchenne y Becker es
una de las principales causas de morbimortalidad de estos pacientes,
sobre todo en la segunda y cuarta década de la vida. Existe una disfuncion
ventricular con o sin miocardiopatia dilatada que evoluciona a la

insuficiencia cardiaca y arritmias.(80)

Diagnéstico de la DMD

El diagndstico clinico se suele sospechar en los primeros afos de vida, a
través del hallazgo de alteraciones motoras con o sin antecedentes de
distrofia muscular en la familia. El retraso del inicio de la deambulacion es
un hallazgo frecuente, con dificultad para levantare del suelo, correr o
saltar. La hipertrofia de los musculos gastrocnemios (gemelos) es un
hallazgo frecuente en la exploracion fisica.

A nivel del analisis de sangre, es frecuente encontrar niveles elevados de
CPK'y de transaminasas:

» Los niveles elevados de CPK en sangre aparecen incluso antes del
inicio de los sintomas motores y pueden permanecer elevados
durante afnos. En etapas evolucionadas de la enfermedad pueden
hallarse niveles normales o bajos de CPK en sangre debido a la

sustitucion fibro-adiposa en el musculo.
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= Los niveles elevados de transaminasas en sangre son debidos a
esta midlisis y, a priori, no representa afectacién hepatica.
El diagndstico de certeza viene dado por la confirmacion genética y, en

caso de dudas, apoyo en la biopsia muscular.

Pronéstico
Viene marcado por el estado cardioldgico y/o respiratorio. En el caso de
la DMD clasica es rara una supervivencia mas de la tercera-cuarta

décadas de la vida.

Tratamiento
Actualmente no hay un tratamiento curativo para la DMD, aunque hay
diversos ensayos clinicos en desarrollo, inclusive terapia génica, para
poder ofrecer un tratamiento a estos pacientes.
Clasicamente, el tratamiento en la DMD viene definido por:
= Corticoterapia: aunque se ha descrito un efecto beneficioso a nivel
neuromuscular mediante la ralentizacion de la progresién de la
debilidad muscular y retrasar la pérdida de la deambulacién.
Existen controversias sobre la clase de corticoide y la dosis. Los
mas utilizados son Prednisona 0.75mg/kg/dia y Deflazacort
0.9mg/kg/dia.
El momento de su suspension después de la pérdida de la marcha
también ha suscitado controversia, y hay estudios que defienden
hipétesis contrarias, sobre todo por los efectos secundarios que
pueden asociar.
= Vitamina D3: es comun suplementar con Vitamina D3 debido al
riesgo de osteoporosis de causa multifactorial en la poblacién con
DMD, sobre todo si hay uso de corticoterapia oral a largo plazo.
= Inhibidores de la enzima convertidora de la angiotensina (IECA):
en las recomendaciones actuales se aboga por el inicio de un IECA
a los 10 afnos de edad ya que se ha visto reduccion de la tasa
mortalidad y hospitalizacién en pacientes con DMD y reduccién de
la funcion ventricular izquierda y signos de insuficiencia cardiaca.
(78,81)
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Tratamiento de la insuficiencia cardiaca y de las arritmias: no hay
un tratamiento especifico para la insuficiencia cardiaca en
pacientes con DMD. Habitualmente, se usan los farmacos
habituales ya conocidos en la insuficiencia cardiaca como pueden
ser: |IECA, antagonistas del receptor de la angiotensina (ARA),
diuréticos, beta-bloqueantes, ivabradina y sacubitrilo-valsartan.
También puede haber indicacion de tratamiento anticoagulante en
caso de riesgo de trombo intracardiaco debido a la insuficiencia
cardiaca. (78,80)

Afectacion cardiolégica

La distrofina se encuentra, ademas de en el sarcolema esquelético, en el
sarcolema cardiaco. El déficit de distrofina provoca una inestabilidad en
el sarcolema, provocando dafio de los miocardiocitos, inflamacion y
fibrosis. Esto se traduce en una miocardiopatia dilatada y/o fibrética que
conduce a la insuficiencia cardiaca. (57,78)

Etapas de la miocardiopatia(80):

Etapa preclinica

Alteraciones a nivel microscépico y alteraciones en el ECG incluso
antes de los 10 afios de edad. Normalmente no hay disfuncion
sistdlica, pero pueden detectarse datos de disfuncion diastdlica
incipiente.

Etapa clinica

Atrofia de los miocardiocitos, con presencia de fibrosis
subendocardica y dilatacion de cavidades. Habitualmente no hay
sintomas cardiovasculares claros.

Etapa de afectacion cardiolégica evidente

Es la etapa en la que ya existen sintomas claros a nivel
cardiovascular y suele ser por encima de los 18-20 afios. Los
sintomas de insuficiencia cardiaca, frecuentemente, son dificiles de
reconocer dado que existe una gran debilidad muscular y existe
una reduccion de la movilidad y/o incapacidad para deambular. Por

esta razon, previo al desarrollo de guias internacionales, los
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pacientes eran derivados al cardi6logo en esta etapa sintomatica
ya muy tardia.

En la figura 13 se representa la afectacion cardiolégica en las
diferentes etapas de la enfermedad.

Sintomas cardiovasculares que pueden manifestarse [\
N

Gen DMD

60% tienen sintomas
de IC, palpitaciones,
sincope

No sintomas cldsicos Minoria de pacientes
delC con sintomas de IC

Ventana de oportunidad de
tratamiento precoz

Estadio preclinico Estadio clinico de
/ subclinico la enfermedad
0 afios 10 afios 18 - 20 afios
Farmacos, Papel DAI
sz . Alteraciones ECG Atrofia miocardiocitos Disfuncién sistolica i 6 .
Funci6n Ventricular Hipertrofia miocardiocitos Fibrosis subendocérdica MiC.JCaITdiOpatI'a dilatada Insuficiencia
’Normal’ Disfuncién diastdlica Dilatacién progresiva Arritmias cardiaca terminal

Alteracién motilidad miocérdica  Arritmias IC Mx 20-40 a, >40% de la mortalidad

Figura 13 (creacion propia). Se representa graficamente las diferentes etapas de la afectacion
cardiaca en la Distrofia muscular de Duchenne.

Evaluacion de la funcién cardiaca:

La ecocardiografia es la técnica habitual para la valoracion cardiologica,
aunque presenta limitaciones por la ventana acustica limitada en
pacientes con DMD. La evaluacion mediante ecocardiografia funcional y
Strain miocardico ha permitido una evaluacion mas precisa de la funcion
cardiaca. El Strain miocardico permite detectar alteraciones subclinicas
incluso antes de que se afecte la fraccion de eyeccion. (82—84) Ademas,
la RM cardiaca con contraste y realce tardio de Gadolinio representa la
prueba de referencia para valorar la funcion y la fibrosis miocardica,
aunque en edades tempranas puede precisar anestesia general para el
control de la apnea para la adquisicion de las imagenes. (78,85)

Para los pacientes con mutacion en la region proximal N-terminal parece
relacionarse con mas sintomas cardiolégicos. (86—-90) Ademas, en la
mutacion de los exones 45 al 52 del gen DMD, se ha descrito una
precocidad de la disminucion de la fraccion de eyeccion por lo que puede

haber una variabilidad en la expresion fenotipica cardiaca en funcion de
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las mutaciones patogénicas de cada paciente. Ademas, puede existir una
variabilidad de la expresividad fenotipica entre pacientes incluso teniendo
la misma mutacion patogénica, como sucede con los pacientes con
delecion del exon 45-55, lo que sugiere que existen otros factores
modificadores del fenotipo. (91,92)

Arritmias y muerte subita:

El riesgo de presentar arritmias ha sido ya previamente descrito, entre las
que se encuentran fibrilacion auricular, flutter auricular, taquicardia
ventricular y fibrilacion ventricular. Las bradiarritmias son infrecuentes en
pacientes con DMD vy las taquiarritmias auriculares no han sido
extensamente estudiadas asi como el riesgo tromboembdlico.(57) En el
seguimiento se ha propuesto la monitorizacion ambulatoria con Holter 24h
0, en caso necesario, Holter subcutaneo para monitorizaciéon de larga
evolucidn, aunque se deja a criterio del clinico. (57,78)

En adultos, el realce tardio de Gadolinio en la resonancia magnética se
ha relacionado con un factor predictivo de mortalidad, eventos
cardiovasculares y arritmias ventriculares. (57)

La muerte subita ha sido también descrita en pacientes con DMD pero,
aunque no se conoce con exactitud la incidencia, parece corresponderse
a una incidencia baja y podria tener una causa mixta respiratoria y
cardiaca. (57,93,94) En una revision retrospectiva reciente Wittlieb-Weber
et al reviso la mortalidad en DMD, y se ha postulado como factores de
riesgo de mortalidad, independientemente de la causa, la pérdida precoz
de la deambulacion, la ausencia de tratamiento con corticoterapia, valores
bajos de fraccion de eyeccion en el ultimo control del paciente y valores
altos de BNP. La muerte subita se dio en 5 pacientes de los 466 pacientes,
aunque sin datos concluyentes en las pruebas que se disponian. (95)

No hay guias especificas para el implante de un DAI en prevencion
primaria en poblacion pediatrica y la utilizacién en prevencion secundaria
es bajo criterios habituales de taquicardia ventricular o fibrilacion
ventricular en adultos. Hay que tener en consideracion el pronéstico global
del paciente, las particularidades de la caja toracica y el riesgo de mas
complicaciones durante el implante de dispositivos para el tratamiento del
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ritmo cardiaco.(78) En las ultimas guias publicadas por la ESC para el
manejo de arritmias en poblacion adulta con DMD se considera clase IlIb
de recomendacion el implante de un DAI si el paciente tiene realce tardio
de Gadolinio de forma significativa en el estudio por resonancia magnética
cardiaca, aunque no hay evidencia en poblacion pediatrica. (96) Ademas,
en el adulto con DMD ante una fraccion de eyeccion del ventriculo
izquierdo <35% se puede considerar el implante de un DAI,
individualizando el estado clinico cardioldgico y global del paciente. (57)

48



5. Hipotesis

Hipotesis

El estudio con ecocardiografia funcional y de deformacion miocardica y la
monitorizacion electrocardiografica de larga duracion en pacientes con
enfermedades neuromusculares pueden cambiar el prondstico cardiovascular y

el riesgo de muerte subita en pacientes pediatricos.

49



6. Objetivos

Objetivo principal

Identificar predictores de arritmias cardiacas y muerte subita en pacientes

pediatricos afectos de distrofia muscular y distrofinopatias, como grupos de

riesgo de las enfermedades neuromusculares.

Objetivos especificos

1.

Correlacionar los sintomas con los hallazgos de las exploraciones
complementarias para determinar si sintomatologia puede ser un factor
pronaostico.

Realizar una correlacion genotipo-fenotipo de las enfermedades
neuromusculares estudiadas.

Determinar el subgrupo de pacientes que puedan estar a riesgo de
eventos de accidente vascular cerebral debido a un origen cardiaco.
Identificar factores de riesgo de arritmias y muerte subita en la cohorte
con laminopatias neuromusculares.

Determinar el papel del uso de dispositivos implantables para la
monitorizacion del ritmo cardiaco (holter subcutaneo) como herramienta
prondstica de deteccion de arritmias y muerte subita en las laminopatias
neuromusculares.

Determinar el papel del estudio electrofisiolégico como herramienta
pronostica de arritmias y muerte subita en las laminopatias
neuromusculares.

Analizar el valor pronostico del strain miocardico en los pacientes con
laminopatia neuromuscular y distrofia muscular de Duchenne.
Caracterizar el estado cardiovascular e identificar factores de riesgo de
arritmias y muerte subita de la cohorte estudiada con distrofia miotdnica
de Steinert y distrofia muscular de Duchenne.
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7. Material, métodos y resultados

Articulo 1. Resumen estructurado

Characterization of cardiac involvement in children with LMNA-related muscular

dystrophy.

Introduccion

La distrofia muscular por LMNA es una entidad rara que se engloba dentro de
las laminopatias. Dentro de estas distrofias musculares por LMNA se encuentran
la Emery—Dreifuss muscular dystrophy (EDMD), Limb—girdle muscular dystrophy
type 1B (LGMD1B), y LMNA-related congenital muscular dystrophy (L-CMD). La
insuficiencia cardiaca, arritmias malignas y muerte subita pueden estar
presentes en esta poblacidon, aunque en edad pediatrica no existe un consenso

de seguimiento ni protocolos especificos de manejo cardiovascular.

Objetivos
El objetivo fue llevar a cabo un seguimiento prospectivo cardiovascular en

pacientes pediatricos diagnosticados de distrofia muscular por LMNA.

Meétodos

Se realiz6 un seguimiento cardiolégico exhaustivo que consistid en recogida de
datos  clinicos, epidemioldgicos, genéticos, ecocardiograficos vy
electrocardiograficos. Se implanté un holter subcutaneo a todos los pacientes
incluidos en el protocolo de seguimiento y se realizé un estudio electrofisiologico.

Resultados

Se incluyeron 28 pacientes en total, cuyos fenotipos fueron: EDMD (13
pacientes), L-CMD (11 pacientes), LGMD1B (2 pacientes), y dos pacientes con
debilidad leve relacionada con LMNA. Se detectd6 miocardiopatia dilatada en 6
pacientes y arritmias malignas en 5 pacientes (4 concomitantemente con
miocardiopatia dilatada). Las arritmias malignas (20% de la cohorte) se

detectaron a través del holter subcutaneo y justificaron el implante de un
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desfibrilador y, en un caso, un marcapasos por deteccion de una asistolia. Los
pacientes con fenotipo EDMD de aparicion precoz mostraron peor prondstico
cardiaco y tuvieron mas riesgo de miocardiopatia dilatada, mientras que las
arritmias malignas se detectaron mas precozmente en L-CMD, sin fenotipo de
miocardiopatia dilatada al menos al inicio de las arritmias. La deteccién de
valores bajos de strain miocardico, a pesar de valores normales de fraccion de
eyeccion de ventriculo izquierdo, se relacion6 con peor prondstico cardiaco por
la necesidad de DAI mas adelante durante el seguimiento. Un paciente tuvo un
accidente vascular cerebral, probablemente relacionado con la combinacién de
varios factores de riesgo como fueron la situacién de base (no deambulacion y
poca movilidad), arritmias auriculares (silencio auricular, taquicardia auricular y

fibrilacion auricular), y disfuncion ventricular.

Conclusiones

La aparicién precoz de los sintomas y signos neuromusculares, antes de los 2
afnos de edad, se relacionan con un peor pronostico cardiaco en las laminopatias
neuromusculares en pacientes pediatricos. A pesar de tener estudios
electrofisiolégicos normales, el holter subcutaneo identificé casi un 20% de
arritmias malignas que justificaron el implante de desfibrilador en 5 pacientes,
previniendo asi la muerte subita. Dos de estos pacientes recibieron choques
apropiados durante el periodo de seguimiento y ningun choque inapropiado. La
atipicidad o ausencia de sintomas cardiovasculares a pesar de presentar
arritmias y/o insuficiencia cardiaca, hace mas vulnerable a estos pacientes y
justifica un seguimiento estrecho y una monitorizacion electrocardiografica
continua a largo plazo. Ademas del analisis ecocardiografico basico, es de
importancia analizar el strain miocardico, pues se ha relacionado tener un strain
miocardico del ventriculo izquierdo alterado, a pesar de valores normales de
fraccion de eyeccion del ventriculo izquierdo, con un peor prondstico cardiaco
por la necesidad de implante de DAI debido a arritmias potencialmente letales.
La combinacién de poca movilidad por la debilidad muscular, sumado a arritmias
auriculares y disfuncion ventricular moderada/severa pueden ser factores de
riesgo relacionados con el accidente vascular cerebral, por lo que deberia

considerarse la anticoagulacion o antiagregacion en estos pacientes.
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Estos resultados podrian ser la base para implementar guias clinicas especificas
para prevenir las arritmias y la muerte subita en la poblacién con laminopatia

neuromuscular pediatrica.
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Introduction: LMNA-related muscular dystrophy is a rare entity that produce
“laminopathies” such as Emery—Dreifuss muscular dystrophy (EDMD), limb—girdle
muscular dystrophy type 1B (LGMD1B), and LMNA-related congenital muscular
dystrophy (L-CMD). Heart failure, malignant arrhythmias, and sudden death may
occur. No consensus exists on cardiovascular management in pediatric

Abbreviations: AV, atrioventricular; AVB, atrioventricular block; CHD, congenital heart disease; CMRI,
cardiac magnetic resonance imaging; DCM, dilated cardiomyopathy; EDMD, Emery-Dreifuss muscular
dystrophy; ECG, electrocardiogram; EPS, electrophysiological study; GLS, global longitudinal strain; HCM,
hypertrophic cardiomyopathy; ICD, implantable cardioverter defibrillator; ILR, implantable loop recorder;
IQR, interquartile range; IRBBB, incomplete right bundle-branch block; LBBB, left bundle-branch block;
LGMDI1B, limb-girdle muscular dystrophy 1B; L-CMD, LMNA-related congenital muscular dystrophy; LV,
left ventricle; LVEF, left ventricular ejection fraction; MAPSE, mitral annular plane systolic excursion; NIMV,
non-invasive mechanical ventilation; NT proBNP, N-terminal probrain natriuretic peptide; PVC,
premature ventricular contractions; RBBB, right bundle-branch block; RV, right ventricle; SCD,
sudden cardiac death; TAPSE, tricuspid annular plane systolic excursion; VT, ventricular tachycardia;
VF, ventricular fibrillation.
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laminopathies. The aim was to perform an exhaustive cardiologic follow-up in
pediatric patients diagnosed with LMNA-related muscular dystrophy.

Methods: Baseline cardiac work-up consisted of clinical assessment, transthoracic
Doppler echocardiography, 12-lead electrocardiogram, electrophysiological study,
and implantation of a long-term implantable cardiac loop recorder (ILR).

Results: We enrolled twenty-eight pediatric patients diagnosed with EDMD (13
patients), L-CMD (11 patients), LGMD1B (2 patients), and LMNA-related mild
weakness (2 patients). Follow-up showed dilated cardiomyopathy (DCM) in six
patients and malignant arrhythmias in five (four concomitant with DCM) detected
by the ILR that required implantable cardioverter defibrillator (ICD) implantation.
Malignant arrhythmias were detected in 20% of our cohort and early-onset EDMD
showed worse cardiac prognosis.

Discussion: Patients diagnosed with early-onset EDMD are at higher risk of DCM,
while potentially life-threatening arrhythmias without DCM appear earlier in L-CMD
patients. Early onset neurologic symptoms could be related with worse cardiac
prognosis. Specific clinical guidelines for children are needed to prevent sudden

death.

KEYWORDS

laminopathies, sudden cardiac death, cardiomyopathy, A/C lamins, LMNA-related
diseases, LMNA-related cardiomyopathy, long-term implantable loop recorder

Introduction

LMNA-related muscular dystrophy is a very rare (0.5 per 100,000)
disease caused by pathogenic alterations in the LMNA gene. The
disorder is characterized by cervical-axial weakness, scapuloperoneal
weakness, joint contractures, thoracic lordosis, a dystrophic muscle
biopsy, and mildly elevated creatine kinase levels (Quijano-roy et al,
2008). Children with early-onset LMNA-related muscular dystrophy
may show decreased fetal movement and early lack of motor
development since the first months of life, or later develop a loss of
head and trunk control and ability to walk or sit, followed by progressive
loss of axial and limb motor function. As these patients age, there is an
increased risk for respiratory insufficiency, appears joint and spinal
deformities and cardiac involvement. Practically all patients exhibit
heart disease in long follow up studies (Dubowitz, 1999; Quijano-roy
et al,, 2008).

LMNA encodes the nuclear envelope proteins lamins A and C,
intermediate filaments that are required during development and cell
differentiation (Bonne et al., 2003). Lamins facilitate signal transduction
between the cytoskeleton and the nucleus (Aebi et al., 1986; Worman
and Bonne, 2007), provide genome stability and modulation of
chromatin organization and gene expression (Lammerding et al,
2004; Dechat et al, 2007; Andrés and Gonzalez, 2009; Dauer and
‘Worman, 2009; Gonzalez-Suarez et al., 2009; Hutchison, 2011). Lamins
consist of a globular N-terminal head domain, a central coiled-coil rod
domain implicated in protein dimerization, and a C-terminal tail
domain that includes an immunoglobulin-like domain where
various posttranslational modifications occur (Burke and Stewart,
2012; Ho and Lammerding, 2012). LMNA was first identified in
1986 in humans, but it was not until 1999 that a pathogenic rare
variant in the LMNA gene was linked to Emery-Dreifuss muscular
dystrophy (EDMD) (Bonne et al,, 1999). To date, over 600 disease-
causing rare LMNA variants are characterized (Worman and Bonne,
2007; Dittmer and Misteli, 2011), and these “laminopathies” are

Frontiers in Cell and Developmental Biology

associated with heterogeneous clinical phenotypes, including
neuromuscular, cardiac, and metabolic disorders (Bertrand et al,
2011; Worman, 2012; Maggi et al., 2014). However, there is no clear
correlation between genotype and phenotype, including within the
same muscle, suggesting the presence of genetic modifiers and
representing an example of allelic heterogeneity (Granger et al., 2011).

Muscle laminopathies may associate cardiac disease at any age and
range from congenital muscular dystrophy (LMNA-related congenital
muscular dystrophy, or L-CMD) to late-onset manifestations
(limb-girdle muscular dystrophy 1B, or LGMDI1B; and autosomal-
dominant EDMD). L-CMD is the most severe and early phenotype, and
typically presents in the first 2 years of life, either by an arrest of motor
milestones before sitting or walking are acquired, or as a later
presentation with a characteristic loss of head support, while sitting
and or walking are still maintained (dropped head syndrome). It is a
very progressive and severe disease, and shares with EDMD a
recognizable scapulo-humero-peroneal pattern of muscle weakness
and atrophy (predominantly proximal in upper limbs and distal in
lower limbs). The heart may be involved in all three entities, and the
manifestation of heart disease may precede muscle weakness or be
isolated. Globally, early-onset phenotypes before 5 years of age, and
specially before 2 years of age, are related with worse motor and cardiac
prognosis, although heart involvement is rarely observed initially
(Granger et al, 2011; Carboni et al, 2013; Maggi et al, 2014; Ben
Yaou et al,, 2021). Dilated cardiomyopathy (DCM) with conduction
disease and sudden cardiac death (SCD) can occur in LMNA-related
muscular dystrophies, in children and adults (Finsterer et al., 2006;
Finsterer et al., 2010; Lu et al,, 2011; Groh, 2012; Quarta et al., 2012;
Cattin et al, 2013; Hasselberg et al, 2014; Alastalo et al, 2015;
Dobrzynska et al.,, 2016; Finsterer and St, 2016; Heller et al., 2017;
Muscogiuri, 2017; Wang et al., 2017; Groh et al., 2022). These patients
have a high incidence of malignant arrhythmias at early ages, worsening
prognosis and posing a clinical challenge for cardiologists, neurologists,
and genetic counselors (Meune et al., 2006; Groh, 2012; Rijsingen et al.,
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2012; Carboni et al,, 2013; Rajdev and Groh, 2015; Kumar et al., 2016;
Feingold et al.,, 2017; Peretto et al,, 2019; Ben Yaou et al., 2021). Despite
the risk prediction scores for life-threatening ventricular
tachyarrhythmias (VT) have been defined in adults with
laminopathies (Wahbi et al., 2019; Marchel et al., 2021a; Groh et al.,
2022), there are no published guidelines for risk prediction scores in
pediatric laminopathies to prevent early life-threatening VT. Given the
rarity of the disease in the pediatric population, phenotype-genotype
correlations are difficult to be established, and data on age of onset and
course of the cardiac disease or the risk of malignant arrhythmias and
SCD s scarce (Ben Yaou et al., 2021).

To bridge this knowledge gap, we performed a mid-to-long-term
cardiovascular follow-up study focused on cardiomyopathies and
arrhythmia during childhood and genotype-phenotype correlation
in several families with LMNA-related muscular dystrophy.

Material and methods
Study design

We enrolled patients <18 years of age from the international
reference center in neuromuscular diseases at our institution that
were diagnosed with LMNA-related muscular dystrophy (carrying a
rare pathogenic or likely pathogenic variant in the LMNA gene with
L-CMD, EDMD, LGMDI1B, and LMNA-related atypical phenotype
with mild weakness) between 2014 and 2020. The study was motivated
and promoted by the national patient association. Due to the severity of
pediatric laminopathies, we analyzed in an independent category all the
patients with early-onset neuromuscular phenotypes (before 2 years of
age) regardless of the final diagnosed clinical phenotype (L-CMD and
early-onset EDMD). At enrollment, we collected retrospective clinical
data. Participants were prospectively followed from enrollment to the
last follow-up evaluation according to a specific schedule. Written
informed consent to participate was provided by the participants’
legal guardians. Non-LMNA-related neuromuscular dystrophies were
excluded from this study.

Clinical work-up and follow-up schedule

Baseline cardiac work-up consisted of a clinical evaluation, DNA
samples from the patient and first-degree relatives, transthoracic
Doppler echocardiography (Philips, IE33, software Intellispace
Cardiovascular for standard measurements and QLAB for offline
analysis), a  12-lead electrocardiogram  (ECG),
electrophysiological study (EPS), and implantation of a long-term
cardiac implantable loop recorder (ILR; Medtronic Reveal LINQ)
with a home monitoring system. The definition of DCM and
reference values of echocardiographic
adopted from the most recent pediatric guidelines and normal
values published for children (Lang et al., 2005; Pettersen et al.,
2008; Lee et al.,, 2014; Lee et al.,, 2017; Lipshultz et al., 2019).

EPS was performed in all patients at the time of inclusion to exclude
underlying arrhythmogenic conditions and arrhythmia inducibility and

strain

measurements were

to describe cardiac conduction system characteristics. The procedure
was performed under mild sedation via the brachial or femoral vein
(depending on joint retractions and grade of hyperlordosis). Baseline
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neuromuscular evaluation consisted of a detailed and standardized
neurologic examination with diagnostic tests based on clinical
indications. Retrospective clinical data from the referral center were
collected. During follow-up, cardiologic and neurologic data were
collected at least once a year; arrhythmia events were reviewed daily
by long-term ILR software using a home monitoring system. Medical
therapy and device implantation (pacemaker [PM] and implantable
cardioverter defibrillator [ICD]) were indicated according to current
clinical evidence.

For the echocardiogram analysis, a single observer obtained the
following measurements at enrollment and during the follow-up:
M-mode-derived left ventricular end-diastolic and end-systolic
dimensions, left ventricular ejection fraction (LVEF; %) measured by
the Simpson method, tricuspid annular plane systolic excursion
(TAPSE; mm), mitral annular plane systolic excursion (MAPSE;
mm), tissue doppler values from lateral and septal mitral annulus
(cm/s), and spectral doppler E and A waves from inflow mitral and
tricuspid filling pattern (cm/s). Global longitudinal strain (GLS [%]) was
obtained from four-chamber view, and reference values (mean and p5)
were obtained from published pediatric data (Koopman et al,, 2019).

Cardiac events

Major cardiac events included cardiac death, heart transplant,
and malignant arrhythmias, which were defined as sustained VT,
ventricular fibrillation (VF), asystole, complete atrioventricular
block (AVB), cardiac arrest from VT/VF (witnessed SCD
occurring within 1h of acute symptoms), or appropriate
treatment (antitachycardia pacing or shock) by ICD. Minor
cardiac events included worsening of heart failure, reaching
DCM criteria, conduction system abnormalities (except complete
AVB), supraventricular tachycardia, or any structural or functional
echocardiographic abnormality according to updated definitions
and references. The timing of each event was reported as age,
years from clinical onset, and months from study enrollment.

Statistical analysis

Data were anonymized and stored in local institutions. We used
StatCrunch (Pearson Education Inc.) for the statistical analysis.
Categorical variables were expressed as numbers and percentages,
and continuous variables were expressed as median and interquartile
range (IQR). When appropriate, echocardiographic data were analyzed
comparing enrollment and last control measurements. Because the data
were not normally distributed, a Mann-Whitney U non-parametric test
was used, as appropriate, for analysis of quantitative variables between
two groups. A p-value of <0.05 was considered statistically significant.
Graphical presentations of the major and minor events that occurred
during follow-up were generated with GraphPad Software (Prism,
version 9.1.1).

Results

Twenty-eight individuals (median age of 8.5 years at enrollment;
IQR of 4-12.5years) from 27 families were enrolled. Table 1
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FIGURE 1

Time from enrollment, months

(A): Timeline of major and minor events in pediatric patients with lamin-related muscular dystrophy defined on the basis of age. Atrial arrhythmias,
asystole/atrial standstill, and malignant arrhythmias preceded structural and cardiac functional abnormalities (DCM criteria or depressed LVEF). Median
time values are represented by vertical grey line when required. DCM and LVEF are represented by a dot. Pacemaker are represented by a star.
Arrhythmias and ICD are represented by an inverted triangle. Gait loss and NIMV are represented by a square, and death are represented by a cross.
When required, minimum to maximum range age is represented in grey box and whiskers. Abbreviations: LVEF, left ventricular ejection fraction. (B):
Timeline of major and minor events in pediatric patients with lamin-related muscular dystrophy defined on the basis of enrollment (time 0 is the time of
enrollment represented by a vertical blue dotted line). Median time values are represented by a vertical grey line. DCM and LVEF are represented by a dot,
pacemaker is represented by a star, arrhythmias and ICD are represented by an inverted triangle and death is represented by a cross. Abbreviations: LVEF,

left ventricular ejection fraction.

summarizes the main clinical and genetic features of our cohort
(Bonne et al., 2000a; Quijano-roy et al., 2008; Chemla et al., 2010;
Komaki et al., 2011; Pasqualin et al., 2014; Heller et al., 2017; Fan
et al,, 2020). The median age at last follow-up was 13 years (IQR of
8-17 years). All participants met clinical criteria and had confirmed
LMNA-related neuromuscular disease. 13 (46.43%) had EDMD,
11 had L-CMD (39.28%), 2 (7.14%) had LGMDIB, and 2 (7.14%)
had an LMNA-related atypical phenotype with mild weakness
(Supplementary Figure S1). All had a pediatric onset of skeletal
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muscle symptoms, with most of them presenting before 2 years of
age (23 of the 28 cases, 82%).

The median follow-up from study enrollment to last clinical
evaluation was 4 years (IQR of 3-5 years) (Supplementary Figure
§2). All living participants (except eight patients) had a
comprehensive cardiac follow-up every 6 months that included
echocardiography and remote cardiac rhythm monitoring. In the
other eight patients, only clinical data and remote cardiac rhythm
monitoring were available. Events by age and events by
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TABLE 1 Clinical and genetic data.

Patient ~ Gender Neuromuscular Eary DCM ICD/ Drugs Death LMNAde Previously reported
phenotype onset PM novo
1 M L-CMD Y N Y (D) Carvedilol N Y C745GT PArg249Trp  Quijano, 2008/Komaki,2011/Pasqualin, 2014/
Chemla, 2010/Heller, 2017/Fan, 2021
ASA
2 M L-CMD Y N YEeM N N Y C745GT pArg249Tp  Quijano, 2008/Komaki,2011/Pasqualin, 2014/
Chemla, 2010/Heller, 2017/Fan, 2021
3 F EDMD Y Y | YICD)  CarvedilolCaptopril Y Y C116AG pAsn39Ser Pasqualin, 2014/Fan, 2021
Amiodarone
Furosemide
Spironolactone
ASA
LMWH
4 F L-CMD Y N N N N Y €91-93elGAG p.Glu31del Fan, 2021
5 M EDMD Y Y | YID) Sotalol N Y €1358G>C PArg453Pro N
Flecainide
ASA
6 M L-CMD Y N N N N Y C745CT pArg249Trp  Quijano, 2008/Komaki,2011/Pasqualin, 2014/
Chemla, 2010/Heller, 2017/Fan, 2021
7 M EDMD Y N N N N Y C116A5G pAsn395er Pasqualin, 2014/Fan,2021
8 M EDMD N N N N N Y C746G>A PpArG249Gin Bonne, 2000/Komaki,2011/Fan,2021
9 M EDMD Y Y N Carvedilol N ' c91delG P.Glu31ArgfsTer65 N
10 F L-CMD Y N N N N Y <.89A>C P.GIn30Pro N
11 F L-CMD Y Y N N N N €.1487_1488+9del - N
12 M EDMD Y N N N N Y €1616C>T p.Ala539val N
13 M EDMD Y Y YD) Carvedilol N Y c1126T p.Leu38Phe N
Flecainide
ASA
14 F EDMD Y N N N N Y C745GT pArg249Trp  Quijano, 2008/Komaki,2011/Pasqualin, 2014/
Chemla, 2010/Heller, 2017/Fan, 2021
15 M EDMD N N N N N Y c812T>G p.Leu271Arg N

(Continued on following page)

TABLE 1 (Continued) Clinical and genetic data.

Patient  Gender Neuromuscular Early DCM Death LMNAde LMNA c Previously reported
phenotype onset novo
16 M Mild Weakness N N N N N Y €879_881delCAG  p.GIn294del N
17 M EDMD Y Y YD) Carvedilol N Y €1364G>C PArg455Pr0 N
18 M Mild Weakness N N N N N Y €745GT PArg249Tp  Quijano, 2008/Komaki,2011/Pasqualin,2014/
Chemla, 2010/Heller, 2017/Fan, 2021
19 F LGMD1B Y N N N N Y €810+ 1G>C - N
20 F EDMD Y N N N N N €108G>T p.GIn36His N
21 M L-CMD Y N N N N Y C104T>A p.Leu35Gn N
22 F EDMD N N N N N Y €1357GT PAIg453Trp Fan, 2021/Bonne,2000
23 M LGMD1B Y N N N N Y €1357GT PArg453Trp Fan, 2021/Bonne,2000
24 F EDMD Y N N Flecainide Y Y c91G>A pGlu3llys Fan, 2021
25 F L-CMD Y N N N N Y (win) 117G pAsn39lys Fan, 2021
26 F L-cMD Y N N N N Y (win) C117T>G pAsn39lys Fan, 2021
27 M L-CMD Y N N N N Y €.94_96elAAG plys32del Fan, 2021
28 F L-cvMD Y N N N N Y €745GT PArg249Tp  Quijano, 2008/Komaki,2011/Pasqualin,2014/
Chemla, 2010/Heller, 2017/Fan, 2021
List of LMNA-related muscular dystrophy patients, major cardiac events, and rare LMNA variants. Abbreviations;: L-CMD, LMNA-related congenital muscular dystrophy; EDMD, Emery-Dreifuss ;LGMDIB, Limb-girdle lardystrophy 18;
DCM, dilated cardi 1CD, implantable cardi illator; PM, MWH, low-molecular-wei iNASA, ioylc acid
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TABLE 2 Demographic data and overall follow-up.
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TABLE 2 (Continued) Demographic data and overall follow-up.
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enrollment date are represented graphically in Figure 1
(Figures 1A, B).

A total of 57.1% of participants were male. Two of the cases
enrolled were female monozygotic twins. Families were originally
from Spain (Bonne et al., 1999), the United Kingdom (Bonne et al.,
2003), the United States (Bonne et al., 2003), Australia (Dubowitz,
1999), Canada (Quijano-roy et al., 2008), France (Quijano-roy et al.,
2008), Greece (Quijano-roy et al., 2008), Russia (Quijano-roy et al.,
2008), and Venezuela (Quijano-roy et al.,, 2008). Eleven patients
(39.29%) had L-CMD, 13 (46.43%) had EDMD, 2 (7.14%) had
LGMDI1B, and 2 (7.14%) had an LMNA-related atypical phenotype
with mild weakness. Early-onset skeletal muscle impairment before
2 years of age was detected in 23 of the 28 cases (82%). Table 1
summarizes the main clinical and genetic features of our cohort
(Bonne et al., 2000a; Quijano-roy et al., 2008; Chemla et al., 20105
Komaki et al., 2011; Pasqualin et al., 2014; Heller et al., 2017; Fan
et al., 2020). Eleven patients (39.2%; seven males) required non-
invasive mechanical ventilation (NIMV) either at inclusion or
during follow-up. Patients requiring NIMV had early-onset
EDMD and L-CMD phenotypes. For those with gait loss, the
median age for gait loss was 6years (IQR of 5-8years).
Supplementary Table SI compares our cohort with previous
publications not focused on pediatric patients.

Major and minor cardiac events during
follow-up

Cardiac function and structural heart disease

Table 2 and Supplementary Table S2 summarize major and
analyses of the
echocardiographic data. During follow-up, rapid progression to
DCM was seen in six cases (21.4%). (patient 3 [died], 5, 9, 11,
13, and 17), all showing early neuromuscular impairment before
2 years of age; five were diagnosed with early-onset EDMD, and one
was diagnosed with L-CMD (patient 11).

Two of these patients showed LVEF values of less than 45% at
last follow-up, and four showed DCM requiring an ICD. No right
ventricle (RV) involvement was detected in our cohort, but
advanced RV myocardial strain analysis could not be adequately
performed because of suboptimal image quality from the RV related
to chest wall deformities in the majority of patients.

LVEF was compared by the Simpson method in all 28 pediatric
patients from enrollment to the end of follow-up, and a global
reduction in LVEF during follow-up was found (LVEF 60.75% [IQR
of 56-63.5] versus 56.75% [IQR of 51.6-59.75], p < 0.05; Figure 2A).
Patients requiring an ICD (patients 1, 3, 5, 13, and 17) showed worse
LVEF values at last follow-up than the rest of the cohort and were
older (median age at enrollment of 15 years [IQR of 11-15] and
median age at last follow-up of 18 years [IQR of 16-19]) than the
rest of the cohort (median age at enrollment of 7 years [IQR of 3-11]
and median age at last follow-up of 12 years [IQR of 8-15]). The
median time of follow-up was 4 years in the group requiring an ICD
(IQR of 4 to 4) and in the rest of the cohort (IQR of 3-5). Five
patients showed LVEF values between 45% and 55% (patients 1, 5, 8,
13, and 14). No significant differences in TAPSE were observed
when comparing values at enrollment with those at last follow-up
(TAPSE of 199 mm [IQR of 15.3-22]). The value of TAPSE

minor cardiac events and statistical
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was <17 mm at last follow-up in four of five patients requiring
an ICD. GLS (%) analyzed in the apical four-chamber view showed
significantly lower values at enrollment than at last follow-up
(=21 [IQR of —19 to —22.6] versus —17.6 [IQR of —16.3 to —20.6],
p = 0.01; Figure 2B). At enrollment, GLS values below the mean
(<—20.6%) were detected despite normal LVEF values (>55%) in
most participants. At last follow-up, these patients showed
decreasing GLS and LVEF (Figures 2A, 3B). No other significant
findings were detected in the analysis of MAPSE, lateral E/E' ratio,
and septal E/E’ ratio.

Patients that finally developed DCM showed their first
neuromuscular symptoms before 2years of age (early-onset
EDMD and L-CMD phenotypes) suggesting an early-onset
aggressive form of laminopathy.

Arrhythmia and long-term loop recorder
monitoring analysis

The ECG analysis is summarized in Table 2. Minor ECG
abnormalities were present in 16 patients. Within these minor
abnormalities, the following were described: first-degree AVB,
wide QRS complex, short PR interval, global QRS low voltage,
high QRS voltage V1-V4, QS complex in V1-V2, poor R
progression, incomplete right bundle-branch block (IRBBB),
abnormal Q waves,
abnormalities. The most frequent finding (28.5%, eight patients)
was global low QRS voltage that presented early; seven of eight cases
had neither ventricular dysfunction nor DCM (Supplementary
Figures S3A-C). The early-onset group showed the following
ECG abnormalities before 2 years of age: global QRS low voltage
and poor R progression.

EPS at enrollment showed seven patients (25%) with atrial
conduction disorders (short non-sustained atrial tachycardia [n =
6] and intermittent atrial standstill [n = 1]) that did not merit any
further that No other
supraventricular or ventricular tachycardia were induced, and no
accessory pathways were detected. HV intervals (time from the
proximal His bundle to the ventricular myocardium) were within
normal values. When retrospectively analyzing the EPS data in
patients who presented with ventricular arrhythmia during
follow-up, no abnormalities were observed.

In the ILR monitoring device analysis, malignant arrhythmia
(VT/VF) was detected in five cases. (patients 1, 3 [died], 5, 13, and
17). Supplementary Table S3 summarizes the indication and the
median age for device implantation. All had normal EPS results at
enrollment and were never diagnosed with malignant arrhythmias at
our center or from a referring hospital. In all five cases, malignant
arrhythmias were detected a few months after enrollment, and they
then ICD implantation
(Supplementary Table S3). Two of these patients that were
diagnosed with VT through the ILR monitoring device had
histories of intermittent pallor and fainting episodes. After ICD
implantation, two patients received appropriate shocks. No
inappropriate shocks were detected during follow-up. All patients
carrying an ICD showed their first neuromuscular symptoms before
2 years of age.

In one participant with an L-CMD phenotype, a premature PM
implantation was required because of symptomatic prolonged
asystole (patient 2, 2-year-old boy). Patients 1, 3, and 5

sinus bradycardia, and repolarization

treatment at moment. forms of

were considered candidates for
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(median age of 11 years [IQR of 11-16]) showed intermittent atrial
standstill detected in traces from the ILR. During follow-up, atrial
fibrillation was diagnosed in four cases (patients 1, 3, 5, and 20;
median age at atrial fibrillation diagnosis of 11 years [IQR of
7.5-13.5]), and three were later diagnosed with DCM. Atrial
tachycardia was diagnosed in 11 patients (patients 1-7, 9, 13,
20, and 24; median age at atrial tachycardia diagnosis of 11 years
[IQR of 6-12]), and 4 were later diagnosed with DCM. Both atrial
tachycardia and atrial fibrillation were present simultaneously in
four patients. Example electrocardiographic traces from an ILR
monitoring device are represented in Figure 4. Neither arrhythmia
nor major cardiac events were detected within the patients with
mild muscular impairment and late onset after 2 years old of age
(patients 8, 15, 16, 18, and 22).

Demise

Two patients (2/28,7.1%) died during follow-up. One (patient 3)
was an 18-year-old female with intermittent atrial standstill
diagnosed in the EPS and had an ICD due to VT/VE. The
patient died because of rapidly progressive heart failure despite
optimal treatment. Patient 24 was a 10-year-old female with no
cardiovascular involvement who died due to respiratory infection.
Both patients were early-onset EDMD, non-ambulant, required
NIMV, and showed their first clinical manifestations of muscle
weakness before 2 years of age.

Genetics and genotype-phenotype
correlation

All 28 patients carried one rare variant in LMNA classified as
likely pathogenic or pathogenic following American College of
Medical Genetics (ACMG) guidelines and according to currently
available data (Supplementary Table S4). Family segregation showed
that in 26 cases (92.85%) the rare variant in LMNA was de novo.
Family history of cardiac disease or neurological impairment was
present in only two cases (patients 11 [c.1487_1488+9del] and
20 [p.Gln36His]). In both cases, the parents carried the same
variant in LMNA and had mild neuromuscular impairment and
malignant arrhythmias.

Twenty rare LMNA variants were identified (18 exonic and
2 intronic). Of all exonic rare variants, 4 were deletions, and 14 were
missense. Thirteen rare variants (65%) were classified as likely
pathogenic and seven (35%) as definitively pathogenic. Twelve
variants were novel (two intronic, two deletions, and eight
missense; Supplementary Table S4).

The most prevalent variant identified was p. Arg249Trp (six
patients, 21.4%) located in exon 4 of LMNA. These six patients were
diagnosed with L-CMD (four patients), EDMD (one patient), or
lamin-related mild weakness (one patient). One patient showed
malignant arrhythmias and required an ICD, and another patient
needed a PM due to asystole (both L-CMD with dropped head). No

DCM was detected with this rare variant. Figure 5 shows the
correlation of genotype to phenotype of all 28 patients. The
LMNA mutations identified in the six patients with DCM
(patient 3 (died), 5, 9, 11, 13 and 17) were p. Asn39Ser,
p.  Arg453Pro, p.  Glu3lArgfsTer65 — c.1487_1488+9del,

p. Leu38Phe, and p. Arg455Pro. In the five patients with ICDs
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implanted due to malignant arrhythmias (patients 1, 3 [died], 5, 13,
and 17), all carried rare variants often identified in pediatric LMNA-
dystrophy patients (p.Arg249Trp, p. Asn39Ser,
p. Arg453Pro, p. Leu38Phe and p. Arg455Pro, respectively). Four
cases were diagnosed with EDMD and one with L-CMD. The two
cases who died (patients 3 [with an ICD] and 24) carried also a rare

muscular

variant (p.Asn39Ser and p. Glu31Lys, respectively), both located in
exon 1 of LMNA. Both were diagnosed with early-onset EDMD and
showed their first neuromuscular symptoms before 2 years of age.

Discussion

Laminopathies are a group of ultrarare genetic diseases
attributable to pathogenic rare variants in the LMNA gene
(Worman and Bonne, 2007; Bonne and Quijano-Roy, 2013). Due
to its low prevalence, few cases have been diagnosed and reported so
far, and there are not enough published data about its natural
history. This fact, reinforces the importance of our prospective
pediatric international registry including congenital phenotypes.
Other multicenter laminopathy studies and expert consensus
statement on arrhythmic risk have been published for adult
populations (Pasotti et al., 2008; Rijsingen et al, 2012; Haas
et al,, 2014; Kumar et al.,, 2016; Peretto et al,, 2019; Groh et al,,
2022) but did not focus on cardiac involvement in children, as we
describe here. Additionally, reports on cardiac impairment in
pediatric laminopathies with neuromuscular involvement are
lacking, despite that cardiac events can be present at early stages
(Benedetti et al., 2007; Maggi et al., 2014; Fan et al., 2020; Groh et al.,
2022). Our study offers longer follow-up in a pediatric population
and valuable information about cardiac events, neuromuscular
phenotypes, and genotype-phenotype correlations.

LMNA-related diseases cause cardiac symptoms in children and
young adults that gradually worsen to bradyarrhythmias and
tachyarrhythmias (Groh, 2012; Rijsingen et al, 2012; Rijsingen
et al., 2013; Alexandra et al., 2015; Priori et al., 2015; Groh et al.,
2022). Approximately half of patients need a PM or an ICD during
adulthood (Taylor et al, 2003; Priori et al, 2015). Cardiac
in a high percentage of cases,
implantation of preventative measures, such as an ICD, is

involvement occurs and
recommended in patients with malignant arrhythmias (Pasotti
et al., 2008; Rijsingen et al., 2012; Maggi et al.,, 2014; Groh et al,,
2022). Pathogenesis of LMNA-related cardiomyopathy remains
unclear, but lamin A/C haploinsufficiency may have negative
effects on the heart (Wolf et al, 2008). Both fibroblasts from
L-CMD patients and myoblasts from L-CMD mouse models
demonstrate increased nucleoplasmic localization of lamin A/C
compared to controls and EDMD. Mislocalization of nuclear
envelope proteins leads to defects in myoblast differentiation,
contributing to the more severe phenotype observed in L-CMD.
(Bertrand et al., 2020). Clinical recommendations for these patients
were identical to those for patients with other cardiomyopathies or
heart failure: pharmacologic treatment with neurohormonal
antagonists, diuretics, and vasodilators and non-pharmacological
treatment with ventricular device therapy, such as early PM or
resynchronization therapy for progressive conduction delays and an
ICD to prevent SCD (Yancy et al., 2013; Priori et al., 2015; Bozkurt
et al,, 2016; Yancy et al,, 2016; Atalaia et al, 2021). An expert
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FIGURE 2

(A): comparison of values at enrollment and at last follow-up; LVEF values (%). Patients are represented as black dots at enrollment, and triangles
represent patients at last follow-up. Red triangles show patients requiring an ICD (gray device represented in the graphic). Cardiomyopathy is represented
by a heart. Black lines link the same patient in the two different moments of follow-up. (B): comparison of values at enrollment and at last follow-up; four-
chamber GLS values (%). Patients are represented as black dots at enrollment and triangles at last follow-up. Red triangles show patients requiring an
ICD (gray device represented in the graphic). Cardiomyopathy is represented by a heart. Black lines link the same patient in the two different moments of

follow-up.

consensus on evaluation and management of arrhythmic risk in
neuromuscular disorders, published recently highlighted the
especial recommendations for diagnostic testing and risk
stratification in adults affected with EDMD or LGMD1B. Within
the recommendations in adult population, implantable cardiac
monitoring is reasonable even in the setting of a normal 12-lead
ECG, ambulatory ECG monitoring and normal echocardiogram.
Sustained arrhythmias, AVB and SCD are highly present in these
patients and comprehensive risk stratification is needed, including
EP study in select patients. Heart transplantation may be considered
in certain cases with mild neuromuscular impairment (Taylor et al,
2003; Finsterer et al., 2006; Maggi et al., 2014; Pérez-Serra et al.,
2016).

Six pediatric patients carrying a deleterious rare variant in
LMNA concomitant with congenital heart disease (CHD) were
previously found to have no major neuromuscular involvement
(Baban et al., 2020) Most cases showed a family history of CHD
and/or DCM associated with arrhythmias. Neither CHD nor
aortic involvement were found in our cohort. Despite a rare
deleterious variant in the LMNA gene, this previously reported
phenotype is not similar to our study because most of our cases
showed severe neuromuscular involvement, and rare LMNA
variants are de novo. The wide range of phenotypes associated
with rare pathogenic variants located in the LMNA gene are well
During follow-up in a retrospective of

known. series
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15 pediatric patients carrying LMNA variants with early-
onset symptoms, major
involvement was described (two cases of supraventricular
arrhythmia, no malignant arrhythmias, no DCM, and no
sudden death) specific description
(Jedrzejowska et al., 2021). In contrast to theses previous
studies, our study characterizes the impact of LMNA variants
pediatric patients with both and
cardiovascular involvement.

neuromuscular no cardiac

or cardiovascular

in neuromuscular

To our knowledge, no more than 10 reports have focused on
pediatric laminopathies with both neuromuscular and cardiac
involvement. In a retrospective study, 151 patients carrying a
mutation in LMNA showed an early-onset phenotype, and the
most frequent mutation was p. Arg249Trp; 63% of patients never
acquired independent ambulation, and 37% died. Early cardiac
interventions (heart medication and/or PM or ICD implantation)
were usually associated with earlier respiratory interventions
(intermittent  positive pressure breathing,
ventilation of tracheostomy), and severity was
positively correlated across the triad of skeletal muscles,
respiratory muscles, and myocardium. Correlation to cardiac
device placement is less strongly linked with the timing of
respiratory interventions and the progression of skeletal
muscle weakness. Prospective natural history studies should
therefore be conducted to further validate the stratification of

non-invasive
clinical
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B Muiltiple linear regression: 4-chamber GLS vs LVEF at last follow-up
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(A) Four-chamber GLS values (%) compared with LVEF values (%) for each patient at enrollment. At enrollment, despite normal LVEF (>55%), values
below 20.6% are detected (20.6% is the mean normal value published in children). These LVEF values show a decreasing trend at last follow-up (B).

L-CMD (Ben Yaou et al., 2021). We performed a prospective
cardiac natural history of pediatric patients with LMNA-related
muscular dystrophy.

Other studies included no more than eight patients, were
retrospective, and had no adoption of preventive arrhythmogenic
measures or follow-up (Bonne et al., 2000b; Komaki et al., 2011;
Pasqualin et al., 2014; Parent et al., 2015; Petillo et al., 2015; Tan
et al., 2015; Heller et al., 2017). In our cohort, patients 1, 2, 6, 14,
18, and 28 carried variant p. Arg249Trp, which is present in
pediatric patients with arrhythmic complications without major
ventricular dysfunction and could be related to neuromuscular
severity (Komaki etal., 2011; Ben Yaou et al., 2021). Patient 3 and
patient seven carried p. Asn39Ser, which was previously
described in two patients (one died of cardiac arrest due to
malignant arrhythmias, and one had premature ventricular
contractions [PVCs]) (Pasqualin et al., 2014). Patient 8 carried
p. Arg249Gln, which was previously reported in children with
arrhythmias (Bonne et al.,, 2000b; Komaki et al., 2011; Heller
et al., 2017).

Cardiac involvement by neuromuscular
phenotype

Lamin-related congenital muscular dystrophy/
dropped head phenotype

Two groups are distinguished depending of the severity of
onset, a very early form with arrest of motor development before
the age of 6 months (no sitting or walking acquisition) and
another with initial normal or subnormal motor milestones and
subsequent loss, beginning by a characteristic presentation of
loss of head support (dropped head syndrome) (Quijano-roy
et al., 2008). All children have a progressive course with an
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initial rapid decline in cervical and axial tonus strength followed
by a period of slower progression or plateau. Respiratory
insufficiency is a major complication in the course of both
entities, being responsible for early death in the early severe
group, as early as the first 2years of age (if no adequate
ventilatory support is provided), or leading to mechanical
ventilation which can evolve from non-invasive to invasive
tracheostomy Cardiac
involvement is rarely observed initially in these children and

ventilation  via in few years.
is often subclinical in very young patients, but SCD can occur
(Quijano-roy et al.,, 2008); therefore, routine cardiac follow-up is
recommended (Quijano-roy et al., 2008; Lu et al.,, 2011). Our
study revealed only one case (dropped head) with mild DCM
with borderline LVEF values diagnosed before 10 years of age.
During our follow-up, malignant arrhythmia was detected in
one case (patient 1, dropped head) and an ICD was implanted at
12 years of age. Four patients showed atrial tachycardia, and one
patient (patient 1, dropped head and non-ambulant) showed
simultaneous atrial fibrillation and atrial tachycardia starting at
11 years of age. An ambulant child with dropped head syndrome
(patient 2) had asystole and needed a PM. Both patients carried
the same pathogenic rare LMNA variant p. Arg249Trp, which is
the most frequent in pediatric squeletal laminopathies and is
associated with worse clinical prognosis (Ben Yaou et al., 2021).
These results support the need for close follow-up, which could
show subclinical cardiac involvement in pediatric patients
diagnosed  with L-CMD. recent  publication,
echocardiography abnormalities were identified in 22% of
L-CMD patients, and device implantation (ICD and PM) was
described in 9% and 7% of the cohort, respectively (Ben Yaou
etal.,, 2021); however, there is a lack information about the cause
of death and reason for device implantation (Heller et al., 2017;
Ben Yaou et al., 2021).

In a
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FIGURE 4

Three ECG traces from the ILR. (A) Atrial fibrillation (blue arrows) and a ventricular extrasystole (red arrow). (B) Ventricular tachycardia, VF, and
asystole from a pediatric patient diagnosed with EDMD. (C) Sinus pause and asystole in a 3-year-old patient

Emery-dreifuss muscular dystrophy

EDMD is the third most prevalent muscular dystrophy, and
most patients present with autosomal-dominant EDMD due to
LMNA (with higher risk of VT and DCM). EMD (emerin) gene is
1999;
Bonne and Quijano-Roy, 2013). However, more than 60% of
EDMD cases have no deleterious variant in EMD or LMNA genes.
Cardiac complications in EDMD patients can be life-threatening
and lead to progressive cardiac failure, cardiac conduction
disease, and SCD. DCM may occur at an advanced stage, but
conduction disease is frequent (complete heart block, silent atria,
atrial tachycardia, atrial fibrillation, and VT) (Figures 4B, C).
Patients with EDMD are also at risk of cerebral emboli and
sudden death (Bonne et al., 1999; Lu et al., 2011; Bonne and
Quijano-Roy, 2013; Cattin et al., 2013; Finsterer et al., 2015;
Priori et al., 2015; Marchel et al., 2021a; Marchel et al., 2021b;
Groh et al, 2022). In our study, early presentation of atrial
tachycardia (seven patients), atrial fibrillation (three patients),
and different grades of ventricular dysfunction (six patients) that
led to heart failure and malignant arrhythmias (four patients)
were detected in early-onset EDMD children. Four patients
required an ICD because of malignant arrhythmias (between
14 and 18years old at ICD implantation). Surprisingly, all
showed an EPS with no ventricular arrhythmia Inducibility,
and the arrythmias were instead detected with the ILR. These

less frequent, with X-linked transmission (Bonne et al.,

Frontiers in Cell and Developmental Biology

13

6

malignant arrhythmias corresponded to sustained and non-
sustained VT, and all were asymptomatic except patient 3 who
exhibited pallor and seizures during VT/VF episodes. As
previously described (Steckiewicz et al.,, 2016; Marchel et al,
2021a), the low rate of symptoms and presentation of atypical
symptoms could make the global management of patients with
EDMD difficult, worsening the prognosis. Antiaggregant therapy
was needed in four patients because of atrial standstill, and one
patient (patient 3) presented with an episode of cerebral emboli at
17 years of age, likely of multifactorial origin, before starting
LMNA increased risk of
thromboembolic events, with an inherent risk independent of
heart condition (Rijsingen et al., 2012; Rijsingen et al., 2013; Van
2013; Groh et al., 2022) This thromboembolic
risk could be related to cardiac dysfunction secondary to DCM
and/or cardiac conduction disease, such as silent atria, sinus node
dysfunction, sinus pauses, and atrial fibrillation (Groh et al,
2022). Long-term systemic anticoagulation therapy with a
vitamin K antagonist and international normalized ratio (INR)
target of 2.0-3.0 would be reasonable in DCM patients with
arrhythmias, previous thromboembolic events, thrombophilic
conditions, or an ejection fraction of <25%, but there is no
evidence in pediatric laminopathies and traditional algorithms,
such as CHA,DS,-VASc, are inappropriate for children. When
silent atria or atrial fibrillation are present in children, long-term

treatment. carriers have an

Rijsingen et al.,
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anticoagulation therapy is only indicated when there are other

risk factors (previous stroke, transient ischemic attack,

heart As
immobilization, and heart failure are usually concomitant

hypertension, or failure). atrial arrhythmias,
findings in LMNA-related muscular dystrophy patients, long-
term systemic anticoagulation therapy may benefit higher-risk
patients, for example, those with a LVEF of <25% and atrial
arrhythmias. If patients have any contraindication to receive
vitamin K antagonist or low-molecular-weight heparin, aspirin
should be recommended (Monagle, 2012; Giglia et al., 2015). We
observed that patients diagnosed with early-onset EDMD are at
higher risk of severe cardiac involvement, mainly DCM in those
older patients of our cohort, while life-threatening arrhythmias
without DCM appear earlier in L-CMD patients. These findings
are in agreement with previous studies (Maggi et al., 2014; Fan
et al., 2020; Marchel et al., 2021b), but more studies should be
performed. Arrhythmic events predict myocardial involvement
in pediatric patients carrying a deleterious LMNA variant (Bonne
et al., 2000b; Komaki et al., 2011; Pasqualin et al., 2014; Parent
et al., 2015; Petillo et al., 2015; Tan et al., 2015; Heller et al., 2017;
Groh et al., 2022) reinforcing the importance of investigating
cardiac involvement in childhood laminopathy cohorts, even in
the absence of clear neuromuscular involvement (Baban et al.,
2020). Our results showed a high rate of arrhythmias at pediatric
age, so early detection and treatment for each case according to
guidelines is critical to preventing complications, improving
prognosis, and avoiding death.

Limb-girdle muscular dystrophy type 1B

LGMDIB is a subtype of limb-girdle muscular dystrophy that
presents with progressive shoulder and hip gridle weakness with
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prior effects on the inferior limbs versus the upper limbs. LGMD1B
is autosomal dominant and associated with AV conduction defects,
supraventricular arrhtyhmias, and ventricular arrthythmias, but
late-onset DCM (Muchir et al.,, 2000; Lu et al., 2011) and SCD
(Finsterer et al., 2015; Groh et al, 2022) have been reported.
Evaluation and management of arrhythmic risk are similar to
EDMD patients as published in expert consensus statement in
adult population with neuromuscular disorders (Groh et al,
2022). We saw no patients of pediatric age (8 and 16 years old at
last control) diagnosed with DCM and no ventricular dysfunction,
and the ILR registries showed no arrhythmias.

LMNA-related atypical phenotype with mild
weakness

Patients with LMNA-related atypical or ‘undefined’ phenotype
were identified in this study because they did not reach phenotypic
criteria for L-CMD, EDMD, and LGMDIB phenotypes. They
showed an intermediate phenotype between ‘dropped head’ and
‘early EDMD’ (mild weakness, selective hypotrophy and weakness in
quadriceps and elbow flexors, mild retractions in elbows,
hamstrings, or paraspinal muscles, and mild weakness in neck
flexors and foot extensors) as it has been showed in the
literature, confirming that these phenotypes are not different
entities but probably a continuum (Maggi et al, 2016). Some
patients have shown DCM in the literature (Maggi et al., 2014).
Our study included two patients (10 and 18 years old at enrollment,
5 and 3 years of follow-up respectively) that showed late-onset
muscular manifestations, and none presented with cardiovascular
involvement during follow-up at pediatric age. These findings
support the idea that early-onset, severe muscular dystrophy is
associated with earlier and more severe cardiac involvement.
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Early-onset clinical manifestations before 2 years
of age

Patients with early-onset neuromuscular impairment could
show early cardiac manifestations, as published recently in a
retrospective review (Ben Yaou et al., 2021). Twenty-three of the
28 patients included in our cohort showed early-onset muscle
impairment before 2 years of age. Those patients diagnosed with
DCM during follow-up had an early-onset phenotype (L-CMD
and early-onset EDMD), and no patients with late-onset
phenotypes were candidates for an ICD during follow-up.
These findings suggest that earlier onset neuromuscular
impairment may lead to a worse cardiac phenotype and higher
risk of SCD. It would therefore be reasonable to implant an ILR
device in LMNA children presenting inf the first 2 years of life
with muscle weakness.

Echocardiographic analysis during follow-up
Despite a preserved LVEF, longitudinal myocardial strain
analysis speckle tracking could show different patterns indicative
of early abnormal segmental strain deformation (especially septal
post-systolic
deformation, and mechanical dispersion (Hasselberg et al.,
2014; Haugaa et al,, 2015; Boer et al., 2017). (Hasselberg et al.,
2014; Haugaa et al., 2015; Boer et al., 2017). This myocardial
strain analysis is well reported in other neuromuscular diseases,

strain compared with non-septal strain),

such as cardiomyopathy-related Duchenne muscular dystrophy.
In our study, echocardiographic analysis during follow-up
suggested that pediatric laminopathies with neuromuscular
involvement are linked to relatively rapid progression to DCM
and low LVEF values in a few years. Despite well-preserved LVEF
values, four-chamber GLS values at an early age could identify
patients that may need an ICD at pediatric age. To our
knowledge, this is the first publication that suggests this
relationship early during childhood (Supplementary Figure
S4). The RV may be LMNA-related
cardiomyopathy with or without neuromuscular disease
(Quarta et al., 2012; Forleo et al., 2015; Peretto et al., 2019;
Marchel et al., 2021b). The lower TAPSE values found in patients
that eventually needed an ICD could be associated with RV
involvement described previously in adult series with an
EDMD phenotype, (Buckley et al., 1999; Marchel et al., 2021a;
Marchel et al., 2021b), but the suboptimal acoustic window did
not allow for an exhaustive analysis to describe a strong trend or
relationship.

involved in

Arrhythmia and death

Typical early manifestations of arrhythmia in an ECG are flat
P wave, AVB, and supraventricular and ventricular arrhythmias
(Maggi et al.,, 2016; Finocchiaro et al., 2020). Other published
ECG features include LV hypertrophy data, ST depression, wide
QRS complex, and P terminal force. Septal remodeling data in
leads V1-V3 seem to be frequent (Ollila et al., 2017), such as Q
waves in V1-V2, fragmented QRS in V2-V3, RVI>RV2,
RV2>RV3, and poor R wave progression. During follow-up,
12-lead ECG and 24-h Holter monitoring are recommended at
least yearly. In our study, first degree AVB, flat P wave, LV
hypertrophy data, fragmented and wide QRS complex, poor R
wave progression, global low QRS voltage (Supplementary Figure
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S3C), IRBBB, RBBB, and LBBB were detected during follow-up,
in agreement with previous reports (Maggi et al., 2016; Ollila
et al., 2017; Finocchiaro et al., 2020). According to our data, ILR
with home monitoring is useful for early detection of potential
life-threatening arrhythmias, which are usually asymptomatic
(Heller et al., 2017).

LMNA carriers may experience DCM and SCD before they
experience overt heart failure, as ~30% of patients will have SCD and
another 30% will develop congestive heart failure. Males carrying a
deleterious LMNA variant have worse prognosis because of
malignant arrhythmias and heart failure. Laminopathies are the
third neuromuscular disease in which SCD is frequently reported
(Finsterer and St, 2016). In our pediatric study, and in agreement
with previously published reports in adults, malignant arrhythmias
are related in four/five cases to male sex, but death was related to
female sex in early-onset EDMD (Marchel et al., 2021b). Our study
may not be large enough to make conclusions about these trends.
Atrial conduction disease and malignant arrhythmias are detected
during pediatric follow-up that may lead to thromboembolism,
heart failure, and SCD, especially in pediatric patients diagnosed
with early-onset EDMD and L-CMD. Because there are no detailed
recommendations on cardiovascular management in consensus
guidelines (Wang et al, 2010), a specific protocol to detect
arrhythmias is needed in this pediatric population because SCD
may occur before heart failure (Berlo et al., 2005; Lu et al., 2011). We
propose a tentative protocol (Supplementary Protocol S1).

The role of EPS in pediatric neuromuscular disease has not been
reported; however, it would be reasonable to include it during
follow-up childhood and adulthood if any symptoms (typical or
atypical) occur because it could be related to potentially malignant
arrhythmia. As suggested in adult population with EDMD or
LGMDI1B, when individuals exhibits symptoms consistent with
bradycardia or VT-related symptoms or ECG shows conduction
disorder, EP study may be considered for risk stratification for
sustained arrhythmias, AVB and SCD (Groh et al, 2022). Our
cohort includes early-onset phenotypes in the majority of patients.
In our prospective cohort, early-onset patients characterized by their
first neuromuscular impairment before 2 years of age seem to have a
direct relationship with major and minor cardiac events, regardless
of the final neuromuscular phenotype, as previously suggested (Ben
Yaou et al., 2021). We therefore propose a clinical protocol for a
comprehensive cardiac assessment of pediatric patients with LMNA-
related muscular dystrophy.

Limitations

Our study has some limitations. Our hospital is an international
reference center for neuromuscular diseases, and the most severe
patients are referred to our institution. We had missing
echocardiographic data because some patients were recruited
internationally and there was no follow-up. LMNA-related
muscular dystrophy is a very rare, often underdiagnosed, disease;
therefore, all collected data are of great value.

Additionally, cardiac magnetic resonance imaging (CMRI)
was not consistently available for all patients during follow-up.
CMRI  with
recommended to study the presence and distribution of

late gadolinium enhancement imaging is
myocardial fibrosis. Fibrosis is frequently located along the
interventricular septum, according to the worst values in the

frontiersin.org



Cesar et al.

myocardial strain analysis by speckle tracking. Underlying septal
fibrosis could explain the high incidence of ventricular
arrhythmias, conduction delays,
dysfunction (Holmstrom et al, 2011; Muscogiuri, 2017).
Biomarkers may help during cardiac follow-up, such as
N-terminal probrain natriuretic peptide (NT proBNP), a well-
recognized biomarker that increases when ventricular function
worsens (Yancy et al., 2016; Marchel et al., 2021b). In our series,
NT proBNP was not homogeneously analyzed, and it might help
in some cases with a high risk of ventricular dysfunction. As
published previously, proteomic analysis of plasma samples
could be used in the future to identify individuals with a high
risk of sudden death with LMNA-related cardiomyopathy
(Izquierdo et al., 2016). Our study also lacks analysis of other
genes that may be implicated in laminopathies or related
muscular diseases. In the future, whole-exome sequencing
and/or whole-genome sequencing can be used to identify new
alterations in any region of genome.

cardiac and ventricular

Conclusion

Malignant arrhythmias and SCD in LMNA-related muscular
dystrophy occurs frequently, but no comprehensive studies focused
on early identification, adoption of preventative measures, and
follow-up have been performed. ILR with home monitoring
identified five cases (17%) with malignant arrhythmias, and ICDs
were implanted for prevention. Two cases with an ICD showed
appropriate shocks. ILR may be critical for early diagnosis of life-
threatening arrhythmias in laminopathies with an early-onset
neuromuscular phenotype. Remote home monitoring helps for
close
myocardial strain analysis, might be helpful to identify worse
prognosis in patients because DCM is present early before
adulthood. Specific clinical guidelines that include management
in children and emphasize the use of ILR are needed to
standardize treatment and mitigate the risk of SCD, especially in
those with early-onset phenotypes.

follow-up.  Echocardiographic ~ follow-up, including
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Supplementary material

TABLE LEGENDS

Table 1. List of LMNA-related muscular dystrophy patients, major cardiac events, and rare LMNA
variants. Abbreviations: L-CMD, LMNA-related congenital muscular dystrophy; EDMD, Emery—
Dreifuss muscular dystrophy; LGMDI1B, Limb—girdle muscular dystrophy 1B; DCM, dilated
cardiomyopathy; ICD, implantable cardioverter defibrillator; PM, pacemaker.

Table 2. List of LMNA-related muscular dystrophy patients, major and minor cardiac events, and
rare LMNA mutations. Abbreviations: L-CMD, LMNA-related congenital muscular dystrophy;
EDMD, Emery—Dreifuss muscular dystrophy; LGMD1B, Limb—girdle muscular dystrophy 1B;
M, male; F, female; DCM, dilated cardiomyopathy; ICD, implantable cardioverter defibrillator;
PM, pacemaker; AT, atrial tachycardia; AF, atrial fibrillation; NSVT, nonsustained ventricular
tachycardia; SVT, sustained ventricular tachycardia; VF, ventricular fibrillation; GLS, global
longitudinal strain; N/A, not available; AVB, atrioventricular block; IRBBB, incomplete right
bundle branch block.

Table S1. Comparison between the percentage of LMNA-related muscular disease published in
other series and the percentage found in our series. Abbreviations: EDMD, Emery—Dreifuss
muscular dystrophy; L-CMD, LMNA-related congenital muscular dystrophy; LGMD1B, Limb—
girdle muscular dystrophy type 1B.

Table S2. Statistical analysis of the echocardiographic data. The data in the files show
echocardiographic analysis: LV systolic function, LV diastolic function, and RV systolic
function. The data in the columns show the compared groups in two times: all patients at
enrollment versus final follow-up; non-ICD group versus ICD group at enrollment and at final
follow-up; non-DCM group versus DCM group at enrollment and at final follow-up. The P value
for each group is shown in a separate column. Abbreviations: LVEF, left ventricular ejection
fraction; LV, left ventricle; RV, right ventricle; GLS, global longitudinal strain; TAPSE, tricuspid
annular plane systolic excursion; ICD, implantable cardiac defibrillator; DCM, dilated

cardiomyopathy.

Table S3. Reason for indication for a device and class of device in the cohort of study. Median
age was 14.5 years (IQR of 12 to 17 years). Patient number is indicated in the first column. The
other columns summarize the type of device, the indication for the device, and the age at device
implantation. The younger patient was 2 years old and needed a PM because of an asystole
detected in the ILR monitoring device. Abbreviations: ICD, implantable cardiac defibrillator; PM,

pacemaker; NSVT, non-sustained ventricular tachycardia.
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Table S4. List of LMNA variants and related features found in our pediatric cohort. The nucleotide
and protein changes, predictions, categorization in the HGMD database, and the score otorged
classified as pathogenic or likely pathogenic are presented for each case. Abbreviations: dbSNP,
single nucleotide polymorphism database; GnomAD (MAF%), genome aggregation database
(minor allele frequency %); ClinVar: clinically relevant variation database; HGMD, the Human
Gene Mutation Database; ACMG score, the American College of Medical Genetics and

Genomics score; NA, not available.

FIGURE LEGENDS

Figure 1. Figure 1A: Timeline of major and minor events in pediatric patients with lamin-related
muscular dystrophy defined on the basis of age. Atrial arrthythmias, asystole/atrial standstill, and
malignant arrhythmias preceded structural and cardiac functional abnormalities (DCM criteria or
depressed LVEF). Median time values are represented by vertical grey line when required. DCM
and LVEF are represented by a dot. Pacemaker are represented by a star. Arrhythmias and ICD
are represented by an inverted triangle. Gait loss and NIMV are represented by a square, and
death are represented by a cross. When required, minimum to maximum range age is represented
in grey box and whiskers. Abbreviations: LVEF, left ventricular ejection fraction. Figure 1B:
Timeline of major and minor events in pediatric patients with lamin-related muscular dystrophy
defined on the basis of enrollment (time 0 is the time of enrollment represented by a vertical blue
dotted line). Median time values are represented by a vertical grey line. DCM and LVEF are
represented by a dot, pacemaker is represented by a star, arrhythmias and ICD are represented by
an inverted triangle and death is represented by a cross. Abbreviations: LVEF, left ventricular

ejection fraction.

Figure 2. Three ECG traces from the ILR. (Figure 2A) Atrial fibrillation (blue arrows) and a
ventricular extrasystole (red arrow). (Figure 2B) Ventricular tachycardia, VF, and asystole from
a pediatric patient diagnosed with EDMD. (Figure 2C) Sinus pause and asystole in a 3-year-old

patient.

Figure 3. Phenotype—genotype graphic correlation. A schematic representation of the LMNA gene
is shown. Top, major cardiac events, followed by rare pathogenic/likely pathogenic LMNA
variants identified in our patients with the corresponding amino acid or nucleotide changes.
Bottom, structural protein: the coil 1A—1B and coil 2A-2B constituting the a-helicalrod domain.
Abbreviations: DCM, dilated cardiomyopathy; ICD, implantable cardioverter defibrillator; PM,

pacemaker; NLS, nuclear location signal; Ig, immunoglobulin.
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Figure 1

Pediatric LMNA-related muscular dystrophy
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Figure 4. Figure 4A: comparison of values at enrollment and at last follow-up; LVEF values (%).
Patients are represented as black dots at enrollment, and triangles represent patients at last follow-
up. Red triangles show patients requiring an ICD (gray device represented in the graphic).
Cardiomyopathy is represented by a heart. Black lines link the same patient in the two different
moments of follow-up. Figure 4B: comparison of values at enrollment and at last follow-up; four-
chamber GLS values (%). Patients are represented as black dots at enrollment and triangles at last
follow-up. Red triangles show patients requiring an ICD (gray device represented in the graphic).
Cardiomyopathy is represented by a heart. Black lines link the same patient in the two different

moments of follow-up.

Figure 5. (Figure 5SA) Four-chamber GLS values (%) compared with LVEF values (%) for each
patient at enrollment. At enrollment, despite normal LVEF (>55%), values below 20.6% are
detected (20.6% is the mean normal value published in children). These LVEF values show a

decreasing trend at last follow-up (Figure 5B).

Figure S1. Flow chart of the population included in the study.

Figure S2. Time of follow-up (years) represented graphically by patient.

Figure S3. Example of three ECGs from two different patients. (S3A) Sinus rhythm with IRBBB.
(S3B) First-degree AVB, wide QRS interval, and repolarization abnormalities. (S3C) Global low

QRS voltage and poor R progression in precordial leads in a 4-year-old patient.

Figure S4. Myocardial strain analysis from a pediatric LMNA muscular dystrophy patient showing
normal ejection fraction with progressive decreasing values of four-chamber GLS from
enrollment (S4A) to final control during follow-up (S4B). (S4C) Two-chamber view showing the
regional LV deformation represented in colored lines. The basal inferior wall segment (yellow
arrow) shows worse deformation, and the mid-anterior septal wall (blue arrow) shows post-

systolic deformation (late contraction).
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Table 1

Table 2

Table S1. Cohorts in previous published series

LMNA-related muscular Italy Chinese Our
disease Benedetti, 2004 Maggi, 2017 Fan, 2019 cohort
EDMD 55.55% 21% 38.1% 46.43%
L-CMD 14.82% 33% 48.8% 39.29%
LGMD1B 29.63% 46% 13.1% 7.14%
7.14%

Mild weakness

Comparison between the percentage of LMNA-related muscular disease published in other series and the
percentage found in our series. Abbreviations: EDMD, Emery-Dreifuss muscular dystrophy; L-CMD, LMNA-
related congenital muscular dystrophy; LGMD1B, Limb-girdle muscular dystrophy type 1B.

Table S2. Echocardiographic findings in the cohort

At Final
Variable Enrollment follow-up P
Median [IQR] Median [IQR]
60.75 56.75
LVEF
[56-63.5] [561.6-59.75] 0.04
(%)
= n=28 n=20
-2
k] -21% -17.6%
& GLS
) [-19 ;-22.6] [-16.3;-20.6] 0.01
5 %)
2 n=28 n=13
“
2 11.75 1
MAPSE
[9.5-12.95] [9.1-12] 0.24
(mm)
n=28 n=20
5.8 5.9
= Lateral E/E’
2 [5.01-7.22] [5.3-7.9] 0.40
2 ratio
&, n=28 n=13
2
5 7.73 7.3
2 Septal E/E/
= [6.37-8.9] [6.42-9.3] 0.88
3 ratio
n=28 n=13
k) 19.9 18
S TAPSE
‘i kS [15.3-22] [14-19.5] 0.09
I (mm)
P n=27 n=13

Statistical analysis of the echocardiographic data. The data in the files show echocardiographic analysis: LV
systolic function, LV diastolic function, and RV systolic function. The data in the columns show the compared
groups in two times: all patients at enrollment versus final follow-up; non-ICD group versus ICD group at
enrollment and at final follow-up; non-DCM group versus DCM group at enrollment and at final follow-up.
The P value for each group is shown in a separate column. Abbreviations: LVEF, left ventricular ejection
fraction; LV, left ventricle; RV, right ventricle; GLS, global longitudinal strain; TAPSE, tricuspid annular plane
systolic excursion; ICD, implantable cardiac defibrillator; DCM, dilated cardiomyopathy.
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Table 3

Table S3. Age at device implantation

Patient’s Device Indication for device
number

1 ICD NSVT

2 PM Asystole

3 ICD NSVT

5 ICD NSVT

13 ICD NSVT

17 ICD NSVT

Age at device implantation (years)

Median age: 14.5 (12-17)

12
2
17
14
18
15

Reason for indication for a device and class of device in the cohort of study. Median age was 14.5 years
(IQR of 12 to 17 years). Patient number is indicated in the first column. The other columns summarize
the type of device, the indication for the device, and the age at device implantation. The younger
patient was 2 years old and needed a PM because of an asystole detected in the ILR monitoring device.
Abbreviations: ICD, implantable cardiac defibrillator; PM, pacemaker; NSVT, non-sustained ventricular

tachycardia.

Table 4

Table S4. LMNA genetic data and classification

. . . gnomAD ClinVar HGMD ACMG
Patient Nucleotide Ch: Prot h dbSNP
atien ucleotide Change rotein Change bS (MAF%) (Disease) (Disease) Score
Lami L]l: lated CMO083718
1 C745C>T p.Arg249Trp 15121912496 NA amin-teate DM, LP
Congenital Muscular
Muscular Dystrophy
Dystrophy
LP
Lamin-Related CMO83718
2 c.745C>T p-Arg249Trp 1rs121912496 NA . DM, LP
Congenital Muscular Muscular Dystroph
Dystrophy yStrophy
P CMO083713
3 c.116A>G p-Asn39Ser 1s57983345 NA Charcot-Marie-Tooth, DM, P
Type 2 Muscular Dystrophy
P CD156162
4 .91-93delGAG p-Glu31del 15864309525 NA Charcot-Marie-Tooth, DM, LP
Type 2 Muscular Dystrophy
CMO083716
5 ¢.1358G>C p-Arg453Pro 15267607598 NA NA DM, LP
Muscular Dystrophy
Laminl-‘gelated CMO83718
6 ¢.745C>T p-Arg249Trp rs121912496 NA . DM, LP
Congenital Muscular
Muscular Dystrophy
Dystrophy
P CMO083713
7 c.116A>G p-Asn39Ser 1557983345 NA Charcot-Marie-Tooth, DM, P
Type 2 Muscular Dystrophy
P CM1617006
8 c.746G>A p-Arg249GIn 159332535 NA Charcot-Marie-Tooth, DM, P
Type 2 Emery-Dreifuss
9 c.91delG p-Glu31ArgfsTer65 NA NA NA NA P
10 c.89A>C p-GIn30Pro NA NA NA NA LP
CD1711480
11 ¢.1487_1488+9del NA NA NA DM, P
Muscular Dystrophy
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12 c1616C>T p.Ala539Val NA NA NA NA LP
13 cl12C>T p.Leu38Phe NA NA NA NA LP
Laminl::elated CMo83718
14 c745C>T p.Arg249Trp rs121912496 NA B DM, LP
Congenital Muscular Muscular Dystroh
Dystrophy Y phy
15 c812T>G p.Leu271Arg NA NA NA NA LP
16 ¢.880_882delCAG p.GIn294del NA NA NA NA LP
CM111722
17 €.1364G>C p.Arg455Pro 15267607597 NA NA DM, LP
Muscular Dystrophy
Laminl::elated CM083718
18 c.745C>T p.Arg249Trp 121912496 NA . DM, LP
Congenital Muscular Muscular Dvstroph
Dystrophy ystrophy
19 c810+1G>C 15267607632 NA P NA P
20 c.108G>T p.GIn36His NA NA NA NA LP
21 C104T>A p.Leu35GIn NA NA NA NA LP
P CM990813
22 c1357C>T p.Arg453Trp 58932704 NA Charcot-Marie-Tooth, DM, LP
Type 2 Muscular Dystrophy
P CM990813
23 c1357C>T p.Arg453Trp 58932704 NA Charcot-Marie-Tooth, DM, LP
Type 2 Muscular Dystrophy
24 c91G>A p.Glu31Lys 151228406418 NA P CM123360 LP
Charcot-Marie-Tooth, DM,
Type 2 Muscular Dystrophy
CM156123
25,26wins c1171>G p.Asn39Lys NA NA NA DM, LP
Muscular Dystrophy
CD033712
P DM
27 c.94_96delAAG p.Lys32del 1560872029 NA Charcot-Marie-Tooth, ! P
Type 2 Muscular Dystrophy,
P Emery-Dreifuss
Laminl::elated CM083718
28 c.745C>T p.Arg249Trp 15121912496 NA DM, LP

Congenital Muscular
Dystrophy

Muscular Dystrophy

List of LMNA variants and related features found in our pediatric cohort. The nucleotide and protein changes, predictions, categorizationin the HGMD database,and
the score otorged classified as pathogenic or likely pathogenic are presented for each case. Abbreviations: dbSNP, single nucleotide polymorphism database; GnhomAD
(MAF%), genomeaggregationdatabase(minor allele frequency%); ClinVar: clinically relevant variation database;HGMD, the Human Gene Mutation Database;
ACMG score,the American College of Medical Genetics and Genomics score;NA, not available.
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Supplementary protocol (Protocol S1)

Protocol S1:

Suggested protocol on cardiovascular management in children with LMNA-related muscular

dystrophy

There is a lack of information on monitoring cardiac involvement in presumably healthy children with

LMNA-related muscular dystrophy. From our results, it is reasonable to propose the following

recommendations for management to detect early cardiac dysfunction and arrhythmias:

Basal 12-lead ECG: at diagnosis and every 6 months.

Twenty-four-hour Holter monitoring: at diagnosis and every year.

ILR monitoring device: due to high incidence of arrhythmias (most asymptomatic) and
published studies of SCD, the implantation of a long-term loop recorder should be considered
to detect arrhythmias early and prevent malignant arrhythmias, treat them, and prevent sudden
death, especially in patients with early-onset skeletal muscular weakness.

Echocardiography, including strain analysis, at diagnosis and yearly. If arrhythmia or depressed
ejection fraction are detected, echocardiography is recommended every 6 months or earlier if
needed.

EPS: perform an EPS in those with suspected arrhythmias that could benefit from cardiac
ablation and study those patients at risk of malignant arrhythmias and atrial arrhythmias
meanable to provoking cerebral emboli. Brachial venous access should be considered for
patients with difficult femoral access.

An implantable defibrillator should be considered if VT is detected and especially before severe
ventricular dysfunction appears. A cardiac resynchronization device should also be considered
early.

CMRI with late gadolinium enhancement imaging is recommended to study the presence and
distribution of atrial and myocardial fibrosis that could explain the high incidence of ventricular
arrhythmias, cardiac conduction delays, and ventricular dysfunction.

Consider using NT-proBNP as a cardiac biomarker yearly and when cardiac dysfunction is
suspected.

Nonurgent surgical procedures, such as in other neuromuscular diseases with potential cardiac
involvement, and deep cardiac evaluation should be performed before any programmed

procedure.
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Articulo 2. Resumen estructurado.

LMNA-related muscular dystrophy: identification of variants in alternative genes

and personalized clinical translation

Introduccion

Las laminopatias son causadas por alteraciones en el gen LMNA que dan lugar
a un espectro clinico amplio. Aunque la distrofia muscular puede empezar a
edades precoces, la progresion es diferente en cada paciente. En este estudio
se investiga la variabilidad fenotipica de las laminopatias mediante el analisis
genético de los pacientes diagnosticados de distrofia muscular por LMNA con el
fin de identificar otras variantes genéticas raras que expliquen estas diferencias
fenotipicas.

Objetivos

Analizar genes conocidos que den lugar a enfermedades musculares para
identificar variantes genéticas raras que pueden estar relacionadas con un
fenotipo mas precoz y/o mas severo en pacientes con distrofia muscular por
LMNA.

Meétodos

Se analizaron 105 genes asociados con enfermedades musculares en 26
pacientes pediatricos con diagnostico de distrofia muscular por LMNA, y de sus
familiares de primer grado, y se correlacionaron con los datos clinicos y con el

fenotipo neuromuscular y cardiaco.

Resultados

Todos los pacientes eran portadores de una variante rara en el gen LMNA. Los
diagnosticos fueron Emery-Dreifuss muscular dystrophy (EDMD, 13 pacientes),
LMNA-related congenital muscular dystrophy (L-CMD, 11 pacientes), y Limb-
girdle muscular dystrophy 1B (LGMD1B, 2 pacientes). En 9 pacientes se
encontraron 10 variantes genéticas raras adicionales en 8 genes diferentes de
LMNA: GAA, AGRN, FLNC, LAMP2, NEB, COL6A3, DYSF, CHRND. En la

correlacion genotipo-fenotipo se encontré que 5 de los 9 pacientes con fenotipos
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severos eran portadores de algunas de estas variantes raras detectadas
posiblemente patogénicas (3 pacientes con diagnostico de L-CMD y 2 con
EDMD).

Conclusiones

Las laminopatias asociadas a distrofia muscular son un grupo heterogéneo de
enfermedades con debut y evolucion diferentes, a pesar de presentar, incluso,
una misma mutacion patogénica en el gen LMNA. El hallazgo de otras variantes
como las encontradas en esta cohorte, consideradas posiblemente patogénicas,
hace plantearse un estudio especifico de si éstas tienen algun papel en la
expresividad del fenotipo y en su severidad, por lo que podrian representar un
indicador de severidad fenotipica.

Se sugiere que, dada la heterogeneidad clinica, se incluyan otros genes, ademas
del gen LMNA, que estén relacionados con enfermedades neuromusculares y
riesgo de arritmias cardiacas. Esto puede ayudar a desenmascarar otras
variantes genéticas raras que pueden ser las responsables de los fenotipos
severos y expliquen la variabilidad fenotipica que existe.

Se precisan mas estudios como el actual con un numero mayor de pacientes, ya

qgue por el momento la correlacion con la clinica debe llevarse a cabo con cautela.
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Background: Laminopathies are caused by rare alterations in LMNA, leading to a
wide clinical spectrum. Though muscular dystrophy begins at early ages, disease
progression is different in each patient. We investigated variability in laminopathy
phenotypes by performing a targeted genetic analysis of patients diagnosed with
LMNA-related muscular dystrophy to identify rare variants in alternative genes,
thereby explaining phenotypic differences.

Methods: We analyzed 105 genes associated with muscular diseases by targeted
sequencing in 26 pediatric patients of different countries, diagnosed with any
LMNA-related muscular dystrophy. Family members were also clinically assessed
and genetically analyzed.

Results: All patients carried a pathogenic rare variant in LMNA. Clinical diagnoses
included Emery-Dreifuss muscular dystrophy (EDMD, 13 patients), LMNA-related
congenital muscular dystrophy (L-CMD, 11 patients), and limb-girdle muscular
dystrophy 1B (LGMD1B, 2 patients). In 9 patients, 10 additional rare genetic variants

01 frontiersin.org

82



Cesar et al.

10.3389/fgene.2023.1135438

were identified in 8 genes other than LMNA. Genotype-phenotype correlation
showed additional deleterious rare variants in five of the nine patients (3 L-CMD and
2 EDMD) with severe phenotypes.

Conclusion: Analysis f known genes related to muscular diseases in close
correlation with personalized clinical assessments may help identify additional
rare variants of LMNA potentially associated with early onset or most severe

disease progression.

KEYWORDS

sudden cardiac death, laminopathies, muscular dystrophy, genetics, genetic diagnostic

1 Introduction

Muscular dystrophies caused by deleterious variants in the
LMNA gene are very rare (<1 per 1,000,000; ORPHA:157973).
Cervico-axial and scapuloperoneal weakness, joint contractures,
and thoracic lordosis associated with a dystrophic muscle biopsy
and variably elevated creatine kinase levels are usually associated
with these severe entities (Quijano-Roy et al., 2008). Sudden
death (SD) also is common in these patients, mainly due to
malignant arrhythmias concomitant with heart alterations
(Kumar et al., 2016).

Through alternative splicing, LMNA encodes proteins lamin
A and C, intermediate filaments that are required during
development and cell differentiation and are components of
the nuclear envelope (Bonne et al, 2003; Paul and Fulka,
2022). More than 500 rare genetic alterations in LMNA have
been found to be responsible for a group of diseases called
laminopathies (Worman and Bonne, 2007; Dittmer
Misteli, 2011). The most common laminopathies are LMNA-
related congenital muscular dystrophy (L-CMD) (OMIM:
613205), Emery-Dreifuss muscular dystrophy (EDMD)
(OMIM: 181350), limb-girdle muscular dystrophy type 1B
(LGMD-1B) (OMIM: 159001), and dilated cardiomyopathy
with conduction defects (DCM-CD) (OMIM: 115200). A range
of phenotypes have been reported in patients carrying deleterious
rare LMNA variants (Bertrand et al., 2011; Worman, 2012;
Carboni et al., 2013a; Carboni et al.,, 2013b; Ben Yaou et al.,
2021). It has been suggested that different phenotypes can be
explained by post-transcriptional modifications of the nuclear

and

envelope/lamina proteins (Maraldi et al., 2011; Zheng et al,
2022). Although LMNA is accepted as the main cause of
disease, the observed phenotype differences remain poorly
understood, mainly at early stages of the disease. Genetic
be these
phenotypic differences in disease onset and progression,
although no studies investigating the role of additional genetic

background is suggested to responsible  for

variants have been reported so far. Understanding genetic
background variability can facilitate the early diagnosis of
LMNA-related muscular dystrophy, which is important for
prevention of SD, rehabilitation management, and genetic
counseling (Charniot et al., 2003; Choi et al., 2019; Murofushi
et al.,, 2022).

In the present study, we performed a targeted genetic analysis
and personalized genotype-phenotype interpretation in families
diagnosed with LMNA-related muscular dystrophies. We
identified rare alterations in genes other than LMNA that may
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help explain the differences in disease onset and phenotype
progression.

2 Materials and methods

2.1 Cohort

The study was approved by the Ethics Committee of the
Hospital Josep Trueta (Girona, Spain) and Hospital Sant Joan de
Déu (Barcelona, Spain), following the Helsinki II declaration.
Written informed consent to participate in this study was
provided by the participants’ legal guardians. Written informed
consent was also obtained from all relatives included in the study.

The study enrolled 26 pediatric patients previously diagnosed with
any type of LMNA muscular dystrophy (2014-2020) and carrying a
definite pathogenic rare variant in LMNA. We retrospectively collected
all available data from each patient’s first clinical contact up to their
enrollment in our study. Clinical evaluation of index cases included a
complete physical examination by a pediatric neurologist,
neuromuscular specialist, and pediatric cardiologist. Non-pediatric
relatives enrolled in our study also were clinically assessed. Saliva or
peripheral blood samples were obtained from each patient as well as all
available family members. All individuals were clinically assessed at
Hospital Sant Joan de Déu (Barcelona, Catalonia, Spain). The complete
pedigree of each family was obtained, including history of

neuromuscular and cardiac diseases, syncope, and unexplained deaths.

2.2 Genetic analysis

Genomic DNA was analyzed using next-generation sequencing
(NGS). A total of 105 genes involved in neuromuscular diseases and
risk of malignant cardiac arrhythmias were analyzed (ACTAIL,
AGRN, ANO5, B3GALNT2, B4GATI, BAG3, BINI, CAPNS3,
CAV3, CCND3, CFL2, CHAT, CHKB, CHRNAI, CHRNBI,
CHRND, CHRNE, CNTNI, COL6A1, COL6A2, COL6A3, COLQ,
DAGI, DES, DMD, DNAJB6, DNM2, DOK7, DPAGTI, DPMI,
DPM2, DPM3, DSC2, DSG2, DSP, DYSF, EMD, FHLI, FKRP,
FKTN, FLNC, FOS, FXN, GAA, GFPT1, GMPPB, GOSR2, HRAS,
ISPD, ITGA7, KBTBDI13, KCNQI, KCNH2, LAMA2, LAMP2,
LARGE, LDB3, LMNA, MOK2, MTMI1, MUSK, MYF6, MYOT,
MYH7, MYBPC3, NEB, NESPRIN2, NUP88, PCNA, PLEC,
PKCA, PKP2, POMGNTI1, POMGNT2, POMK, POMT1, POMT2,
RAPSN, RYRI, RYR2, SCN4A, SCN5A, SEPN1, SGCA, SGCB, SGCD,
SGCG, SLC25A4, SREBP, TAZ, TCAP, TMEM5, TMEM43, TMPO,
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TNNTI1, TNNI3, TNNT2, TNPO3, TPM2, TPM3, TRIM32, and
TTN). All gene isoforms described in Ensembl 75 (www.ensembl.
org) that have been linked with either a RefSeq code (www.ncbi.nlm.
nih.gov/refseq) or CCDS (www.ncbi.nlm.nih.gov/CCDS) were
included. Sequence data coordinates were based on UCSC human
genome version hgl9 (NCBI GRCh37 built). Biotinylated cRNA
probe solution was used as a capture probe (Agilent Technologies,
Santa Clara, CA, United States). Probes were designed using eArray
(Agilent Technologies).

Non-common genetic variants [minor allele frequency (MAF) <
1%] identified throughout NGS analysis were confirmed using
Sanger sequencing. Exons and exon-intron boundaries of each
gene were amplified (Verities PCR, Applied Biosystems, Austin,
TX, United States), and the resulting PCR products were purified
(Exosap-IT, Affymetrix Inc., USB Products, Cleveland, OH,
United States) and directly sequenced in both directions (Big Dye
Terminator v3.1 and 3130XL Genetic Analyzer, both from Applied
The SeqScape  Software v2.5 (Life
Technologies, Carlsbad, CA, United States) was used to compare

Biosystems). Posterior
results with the reference sequence from hgl19. The identified rare
variants were contrasted with the Human Gene Mutation Database
(www.hgmd.cfac.uk/ac/index.php) and Genome Aggregation
Database (gnomAD) (www.gnomad.broadinstitute.org). To detect
copy number variation (CNV), we looked for significant differences
between expected and obtained normalized coverage for a given
sample in a region of interest. Several samples were analyzed to
corroborate similar levels of coverage between samples. All CNVs
were compared with the CNV Control database (www.gwas.
biosciencedbc.jp/cgi-bin/cnvdb/cnv_top.cgi), Database of
Genomic Variants (www.dgv.tcag.ca/dgv/app/home), DECIPHER
and gnomAD
broadinstitute.org). Rare variants that were potentially deleterious

(www.decipher.sanger.ac.uk), (www.gnomad.
and confirmed in the index case were analyzed using the Sanger
method in the relatives.

Each following
recommendations of the American College of Medical Genetics
and Genomics (ACMG) (Richards et al., 2015). A vast majority of
pathogenic (P) variants are extremely rare (<0.01%). All available

rare variant was classified current

data concerning each rare genetic variant was updated until
submission time (June, 2022). Variants classified as Variant of
Unknown Significance (VUS) in alternative genes were further
sub-classified. Variants identified showed no reported MAF or
low MAF. Certain association with any neuromuscular disease
were considered as VUS with highly suspicious Likely Pathogenic
role (VUS-LP); thus, they were included to clarify their potential role
in clinical practice. To avoid bias, five investigators independently
investigated genetic data concerning each analyzed variant in our
study. Finally, all investigators discussed data included in each item
of the ACMG and consensus as well as final classification of all rare
variants.

3 Results
3.1 Cohort

Our study included 26 pediatric patients (mean age 8.2 years at
enrollment; IQR, 4-12.5 years; 53.8% males) of 25 families, with a
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total of 76 individuals (26 index cases and 50 relatives). Two of the
index cases enrolled were female monozygotic twins (index cases
23 and 24). Families were originally from Spain (12),
United Kingdom (3), United States (3), Australia (2), Canada (1),
France (1), Greece (1), Russia (1), and Argentina (1). No
consanguinity occurred in any of families. No potential common
ancestor was identified after the family interviews. All index cases
accomplished with clinical criteria for LMNA-related muscular
disease: 11 Patients (42.3%) were L-CMD, 13 (50%) were EDMD,
and 2 (7.7%) presented as LGMDIB. Early-onset skeletal muscle
impairment before 2 years of age was detected in 23 of the 26 cases
(88.4%) (Figure 1). Clinical assessment was performed in all patients
included in our cohort, confirming previous diagnosis for each
LMNA-related muscular disease.

3.2 Genetic analysis

Our NGS analysis showed an average call rate of 99.25%
achieved at 30x coverage. The median coverage per sample was
892 (749-1286). An average of four failed whole exons occurred in
each sample, and all these exons were amplified using Sanger
sequencing. All rare variants (MAF < 1%) were confirmed also
using Sanger sequencing, discarding false positive signal. No CNV
were identified in any of genes analyzed, including LMNA. Previous
karyotype (performed at time of diagnosis, out of our centre) also
discarded any large chromosomic alteration in all patients included
in our cohort.

3.3 Rare variants in LMNA

All patients included in our study had a previous genetic analysis
of the LMNA gene. This previous analysis identified rare variants in
this gene as potential cause of the disease. Our targeted-gene panel
analysis confirmed all previous rare variants in the LMNA gene
(Figure 2). No additional rare or common variant classified as
pathogenic (P) or likely pathogenic (LP) were identified in
LMNA. As above mentioned, previous genetic analysis identified
rare variants in the LMNA gene, which were classified according to
available data at the moment of genetic analysis was performed. Rare
variants in LMNA were reclassified following ACMG guidelines and
accordingly to current data available (June, 2022). All LMNA
variants remain classified as P or LP, without any modification in
comparison to previous genetic report.

A total of 19 LMINA rare variants were identified (17 exonic and
2 intronic). Of exonic rare variants, 4 were delins and 13 missense.
All variants were identified in heterozygous state (Figure 2). Eleven
rare variants (57.89%) were classified as LP and 7 (36.84%) as
definitively P. The most frequent rare variant identified in LMNA
was p.Arg249Trp (5 patients, 19.23%), as previously reported
(Quijano-Roy et al., 2008; Pasqualin et al., 2014; Heller et al,
2017; Ben Yaou et al.,, 2021; Fan et al,, 2021; Jedrzejowska et al.,
2021). These 5 patients were diagnosed with L-CMD (4 patients
-index case 1, 2, 6, and 26-) and EDMD (1 patient -index case 14-).
Other two rare variants were identified two times in different
patients each one (p.Asn39Ser, patients 3 and 7; p.Arg453Trp,
patients 20 and 21). Both rare variants were also previously
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Laminopathy-related!

muscular dystrophy

FIGURE 1

Cohort of index cases. DCM, dilated cardiomyopathy. EDMD, Emery-Dreifuss muscular dystrophy. ICD, implantable cardioverter defibrillator.
L-CMD, LMNA-related congenital muscular dystrophy. LGMD1B, Limb-girdle muscular dystrophy 1B. PM, pacemaker. *, twins. t, sudden death.

reported (Pasqualin et al., 2014; Ben Yaou et al., 2021; Bennett et al.,
2021; Fan et al., 2021; Jedrzejowska et al., 2021). A total of 6 cases
showed DCM (patient 3, 5,9, 11, 13, and 16), five of them diagnosed
with EDMD and only one with L-CMD (patient 11). Among the
patients with ICD (patients 1, 3, 5, 13, and 16), four were diagnosed
with EDMD and one with L-CMD (patient 1). Index case number 2,
diagnosed with L-CMD and carrying a pacemaker (PM), showed
prolonged asystole episodes. Unfortunately, two cases died after
inclusion in our study (patient 3 due to rapidly progressive heart
failure despite optimal treatment and ICD carrier and 22due to
severe respiratory infection) (Tables 1-3) (Figure 1). Finally, focused
on intronic LMNA rare variant (c.810 + 1G>C) in patient 17, the
clinical diagnostic was LGMDI1B. The patient was not a carrier of
any other rare variant in either the LMNA gene or any other gene. In
addition, none of relatives showed any clinical symptom (Table 1).

Segregation of genetic variants in families showed that in
24 cases (92.3%), the rare variant in LMNA was de novo
(including intronic variant in case number 17), as widely
published (Ben Yaou et al., 2021; Jedrzejowska et al., 2021). Only
in two families (index cases 11 and 18), one of parents carried the
same deleterious variant in LMNA. In both these cases, the parents
showed minor muscular impairment (Figure 3).
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3.4 Additional rare variants

Eleven rare variants were identified in 8 genes (AGRN, CHRND,
COL6A3, DYSF, FLNC, GAA, LAMP2, and NEB) encoding
structural proteins. The AGRN gene encodes the protein Agrin,
associated with Congenital myasthenic syndrome following an
autosomal recessive (AR) pattern of inheritance. The CHRND
gene encodes the Cholinergic receptor nicotinic delta subunit,
mainly related to Myasthenic syndrome following autosomal
dominant (AD) or AR pattern of inheritance. The COL6A3
encodes Collagen type VI alpha 3 chain protein and deleterious
variants are mainly associated with muscular dystrophy following
both AD and AR patterns of inheritance. The DYSF gene encodes
the protein Dysferlin, mainly associated with muscular dystrophy
following an AR pattern of inheritance. The FLNC gene encodes the
protein Filamin C, mainly associated wit cardiomyopathies
following an AD pattern of inheritance. The GAA gene encodes
Alpha Glucosidase and deleterious variants in this gene are related to
Pompe disease following an AR pattern of inheritance. The LAMP2

Gene encodes the Lysosomal associated membrane protein 2,
related to Danon disease following a X-linked pattern of inheritance.
Finally, the NEB gene encodes the protein Nebulin, and pathogenic

frontiersin.org



Cesar et al. 10.3389/fgene.2023.1135438
LMNA
0 30 664
Tg:z:;::l central rod domain tail domain
39 453 539
| ' 4l
p.GIn30Pro p.Leu35GIn| p.Leu38Phe
¢.810+1G>C p.Arg249Trp p.Arga53Pro  p-Arg455Pro

+GAA .Argd53Trp
p.Glu31del p.Arg:

+AGRN €.1488_1488+9del

p.Lys32del p.Asn39lys +FLNC +NEB
+ CHRND
P-f';isltys p.GIn36His p.Asn39Ser p.Leu271Arg p-Ala539Val
+COL6A3 +LAMP2

p.Glu31ArgfsTer65 +GAA p.Arg249GlIn

FIGURE 2

Rare variants in the LMNA gene. Domains of the LMNA gene including rare variants identified in our patients. All rare variants are located in three main

zones of the gene

variants in this gene cause mainly myopathy following an AR
pattern of inheritance (Table 2). At this point, it is important to
remark that none of these proteins have a close relation to the LMNA
gene according to consulted protein databases.

These rare variants were identified in 8 families -1, 2,5, 7, 11, 18,
22, and 23/24- (30.76%). No other rare or common alterations
(single variants, delins, or CNV), classified as P, LP, or VUS-LP,
were identified in any of additional genes analyzed. All the new
11 rare variants were exonic and in heterozygous state. One variant
was non-sense (patient 2), 3 not-in-frame deletions (patients 2, 11,
and 18), 2 not-in-frame delins (patients 23/24 -twins-), and
5 missense (patients 1, 5, 7, 18, and 22). All rare variants were
classified as LP or VUS-LP following ACMG recommendations.
None rare variant was repeated in more than one patient except in
twins (patients 23/24) (Tables 1-3) (Figure 1).

Segregation of genetic variants in families showed that none of
these rare variants was de novo. Curiously, only two variants in GAA
(p.Arg594His, CM121193-patient 1-and p.Asp645Asn, CM980804-
patient 18-) were previously identified and associated with Glycogen
Storage Disease (GSD) (Huie et al., 1998; McCready et al., 2007; Liu
et al., 2014). None of parents (except families 11 and 18, due to
LMNA) were previously diagnosed or showed any symptom
associated with the genes identified in this study (Figure 3).

3.5 Genotype-phenotype correlation

Previous clinical diagnosis and follow-up showed 9 patients with
more severe phenotypes (6 EDMD -patients 3, 5, 9, 13, 16 and 22-
and 3 L-CMD -patients 1, 2 and 11-). All nine patients carried a rare
missense deleterious variant in LMNA except two (patient 9-
EDMD-and 11-L-CMD-) deletions

whose carried
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(p.Glu31ArgfsTer65 and  c.1488_1488+9del,
(Tables 1-3).

Six patients diagnosed with EDMD (patients 3, 5, 9, 13, 16, and 22)
showed different phenotypes: DCM (patient 9) or DCM and carried an
ICD (patients 3, 5, 13, and 16). Curiously, patient 22 did not show any
risk factor but died suddenly. Patient 3 also died suddenly despite

carrying an ICD. Only patient 9 carried a rare variant in LMNA

respectively)

(c.91delG) while all other patients carried a missense variant in the
same gene. Concerning additional rare variants in other genes, only
patient 5 carried a rare missense variant (c.1952G>A) in GAA, inherited
from their unaffected mother (Figure 1).

Three patients diagnosed with L-CMD (patients 1, 2, and 11)
also showed different phenotypes: DCM (patient 11) or carried an
ICD (patient 1) or a PM (patient 2) but without DCM. Curiously,
patients 1 and 2 (no family relationship) carried the same missense
rare variant in LMNA (p.Arg249Trp) and patient 11 carried an
intronic rare variant (c.1488_1488+9del). Additionally, all patients
carried at least one rare variant: patient 1 in GAA (p.Arg594His)
inherited from their mother and without any symptom to date,
patient 2 carried two rare variants, one in AGRN and other in FLNC
(p.Arg740Ter and p.Cys644TrpfsTer27, respectively), both rare
variants inherited from their healthy mother, and patient
11 carried a rare variant in NEB (p.Met5792_Arp5794delinslle),
inherited from their mother who showed a mild neuromuscular
affectation but their brother carried the same variant in NEB without
any symptom diagnosed to date (Tables 1-3) (Figures 1, 2).

4 Discussion

A cohort of 26 patients diagnosed with LMNA-related muscular
diseases were analyzed for the increasing number of additional rare
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TABLE 1 LMNA-related muscular dystrophy patients, major cardiac end points and rare LMNA variants.

Patient Sex Age diagnosis Phenotype DCM Device LMNA variants (LP, P) Other variants
1 M 11 L-CMD No ICD c.745C > T (p.Arg249Trp) GAA
2 2 L-CMD No PM c.745C > T (p.Arg249Trp) AGRN, FLNC
31 F 16 EDMD Yes ICD c.116A > G (p.Asn39Ser) None
4 F 9 L-CMD No No ¢.91_93delGAG (p.Glu31del) None
5 M 11 EDMD Yes ICD ¢.1358G > C (p.Arg453Pro) GAA
6 M 9 L-CMD No No c.745C > T (p.Arg249Trp) None
7 M 3 EDMD No No c.116A > G (p.Asn39Ser) LAMP2
8 F 8 EDMD No No c.746G > A (p.Arg249Gln) None
9 M 7 EDMD Yes No c91delG (p.Glu31ArgfsTer65) None
10 F 2 L-CMD No No c.89A > C (p.GIn30Pro) None
11 F 3 L-CMD Yes No €.1488_1488+9del NEB
12 M 15 EDMD No No c.1616C > T (p.Ala539Val) None
13 M 15 EDMD Yes ICD c.112C > T (p.Leu38Phe) None
14 F 8 EDMD No No c.745C > T (p.Arg249Trp) None
15 M 13 EDMD No No c.812T > G (p.Leu271Arg) None
16 M 15 EDMD Yes ICD ¢.1364G > C (p.Arg455Pro) None
17 F 11 LGMD1B No No 810 + 1G> C None
18 F 3 EDMD No No c.108G > T (p.Gln36His) COL6A3, GAA
19 M 3 L-CMD No No c.104T > A (p.Leu35GIn) None
20 F 17 EDMD No No c.1357C > T (p.Arg453Trp) None
21 M 5 LGMDI1B No No c.1357C > T (p.Arg453Trp) None
221 F 18 EDMD No No c91G > A (p.Glu31Lys) DYSF
23%,24* F 5 L-CMD No No c.117T > G (p.Asn39Lys) CHRND
25 M 4 L-CMD No No c.94_96delAAG (p.Lys32del) None
26 M 4 L-CMD No No c.745C > T (p.Arg249Trp) None

DCM, dilated cardiomyopathy. EDMD, Emery-Dreifuss muscular dystrophy. F, Female. ICD, implantable cardioverter defibrillator. L-CMD, LMNA-related congenital muscular dystrophy.
LGMD1B, Limb-girdle muscular dystrophy 1B. LP, Likely Pathogenic. M, Male. P, Pathogenic. PM, pacemaker. *, twins. , sudden death.

alterations in other genes which may be involved in phenotype
differences. We identified that 56% of patients with most severe
phenotypes, mainly diagnosed with L-CMD, carried a deleterious
rare variant in the LMNA gene, but also an additional deleterious
rare variant in another gene associated with NMD, and played a
potential role in early onset and disease progression.

Only a few cohorts of cases diagnosed with LMNA-related
muscular diseases have been published to date, all following an
autosomal dominant pattern of inheritance, as occurs in our study.
In 2007, a cohort including 27 patients (EDMD, 56%; CMD, 15%;
LGMD, 30%) (Benedetti et al., 2007). Other cohort was published in
2014, and included 78 cases diagnosed with LMNA-related
myopathies (EDMD, 21%; L-CMD, 33%; LGMDIB, 46%) (Maggi
et al,, 2014). In addition, a cohort of 84 patients diagnosed with
LMNA-related muscular dystrophy were also analyzed (EDMD,
38%; L-CMD, 49%; LGMD1B, 13%) (Fan et al., 2021). Our study
shows similar percentages of LMNA-related muscular diseases
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(EDMD, 50%; L-CMD, 42%; LGMD1B, 8%). Recently, the largest
cohort including 151 L-CMD patients was also published (Ben Yaou
et al, 2021), reinforcing the necessity of anticipatory care of
respiratory and cardiac assessment due to rapid progression of
symptoms especially in L-CMD. As these are ultra-rare diseases,
it is difficult to obtain patients with a definite diagnosis. Various
forms of skeletal muscle laminopathies may overlap with each other,
creating a phenotypic continuum, as recently reported in a cohort of
15 children with initial symptoms visible during first year of life,
included hypotonia, poor head control, or delayed motor
development (Jedrzejowska et al., 2021). In addition, involving
large number of cases of different ethnic origin, as done in our
study for the first time, is crucial to clarify role of genetic background
in these ultra-rare diseases in onset as well as progression of disease.
Currently, it is widely accepted LMNA-related muscular diseases as
monogenic entities due to a single P rare variant in the LMINA gene.
However, due to reported differences in severity of phenotypes,
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TABLE 2 Additional genes identified. AD, A ic D 1t; AR, A

Genes  Location Protein

Gene ID/
HGNC/MIM

10.3389/fgene.2023.1135438

ic Recessive; XLD, X-Linked Dominant.

Disease/MIM/Inheritance

GAA 17q25.3 Alpha Glucosidase 2548/4065/606800 Pompe/232300/AR
AGRN 1p36.33 Agrin 375790/329/103320 Congenital myasthenic syndrome-8/615120/AR
FLNC 7q32.1 Filamin C 2318/3756/102565 Cardiomyopathy, familial hypertrophic/617047/AD
Cardiomyopathy, familial restrictive/617047/AD
Myopathy, distal/614065/AD
Myopathy, myofibrillar/609524/AD
LAMP2 Xq24 Lysosomal associated membrane 3920/6501/309060 Danon/300257/XLD
protein 2
COL6A3 2q37.3 Collagen type VI alpha 3 chain 1293/2213/120250 Bethlem myopathy/158810/AD, AR
Dystonia/616411/AR
Ullrich congenital muscular dystrophy/254090/AD, AR
NEB 2q233 Nebulin 4703/7720/161650 Arthrogryposis multiplex congenita/619334/AR
Nemaline myopathy/256030/AR
DYSF 2pl13.2 Dysferlin 8291/3097/603009 Miyoshi muscular dystrophy/254130/AR
Muscular dystrophy, limb-girdle/253601/AR
Myopathy, distal, with anterior tibial onset/606768/AR
CHRND 2q37.1 Cholinergic receptor nicotinic delta 1144/1965/100720 Myasthenic syndrome, congenital, slow-channel/616321/AD

subunit

existence of alternative rare variants as phenotype modifiers is
suspected despite not reported to date. Our study aims to solve
this gap in LMNA-related muscular diseases.

It is widely accepted that early diagnosis of LMNA-related muscular
diseases is key for appropriate clinical management (Charniot et al.,
2003), particularly in L-CMD (Ben Yaou et al., 2021). In addition,
clinical familial history and close genotype-phenotype correlation can
help clarify the role of genetic variants in onset as well as progression of
disease (Cotta et al., 2019; Ben Yaou et al., 2021). Therefore, existence of
additional rare genetic modifiers has been suggested as an explanation
for clinical phenotype difference observed in families diagnosed with
any type of laminopathy (Muntoni et al., 2006; Boudreau et al., 2012;
Roncarati et al., 2013) despite no comprehensive genotype-phenotype
study. Analysis of variant segregation in families can help unravel the
role of the rare variants identified in this study. In summary, we report a
targeted genetic analysis and segregation of variants in families, looking
for additional rare variants in other genes than LMNA, which could
explain the phenotypic differences in LMNA-related muscular diseases.

4.1 Genotype-phenotype correlation

All LMNA variants were deleterious, which was the main cause
of the clinically diagnosed disease. However, different onset as well
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Myasthenic syndrome, congenital, associated with acetylcholine receptor
deficiency/616323/AR

Multiple pterygium syndrome, lethal type/253290/AR

Myasthenic syndrome, congenital, fast-channel/616322/AR

as disease progression seems to be modified by other variants, in
concordance to previously suggested but not exhaustively analyzed
to date. The variant p.Arg249Trp was identified in 5 patients
(4 L-CMD and 1 EMD2). This variant was previously reported
in several patients diagnosed with L-CMD (Ben Yaou et al., 2021).
The variant was de novo in all reported cases and, in addition to early
onset of muscular involvement, patients also showed cardiac
involvement and malignant arrhythmias (Quijano-Roy et al,
2008; Komaki et al., 2011; Pasqualin et al., 2014; Ben Yaou et al.,
2021; Fan et al,, 2021; Jedrzejowska et al., 2021). In view of age-
dependent penetrance for heart involvement due to deleterious
variants in LMNA, a regular cardiological supervision should
have been offered (Jedrzejowska et al, 2021), particularly in
p-Arg249Trp carriers due to clinical severity (Ben Yaou et al., 2021).

Patients 1 and 2, diagnosed with L-CMD showed most severe
phenotype and carried additional potentially deleterious rare
variants (patient 1 in GAA and patient 2 in AGRN and FLNC).
In patient 1, the GAA_p.Arg594His (CM121193) was previously
reported and associated with GSD following an autosomal recessive
pattern of inheritance (Liu et al., 2014). It was inherited from their
asymptomatic mother and none showed any symptom of GSD or
Pompe disease due to the heterozygous form. In patient 2, both
variants were novel, inherited from their mother and classified as
deleterious. The variants in FLNC are mainly associated with
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g‘ TABLE 3 LMNA variants and related features found in our pediatric cohort.
s
§ Patient ~ Gene Nucleotide change Protein change gnomAD HGMD disease ClinVar ACMG Father Moth Other
5 (MAF%) disease score relatives
g 1 GAA C1781G>A p.Arg594His 15775450536 | 2/248732 (0.0008%) CMI21193, GSD P, GSD LP - + Sister -
8 LMNA C745C5T Pp.Ag249Trp 15121912496 NA CM083718, MD P/LP, MD LP - - Sister-
2 AGRN €2218C>T p.Arg740Ter NA NA NA NA LP - + Sister +
FLNC €1932delT p.Cys644TrpfsTer27 NA NA NA NA Lp - + Sister-
LMNA C745C5T pArg249Trp 15121912496 NA CM083718, MD P/LP, MD LP - - Sister-
3t LMNA c116A>G p.Asn39Ser 1557983345 NA CM083713, MD P, CMT P - - NA
4 LMNA <91_93delGAG p.Glu31del 15864309525 NA CD156162, MD LP, MD LP - - NA
5 GAA €1952G > A p.Gly651Asp 15939350425 NA NA vUs Lp - + Siblings -
LMNA €1358G > C p.Argd53Pro 15267607598 NA CM083716, MD NA LP - - Siblings -
6 LMNA c745C > T P.Arg249Trp 15121912496 NA CM083718, MD P/LP, MD LP - - NA
7 LAMP2 cA13A > G p.Asp138Gly NA NA NA NA VUS-LP - + Brother -
LMNA Cl16A > G p.Asn39Ser 1557983345 NA CM083713, MD P, CMT P - - Brother -
8 8 LMNA 746G > A Pp.Arg249Gln 1559332535 NA CM1617006, P, MD P - - NA
MD, ED
9 LMNA c91delG Pp.Glu31 ArgfsTer65 NA NA NA NA P - - NA
10 LMNA C89A > C p.Gln30Pro NA NA NA NA LP - - Brother -
11 LMNA .1487_1488 + 9del NA NA CD1711480, MD NA P - + Brother -
NEB 17376_17381del P.Met5792_Asp5794delinslle  rs765184893  9/247156 (0.0036%) NA NA VUS-LP - + Brother +
12 LMNA c1616C > T p.Ala539Val NA NA NA NA LP - - NA
13 LMNA cli2C>T pLeu3sPhe NA NA NA NA LP - - NA
14 LMNA c745C > T pArg249Trp 15121912496 NA CM083718, MD P/LP, MD LP - - NA
15 LMNA c812T > G pLeu271Arg NA NA NA NA LP - - NA
16 LMNA 1364G > C P.Argd55Pro 15267607597 NA CM111722, MD NA LP - - NA
17 LMNA €810 +1G > C 15267607632 NA NA P, MD P - - NA
18 COL6A3 c.8883delA p.Lys2961 AsnfsTerd0 NA NA NA NA LP + - NA
GAA C1933G>A P.Asp645Asn 15368438393 2/242414 (0.0008%) CMY80804, GSD LP, GSD LP - + NA
LMNA c108G>T p.Gln36His NA NA NA NA LP + - NA

(Continued on following page)
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TABLE 3 (Continued) LMNA variants and related features found in our pediatric cohort.
Patient  Gene Nucleotide change Protein change dbSNP gnomAD HGMD disease ClinVar Father Mother Other
(MAF%) disease relatives
19 LMNA C104T>A p.Leu35Gln NA NA NA NA P - - NA
20 LMNA €1357C>T Pp.ArgdS3Trp 1558932704 NA CM990813, MD P/LP, MD LP - - NA
21 LMNA €1357C>T Pp.Argds3Trp 1558932704 NA CMY990813, MD P/LP, MD LP - - NA
22t DYSF C5546G>A p.Argl849Lys 15786205084 NA NA LP, MD LP - + Brother +
3 LMNA c91G>A p.Glu3lLys 151228406418 NA CM123360, MD P, CMT LP - - Brother -
2324 twins | CHRND  ¢.919_920delCCinsAG p.Pro307Ser NA NA NA NA VUS-LP - + Brother +/Twin +
LMNA c117T>G p.Asn39Lys NA NA CM156123, MD NA P - - Brother -/Twin +
25 LMNA €.94_96del AAG pLys32del 1560872029 NA CD033712, MD, ED P, MD P - - NA
2 LMNA €745C>T P.Arg249Trp 15121912496 NA CM083718, MD P/LP, MD LP - - NA

dbSNP, single nucleotide polymorphism database. ACMG, score, the American College of Medical Genetics and Genomics score. ClinVar, Clinically relevant Variation database. CMT, Charcot-Marie-Tooth. ED, Emery-Dreifuss. GnomAD (MAF%), Genome
Aggregation Database (minor allele frequency %). GSD, Glycogen Storage Disease. HGMD, the Human Gene Mutation Database. LP, Likely Pathogenic. MD, muscular dystrophy. NA, not available. P, Pathogenic. f, sudden death. VUS-LP, variant of unknown
significance with highly suspicious likely pathogenic role.
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LMNA - LMNA -
AGRN - AGRN +
FLNC - FLNC +
1 2
LMNA -
| I e o AGRN +
FLNC-
1 2
LMNA_p.Arg249Trp
AGRN_p.Arg740*
FLNC_p.Asp646del
Family 7
LMNA - LMNA -
I LAMP2 - LAMP2 +
1 2
LMNA -
ol =
1 2
LMNA p.Asn39Ser
LAMP2 p.Asp138Gly
Family 18
LMNA + LMNA -
| COL6A3 + COL6A3 -
GAA- GAA +
1 2
1l ->
1
LMNA_p.GIn36His
COL6A3_p.Ala2960del
GAA_p.Asp64SAsn
Family 23_24
LMNA - LMNA -
I CHRND - CHRND +
1 2
LMNA -
n - ‘; CHRND +
1 2 3

LMNA p.Asn39lys
CHRND p.Pro307Ser

Pedigrees of families 1, 2, 5, 7, 11, 18, 22, and 23/24 (twins). Generations are indicated in the left side. Each individual of direct family linage is identified
with a number. Clinically affected patients are shows in black, clinically unaffected patients are show in white, and mild phenotype is indicated in grey
color. Slash indicates deceased. Index case is indicated with an arrow. Sign plus indicates carrier of the genetic variant. Minus sign indicates not carrier of

the genetic variant.

Hypertrophic cardiomyopathy (not observed in patient 2 or the
mother) and variants in AGRN are mainly associated with
congenital myasthenic syndrome following an autosomal
recessive pattern of inheritance. Therefore, neither mother or
sister showed any symptom of muscular weakness as both are

carriers of the same heterozygotic variant. Therefore, the
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presence of any deleterious rare variant may explain the most
severe muscular weakness and malignant arrhythmias observed
in patients 1 and 2, in comparison to patients 6 and 26 (both
showing same diagnosis and carrying the same LMNA variant but
without aggressive phenotype). However, further molecular studies
should be performed to unravel the pathophysiological mechanism
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involved in these potential phenotype modifications. Curiously,
patient 14, diagnosed with EDMD and carrying the same variant
p.Arg249Trp, showed a different phenotype possibly due to an
unidentified alteration, reinforcing the targeted genetic analysis
not only limited to the LMNA gene in patients diagnosed with
LMNA-related muscular diseases. In addition, in p.Arg249, other
deleterious variants were identified in patient 8, who was diagnosed
with EDMD. This variant (p.Arg249Gln) was also previously
reported in 3 infants showing slow muscular degeneration and
slight arrhythmias (Bonne et al, 2000; Fan et al, 2021;
Jedrzejowska et al., 2021), similar to this patient.

Patient 5, who showed a severe phenotype of EDMD, with DCM
and implanted ICD due to malignant arrhythmias, carried two rare
variants (LMNA_p.Arg453Pro and GAA_p.Gly651Asp). Both
variants were novel. The GAA variant was inherited from the
asymptomatic mother and no symptoms of GSD/Pompe disease
in any carrier were observed due to widely-accepted recessive
pattern of inheritance in this gene. Curiously, in the same
aminoacid p.Arg453, another deleterious rare variant was
previously reported as de novo in several cases (p.Arg453Trp)
(Bonne et al., 2000; Fan et al., 2021; Jedrzejowska et al., 2021). In
these reported cases, the diagnosis was EDMD concomitant with
arrhythmias and slow muscular degeneration. Only in one case, the
diagnosis was LGMDIB. In our cohort, two cases carried this rare
variant LMNA_p.Arg453Trp, patient 20 diagnosed with EDMD and
patient 21 diagnosed with LGMD1B (both showing slow muscular
degeneration, without any arrhythmia or cardiac alteration).

Patient 7, diagnosed with EDMD but without any cardiac
alteration, carried the deleterious LMNA_p.Asn39Ser variant. She
carried an additional rare variant in the LAMP2 gene, also identified
in her mother. Rare variants in this gene are associated with Danon
disease, following an X-linked pattern of inheritance. However, the
mother did not show any symptom/phenotype related to Danon
disease. The rare variant in LMNA was previously published in
5 patients, of which 3 were diagnosed with L-CMD and slow
muscular weakness progression, and 2 with EDMD and no cardiac
affectation (Pasqualin et al,, 2014; Fan et al., 2021). In our cohort, patient
3 also carried the same variant but with a clinical diagnosis of EDMD.
Despite no additional deleterious variant identified in any of all analyzed
genes, DCM and malignant arrhythmias were documented.
Unfortunately, this patient died due to rapidly progressive heart
failure despite optimal treatment and being an ICD carrier. It
suggests the targeted genetic analysis looking for other new genes
not currently associated with any muscular diseases. Curiously, in
the same aminoacid LMNA_p.Asn39, twins included in our cohort
(patients 23/24) carried the deleterious variant (p.Asn39Lys)
responsible of L-CMD diagnosed. This variant was recently reported
in one case of L-CMD with slow muscular weakness progression and no
cardiac affectation (Fan et al, 2021) and in two cases showing
hypotonia, waddling gait and normal heart (Jedrzejowska et al,
2021), in concordance to our twins.

Patient 11, diagnosed with concomitant L-CMD and DCM, carried
a de novo and novel deletion LMNA_c.1488_1488+9del. This variant
was inherited from her mother who showed a minor muscular
impairment. No history of any muscular disease was documented in
previous generations. Patient 11 also carried an additional deletion in
NEB, a gene associated with myopathies following an autosomal
recessive pattern of inheritance. Both their mother and brother
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carried this NEB variant in heterozygosis form and, as expected,
showing no symptom to date. In our cohort, three more de novo
deletions in LMNA were identified in patients 4, 9, and 25, where two
were diagnosed with L-CMD (patients 4 and 25) and showed slow
muscular weakness progression with no cardiac affectation, while
patient 9 was diagnosed with EDMD and DCM. In concordance,
both deleterious variants were previously reported in L-CMD
patients showing phenotypes similar to our patients (Fan et al., 2021).

Patient 18, diagnosed with EDMD, showed slow muscular
weakness progression and no cardiac affectation. The patient carried
LMNA_p.Gln36His, inherited from the father who showed a minor
muscular impairment. No history of any muscular disease was
documented in previous generations. This variant was never
reported, to the best of our knowledge. This patient also carried the
deleterious variant GAA_p.Asp645Asn, previously identified and
associated with GSD (CM980804) (McCready et al, 2007). This
GAA variant was inherited during heterozygosis from the healthy
mother, not showing any symptom of GSD or Pompe disease. In
addition, this patient also carried a deleterious indel in COL6A3. This
variant has not been reported so far, and the gene is associated with
dystonia and muscular dystrophy. The variant was inherited from the
father who showed a minor muscular impairment. As mentioned
above, no history of any muscular disease was documented in
previous generations.

Patient 22, diagnosed with EDMD, showed slow muscular
weakness progression and no cardiac affectation. The LMNA_
p-Glu31Lys variant was de novo. Despite no aggressive phenotype,
the patient died at 10 years old due to severe respiratory infection. This
variant has been recently reported in one patient diagnosed with
L-CMD, slow muscular weakness progression, and no cardiac
affectation (Fan et al, 2021). This patient also carried a deleterious
variant in DYSF (p.Arg1849Lys), the gene associated with an autosomal
recessive muscular dystrophy. This variant was inherited from the
asymptomatic mother, as also observed in the brother who also carried
the same DYSF variant. No history of any muscular disease was
documented in previous generations. Finally, patients 13 and 16,
both diagnosed with EDMD, DCM and with an ICD, carried only
one deleterious variant in LMNA (p.Leu38Phe and p.Arg455Pro,
respectively). Both rare variants are novel and de novo, after
segregation of both variants in relatives.

In conclusion, laminopathies associated with muscular disorders
are a group of heterogeneous conditions with different onset and
development. We suggest that a targeted genetic diagnosis including
LMNA as well as other genes related to muscular diseases may help
to unravel additional potential rare variants that could be associated
with more severe phenotypes. However, translation into clinical
practice should be performed with caution due to further studies in
large cohorts are necessary to clarify role additional variants.

5 Limitations

The study had a few limitations. First was the reduced cohort. Due
to the rarity of the disease worldwide, it is difficult get enough number of
families to obtained a conclusive result in a genotype-phenotype
correlation. Therefore, despite reduced number of patients, our
cohort of 26 patients is the largest reported so far, other than the
84 patients reported by Fan et al. (2021). Other limitation is the
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potential pathophysiological role of additional genetic alterations
located in other genes not included in our NGS custom-panel and
that could be implicated in phenotype modification. A potential future
approach is to perform whole exome sequencing and/or whole genome
sequencing to identify new alteration in any region of the genome. Our
study includes a comprehensive genotype-phenotype correlation in
relatives, at our point of view the main fact in genetic interpretation and
clinical translation of genetic variants identified. However, both in vivo
and in vitro studies should be also performed to clarify the
pathophysiological mechanism associated with the progressive
disable  phenotype Therefore,
classification of rare variants should be done following ACMG
recommendations and should be periodically reanalyzed, particularly
if classified as having an ambiguous role. A periodic update of previous
classification may help to clarify role of rare variants, helping to
clinicians to obtain genetic diagnosis and, if appropriate, adopt
preventive measures.

associated with the disease.
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Otros resultados no publicados.

Articulo 3. Resumen estructurado.

Cardiovascular involvement in pediatric Myotonic Muscular Dystrophy

type-1.

Introduccion

La distrofia miotonica tipo 1 es la distrofia muscular mas prevalente en adultos y,
en muchos casos, el diagnostico se establece ya en edad pediatrica. En adultos
existe un riesgo alto de muerte subita por arritmias potencialmente letales y el
riesgo esta bien definido, aunque la afectacion cardiovascular en pediatria esta

infraestimada y no existen guias clinicas especificas o recomendaciones.

Objetivos
Descripcidn del estado cardiovascular y la identificacion de predictores
potenciales de arritmias y muerte subita en una cohorte pediatrica con distrofia

miotdnica tipo 1.

Métodos

El estudio se basa en datos retrospectivos, desde 1998 hasta 2021, de una
cohorte pediatrica con distrofia miotdnica tipo 1, afadiendo una intervencion
prospectiva para valorar el estado cardiovascular mediante ecocardiografia,
electrocardiograma, Holter cardiaco 24h y, segun el caso, estudio
electrofisiolégico. Los pacientes se clasificaron segun si la distrofia miotonica fue
congeénita (primer mes de vida), infantil (desde el mes de vida hasta loa 10 afios)
o juvenil (de 11 a 20 afios).

Resultados

Se reclutdé datos clinicos pertenecientes a 40 pacientes de <18 anos al
diagnostico de distrofia miotonica tipo 1 (40% sexo femenino). El seguimiento
medio de la intervencidn prospectiva fue de 3.12 afos y la distribucion segun
subgrupos fue de un 30% forma congénita, 47.5% forma infantil y 22.5% forma

juvenil; 1 paciente tuvo criterios limitrofes para la forma congénita/infantil. Sélo
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fallecié un paciente en época neonatal debido a la prematuridad y a presentar
debilidad muscular importante por una forma congénita de la DM1. En cuanto a
los datos ecocardiograficos, no hubo diagnostico de miocardiopatia ni
insuficiencia cardiaca. Tan solo 4 pacientes tuvieron hallazgos menores
(hipertrabeculacién apical del ventriculo izquierdo, con fraccidon de eyeccion
conservada). Durante el seguimiento se destaca el hallazgo de bloqueo AV de
primer grado (7 pacientes mediante ECG y 5 pacientes mediante Holter ECG
24h). No hubo otros grados de bloqueo AV mas avanzados excepto bloqueo AV
de segundo grado tipo 1 en horas de descanso nocturno. Se encontraron
también otros hallazgos ECG: bloqueo incompleto de rama derecha (8
pacientes), bloqueo completo de rama derecha (1 paciente), desviacion del eje
de QRS (7 pacientes), bradicardia sinusal (7 pacientes), hipovoltaje del QRS (16
pacientes), elevacion del punto J (9 pacientes), QS en V1 (4 pacientes). La suma
de algunos de los hallazgos ECG descritos fueron encontradas en 18 pacientes.
Se detectaron arritmias ventriculares en 8 pacientes, uno de ellos con alta carga
de extrasistoles ventriculares y duplas ventriculares asociado a bloqueo AV de
primer grado, sin precisar colocacion de marcapasos ni desfibrilador después de
realizar un estudio electrofisiolégico. Ningun paciente tuvo sintomas
relacionados con los hallazgos ecocardiograficos o electrocardiograficos ni
tampoco hubo criterios de implante de marcapasos o desfibrilador.

Los datos clinicos y cardiovasculares no se pudieron correlacionar con el numero
de expansién de CTG, debido a que las copias fueron contabilizadas tan sélo en

algunos pacientes.

Conclusiones

En la cohorte estudiada de pacientes pediatricos con Distrofia miotonica tipo se
hallaron alteraciones electrocardiograficas, especialmente bloqueo AV de primer
grado y arritmias ventriculares, que podrian ser el sustrato potencial para que en
la etapa adulta presenten arritmias malignas o muerte subita. No hubo pacientes
que requirieran estimulacion con marcapasos ni criterios para implante de
desfibrilador. Un seguimiento exhaustivo a nivel cardiolégico en un equipo
multidisciplinar es clave para la deteccion de arritmias y determinar el riesgo que

presentan estos pacientes durante la infancia, aunque se necesitan mas estudios
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con mayor numero de pacientes para determinar si estos hallazgos son la base

de futuras complicaciones cardiovasculares en la etapa adulta joven.
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Cardiovascular involvement in pediatric Myotonic Muscular Dystrophy
type 1.

Sergi Cesar, Jose Cruzalegui, Andres Nascimento, Carlos Ignacio Ortez, Daniel Natera,
Laura Carrera, Jessica Exposito, Josep Brugada, Georgia Sarquella-Brugada

Abstract

Myotonic muscular dystrophy type 1 is the most prevalent neuromuscular dystrophy in
adults, and, in most cases, diagnosis is stablished during childhood. Adults are at high
risk of sudden death because of life-threatening arrhythmias and risk are well-defined,
but cardiovascular involvement is underestimated in pediatric population and there is
no specific cardiovascular guidelines or recommendations. This study focus on
cardiovascular involvement in a cohort of pediatric DM1 patients and to investigate

potential predictors of arrhythmias and sudden death.

Introduction

Myotonic muscular dystrophy type 1 (DM1) is the most prevalent inherited
neuromuscular disease in adult population with an estimated prevalence of 1:8000 (1,2).
Inherited pattern is characterized by autosomal-dominant expansion of CTG
trinucleotide repeat on chromosome 19q13.3 and anticipation in consecutive
generations associates earlier onset and increased severity. (3,4)

The main manifestations in this multisystemic disease are the neuromuscular symptoms
and includes progressive muscle weakness and myotonia, but other manifestations can
be expressed (ocular, gastrointestinal, central nervous, respiratory, endocrine, urinary
and cardiac).

The classification during the pediatric age is based on age of onset and clinical severity:
congenital (cDM1), infantile (iDM1) and juvenile (jDM1) forms. (5)

Mortality rate during neonatal period in cDM1 is very high and can reach up to 40%,
mainly due to respiratory disease secondary to severe global weakness. (6,7)

Cardiac manifestations are very frequent in adults diagnosed with DM1. Heart failure,
progressive conduction defects and ventricular arrhythmias can be related with sudden
cardiac death (SCD), that is estimated at 0.5%/year in adult population.(5) There is a lack

of information about cardiovascular involvement in children diagnosed with DM1 and
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there are no published specific pediatric guidelines. Last published recommendations
from the HRS expert consensus for cardiovascular evaluation are provided for both
pediatric and adult DM1 patients, but specific studies are needed evaluating the risk of

arrhythmias and SCD and to stablish predictors in pediatric population. (2,8)

Objective

The aim of this study is to describe the cardiovascular profile and to find predictors of
arrhythmias and sudden death of a cohort with genetically confirmed diagnosis of DM1,
based on retrospective data and a prospective intervention during 5 years with

echocardiography, electrocardiogram and 24h-holter monitoring.

Methods

A retrospective study with a prospective intervention in pediatric patients diagnosed
with DM1 was conducted in our national referral center for pediatric neuromuscular
disease. The patients were classified in congenital form (from birth to 1 month of age),
infantile form (iDM1, from 1 month to 10 years of age) and juvenile form (jDM1, from
11 years to 20 years of age). According to the age and severity, medical data, family
history, 12-lead ECG, transthoracic echocardiography, 24h ECG Holter monitoring and
electrophysiological study were performed. Data was reviewed retrospectively from
1998 to 2021, and the prospective data was performed until the transition to adult
hospital, the end of study period (maximum 6 years of follow-up in the prospective
period) or the end due to mortality.

The study was approved by the Ethics Committee of the Hospital Sant Joan de Déu

(Barcelona, Spain), following the Helsinki Il declaration.

Cardiac Imaging
Echocardiogram data were collected following the standard assessment of cardiac
dimensions and function. Normal left ventricular systolic function was defined as left

ventricular ejection fraction >55%. (9,10)
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Electrocardiographic analysis

12-lead ECG analysis was evaluated from retrospective data and from the last ECGs
during the interventional prospective period. Definitions of normality were based on
published data. (11,12) Arrhythmias and SDNN values were assessed from 24h-holter

ECG monitoring.

Statistics
Normally distributed data are presented as mean values [+ standard deviation (SD)] and
non-normally distributed data as a median [interquartile range (IQR)]. Categorical

variables are presented as number and percentages.

Results

Clinical data

A total of 40 patients <18 years of age (40% female, 60% male, mean age 11 (+5.52),
from 1998 to 2021, were included in the retrospective analysis. The interventional
prospective follow-up had a mean of 3.12 years (+1.9). Table 1 shows the clinical and
demographic characteristics of the cohort. From the overall cohort, the distribution of
the different forms of DM1 were as follows: 12 patients (30%) were cDM1 form, 19
patients (47.5%) were iDM1, 1 patient met borderline criteria ¢/iDM1 and 9 were jDM1
form (22.5%). During the follow-up, only two patients experimented cardiovascular
symptoms (dizziness) with no relation with cardiovascular involvement. In our cohort,
none of the patients included died suddenly. Only one patient died due to the global
severity of the disease in a cDM1 form in association to the extreme prematurity and

with the largest CTG expansion (2333) of the cohort.

Echocardiographic data

All alive patients showed preserved LV ejection fraction in the retrospective and
prospective analysis. Four patients showed LV apical hypertrabeculation, one of them
were a cDM1 patient with moderate trabeculation with criteria for LV non compaction
with preserved ejection fraction. Echocardiographic analysis, including functional
parameters and myocardial deformation, did not show abnormalities in pediatric age

during the follow-up. Other findings were bicuspid aortic valve in 1 patient, with no
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stenosis and no valvular insufficiency. No other cardiomyopathies and no other

congenital heart disease were found in the pediatric cohort.

Electrocardiographic data

Electrocardiographic features are described in the table 3. At last assessed ECG, 75% of
patients had different abnormalities in the ECG: 7 patients showed 1% degree AV block
(17.5%). No complete AV block were found. Incomplete right branch bundle block was a
frequent finding (8 patients, 20%), and only one patient had criteria for complete RBBB.
Other findings were: QRS axis deviation (left -3 patients-, right -3 patients-, superior -3
patients), sinus bradycardia in 7 patients (17.5%), low QRS voltage (V1, V6 and/or global
QRS low voltage in 16 patients -40%-), elevated J point in V2 and/or V3 in 9 patients
(22.5%), QS wave in V1 in 4 patients (10%). An accumulation of different ECG
abnormalities in the same patient were frequent (18 patients, 45%).

Table 4 summarizes data about 24h-Holter ECG monitoring. At least, 37 patients (92.5%)
had a 24h-Holter ECG monitoring during follow-up and about 72.9% had a second 24h-
Holter ECG monitoring during follow-up. Data are represented in the table 4. One patient
had isolated sinus pause during night rest, 5 patients showed 1t degree AV block non
previously described in the 12-lead ECG (12.5%), 2 patients had type | 2" degree AV
block during night rest (5%), 2 sinus bradycardia, and 8 patients (20%) had ventricular
extrasystoles (1 of them -patient 19- ventricular bigeminy and ventricular couplets and
1t degree AV block that required an EPS with no ICD or PM criteria). No other patients

met criteria for PM/ICD implantation neither EPS during follow-up.

Other systemic involvement

In the table 5 are represented the main systemic involvement and other findings in this
cohort. Cognitive delay, language delay and global developmental delay were frequent
(52.5%). Attention-deficit/hyperactivity disorder (ADHD) was diagnosed in 7 patients.
Autism Spectrum Disorder was diagnosed in 2 patients.

About respiratory involvement, all patients were functionally evaluated and 12 met
criteria for non-invasive ambulatory ventilation (N1V) during follow-up (5 cDM1, 10iDM1

and 1jDM1). In some cases, NIV treatment was discontinued because of inadaptability.
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Three patients with cDM1 form had dysphagia but with no percutaneous endoscopic
gastrostomy was required.

Considering tendon retractions, Achilles tendon retraction was a frequent finding (6
patients, 2 cDM1 and 3 iDM1).

Ophthalmological evaluation was performed in all patients as routine evaluation, found

cataract in 3 male patients (2 with cDM1 form and 1 with iDM1 form).

Genetics

CTG expansion were pathological in all cases, but only numerically calculated or available
in 57.5% of the cohort. The 4 patients with apical LV hypertrabeculation showed 1250,
400 and 1000 CTG repeat length but only 1 of them with moderate apical trabeculation
showed abnormalities in the ECG (low QRS voltage in V1 and V6 leads and deep R wave
in V3 lead).

Inheritance was maternal in 26 cases (65%) and 14 was paternal (35%).

Discussion

Myotonic muscular dystrophy is classically related with arrhythmias and cardiomyopathy
during adulthood. (13) Cardiac involvement may present as asymptomatic ECG
abnormalities and symptomatic arrhythmias due to sinus-node dysfunction, heart block,
atrial and ventricular arrhythmias. (2,13) In addition to arrhythmias and heart failure,
progressive respiratory failure is a mechanism of death. (2,14) There is a lack about
evidence and recommendations in pediatric population. Recently, Brunet et al published
a retrospective study of 65 cDM1 patients highlighting that 3 deaths were defined as
sudden death but no major ECG abnormalities or arrythmias and no classic risk ECG
criteria were detected in these patients. (7)

The pathophysiology of DM1 relies on a toxic RNA gain of function and CTG repeats are
retained in the nuclei and cause alternative splicing deregulation of a subset of pre-
MRNAs. This mechanism of abnormal splicing on SCN5A gene has been identified as a
contributor of arrhythmias in this population. (2) Moreover, previous studies have
demonstrated that the larger CTG amplification size the higher prevalence of cardiac

manifestations, but arrhythmias are not only exclusive in patients with larger CTG
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repeats. (2,15,16) We cannot evaluate the real impact of CTG expansion on cardiac
involvement or ECG features in our cohort, due to the small size and the lack of data
about exact expansion since in the oldest genetic evaluations CTG repeats were not

systematically calculated.

Cardiomyopathy

The onset of cardiomyopathy during childhood is extremely rare. Previous published
series did not identify any patient with cardiomyopathy. (7,17) We found mild apical LV
hypertrabeculation in 3 patients and 1 one moderate hypertrabeculation with borderline
criteria for non-compaction cardiomyopathy with preserved ejection fraction.
Echocardiographic analysis and myocardial deformation did not show abnormalities
during follow-up. Probably, those patients with structural cardiomyopathy or
echocardiographic abnormalities will be present during adulthood. Other findings were
patent foramen ovale (2 patients) and bicuspid aortic valve (1 patient). We did not find
any other cardiac findings like in previous published series: patent ductus arteriosus,
aortic root dilatation, ventricular septal defect, mitral valve prolapse and hypertrophic

cardiomyopathy. (7)

ECG findings, conduction defects and arrhythmias

Previous pediatric series described more cardiac arrhythmias in cDM1. Ho et al.
published that only 1 cDM1 patient required an intervention because of atrial fibrillation
during pediatric age. (17) Other series did not document supraventricular or ventricular
arrhythmias during childhood. (7) Last published expert consensus describes that atrial
arrhythmias and ventricular tachycardia, sometimes exercise-induced, can be present in
pediatric patients after 10 years of age but no complete AV block have been
described.(2,18)

In our cohort, 75% of patients had different ECG findings classically considered minor or
clinically in general population but that become in future predictors for SCD in
adulthood.

The most frequent conduction defect found in our cohort was asymptomatic 1%t degree
AV block (12 patients, 30%) diagnosed with 12-lead ECG and 24h-Holter ECG monitoring,

that is congruent with a recent pediatric series of cDM1 but, interestingly, we detected
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this conduction defect in both cDM1 (3 patients) and iDM1 (9 patients) forms. (7) Other
series did not find this rate about conduction defects, or it was considered as a minor
finding with no numerical estimation within the cohort. (17,19) Early onset conduction
defects during childhood could be in relation with more severe phenotype during
adulthood, but further studies including natural history from infancy are needed.
Within the other ECG findings described in our cohort, low QRS voltage have been
described in other cohorts suggesting that could be related with more severity and
mortality in ¢cDM1 form. (7) This global low QRS voltage have been related to an
increased risk of mortality in other diseases such as amyloidosis or in patients with
apparently no cardiovascular disease. (20,21)

QRS axis deviation could be related to chest deformities and respiratory treatment with
NIV, but it should be assessed in further studies in a largest cohort.

Ventricular arrhythmias were found in 8 asymptomatic patients, 1 of them with frequent
ventricular ectopy (ventricular bigeminy, ventricular couplets) associated to 1% degree
AV block that required an EPS but with no criteria for ICD implantation.

There is no pediatric data about the electrophysiological data related to an increased
risk for complete AV block and sudden death. An increased risk of complete AV block
and sudden death have been described in adult population with an HV interval > 70ms

and a prolongation of HV interval of 1.2ms/year when serial EPS were done. (2,22,23)

Sudden death

Predictors of SCD in adults have been published (PR =2 240ms, QRS = 120, QTc = 450ms),
as well other arrhythmias like complete AV block, asystole, and ventricular arrhythmias.
(13,24). There is no information about the risk of SCD in patients with mild-to-moderate
AV conduction impairment (PR 200-240ms and QRS 100-120ms). (2) These last values
are, frequently, found in pediatric patients as we described in our cohort. Sudden death
was no present in our cohort during pediatric age. Death in patient 28 was related with
the severity of the disease in a cDM1 form in association with extreme prematurity,
sepsis, and respiratory complications. Pediatric published series highlighted a rate of
6.1% of unexplained deaths within cDM1 patients, and 1 patient with symptomatic AV

conduction disease. (7)We did not find mortality in relation with cardiac involvement in
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our cohort, but these previous series suggest that these patients, probably cDM1 and

iDM1 forms, are a higher risk of SCD during childhood.

Systemic involvement: extracardiac features

Cognitive delay and global developmental delay are frequent features in DM1
population, especially in those congenital and infantile forms. Motor symptoms and
delayed milestones are frequent and respiratory evaluation is mandatory for investigate
the necessity of ventilation. Other frequent extracardiac features are gastrointestinal
(fecal incontinence, constipation, dysphagia), urinary incontinence and cataracts.
Behavior and learning difficulties are very frequent and in some cases are related with
attention-deficit hyperactivity disorder (ADHD). In our series 7 patients met criteria for
ADHD (1 cDM1, 3 iDM1 and 3 jDM1). Neuropsychological evaluation is needed to
evaluate cognitive strengths and weaknesses, including global intellectual ability,
executive functions, social cognition, visuomotor and visuospatial ability, language

abilities, daytime sleepiness and learning disabilities. (17,25)

Follow-up during childhood

As published in previous recommendations (24) and in the last expert consensus (2),
coordinated care of patients with DM1 is needed to assess neurological, cardiac,
ophthalmologic, endocrine, gastrointestinal, and other specialties according to
phenotypic manifestations. About cardiac evaluation, ECG, Holter ECG monitoring and
cardiac imaging is needed during follow-up even in the absence of cardiac symptoms.
Close monitoring for arrhythmic complications should be perform when there is a
treatment with a sodium channel blocker because of the increasing loss of function of
the cardiac sodium channel. EPS is indicated when there are symptoms of bradycardia
with mild-to-moderate conduction disorder in the ECG and/or symptoms suggestive of
ventricular tachycardia, to assess the risk of AV block, sustained arrhythmias and sudden

cardiac death.
Conclusions

In our cohort, children with DM1 had high yield of ECG cardiac abnormalities, especially

1%t AV block and ventricular arrhythmias, that could be potential basis on future life-
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threatening arrhythmias and sudden cardiac death in adulthood. In our series, death was

presentin only 1 patient in relation with prematurity with a severe congenital phenotype

DM1 and no patients required a PM or an ICD. Comprehensive cardiac follow-up from

the diagnosis or suspected diagnosis, in a multidisciplinary team, is key to assess patients

with DM1. Further studies are needed to clarify the role of the ECG abnormalities found

in children and the probable relation to higher risk in adulthood.
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Table 1. Clinical and demographic data

Age at
Age at first (af<] Echo-
Patient DM1 enetic Gend Follow-uj v
g symptoms | Death | expansi | Inheritance | NIV Age (inclusion) D PM/ICD | Cardiomyopathy | cardiographic | Cataract
D form diagnosis er (years) Symptoms
(months or years) on analysis
(years)
1 iDM1 NA 12y0 N NA maternal v 18 3 N N N Normal N
2 DML NA <1month N 1250 | maternal N M 6 5 N N | Moderateapical W o N
hypertrabeculation
paternal
3 cOM1 NA <1month N 1667 (exitus, N M 5 5 N N N Normal Y
arrhythmia)
4 jom1 5 Asymptomatic N 135 paternal N F 7 3 N N N Normal N
5 M1 9 Asymptomatic N 123 paternal N F 12 6 N N N Normal N
6 iDM1 5 NA N NA paternal N 20 2 N N N Normal Y
7 iDM1 10 NA N NA paternal N M 17 1 N N N Normal N
8 jom1 NA 12y0 N NA paternal N F 16 2 Dizziness N N Normal N
(18y0)
9 jom1 NA Asymptomatic N NA paternal N F 17 1 N N N Normal N
10 ibm1 NA 3yo (motor N NA maternal v M 1 3 N N N Normal N
1 DM1 NA <imonth N NA maternal Y M 10 5 N N Mild apical LV Normal N
hypertrabeculation
12 | om 1 <1month N NA maternal v M 17 1 N N N Normal N
13| om1 1 <1month N 1000 | maternal v M 1 6 N N N Normal N
14 iDM1 1 NA N 97 maternal v F 7 4 N N N Normal N
15 iDM1 NA NA N NA maternal N F 18 1 N N N Normal N
16 iDM1 NA NA N NA maternal v F 10 5 N N N Normal N
17 iDM1 12 NA N 333 paternal N M 16 4 N N N Normal N
18 iDM1 NA NA N NA maternal v M 12 5 N N N Normal N
19 iDM1 NA 8y0 N NA maternal N M 17 4 N N N Normal N
20 | omi NA <1month N NA maternal N F 19 1 N N N Normal N
21 iDM1 NA NA N 300 | maternal N F 1 6 N N N Normal N
12
2 iDM1 NA NA N 600 | maternal v F 13 6 N N N Normal N
23 iDM1 3 6y0 N 667 | maternal v M 7 6 N N N Normal N
2 iDM1 NA NA N NA paternal v M 16 3 N N N Normal N
25 | oML NA <1month N NA maternal N M 14 1 N N N Normal Y
26 M1 NA Asymptomatic N 600 paternal N M 1 3 N N N Normal N
27 | jom1 15 13y0 N 500 | paternal N F 16 3 N N N Normal N
Y
(prematuri
ty,
28 M1 | Atbirth <imonth Y 2333 | maternal NA F 0.1 NAexitus | Weakness |y, N Normal N
respirator
v
insufficien
cy)
29 | M1 | Atbirth <1month N 400 | maternal N M 4 1 N N Mild apical LY Normal N
hypertrabeculation
30 | i/jiDM1 | Prenatal | Asymptomatic N 115 | maternal N F 3 1 N N N Normal N
31 iDM1 5 5y0 N 1600 maternal N F 8 6 N N N Normal N
(exitus)
32 | M1 | Atbirth <1month N 2000 | maternal v M 2 1 N N N Normal N
33 | M1 | Prenatal <1month N 1733 | maternal v M 2 1 N N N Normal N
3¢ | jomi 1 14y0 N 600 | paternal N F 14 3 N N N Normal N
35 ibM1 15 15y0 N 1300 | maternal v M 5 6 N N N Normal N
36 iDM1 8 8yo N 1000 maternal Y M 14 2 N N Mild apical LV Normal N
hypertrabeculation
37 | M1 | 3months <1month N 1333 | maternal N M 01 2 N N N Normal N
38 iDM1 7 Sy0 N NA maternal N F 1 1 N N N Normal N
S
39 iDM1 13 asymptomatic N 333 paternal N M 13 2 ('izs';;“ N N Normal N
40 jbmM1 12 16 N 500 paternal Y M 11 1 N N N Normal N

cDML: congenital myot

onic muscular dystrophy type

CV: cardi

5 1CD:

1.iDM: infantile myotonic muscular dystrophy type 1. JDM1: juvenile myotonic muscular dystrophy type 1.
: cardiac defibrillator.
NA: not available/not applicable; Y: Yes; N: No; M: male; F: female. LV: left ventricle.
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5 OM1 Moderate apical Ly h\'/pertrab.eculatlon. N
Preserved ejection fraction.
9 jDM1 N Bicuspid Aortic Valve
11 iDM1 Mild apical LV hypertrabeculation N
27 jDM1 N Patent foramen ovale
29 cDM1 Mild apical LV hypertrabeculation N
34 jDM1 N Patent foramen ovale
36 iDM1 Mild apical LV hypertrabeculation N

cDM1: congenital myotonic muscular dystrophy type 1. iDM1: infantile myotonic muscular dystrophy type 1. jDM1: juvenile
myotonic muscular dystrophy type 1.
N: No; LV: left ventricle

14

109




Table 3. Electrocardiographic features

a )
Heart CG analysis
Patient ID | DM1 form Rhythm rate . QRS
(bpm) L :':I:)r et interval QRS axis (°) cg:z :';ls' Repolarization Global ECG abnormalities
(ms)
- ) Early 1st degree AV block, elevated J point in V2, low QRS voltage in V1
1 DM1 2 2 401
i Sinus 60 00 EY 9 0: repolarization
2 OM1 Sinus 130 160 20 150 390 N Low QRS voltage in V1 and V6, deep R wave in V2-V3
3 <DM1 Sinus 110 160 80 155 416 Asymmetric T IRBBB, global Low QRS voltage
wave
4 jpm1 Sinus 80 120 40 60 412 N NA
5 jomy | Sinuslow | gy 110 60 20 420 N NA
atrial
6 iDM1 Sinus 75 190 80 8 353 N Elevated J point in V2, 1st degree AV block
. . Sinus bradycardia, elevated J point in V2, 1st degree AV block, Low QRS
7 iDM1 Sinus 70 180 80 E 360 N voltage inV1
8 jpm1 Sinus EY 120 60 85 424 N NA
9 jbmM1 Sinus 60 140 60 60 404 N Sinus bradycardia
10 iDM1 S‘"a':ic‘l’w 50 140 60 -10 378 N Sinus bradycardia
11 cDM1 Sinus 105 140 80 80 435 N Elevated J point in V2, deep R wave in V2 and V3
12 M1 Sinus EY 160 40 90 360 N NA
13 omy | Snuslow | o0 120 80 %0 420 N NA
atrial
14 iDM1 Sinus 75 150 20 68 410 Early Global Low QRS voltage, QS in V1, 1st degree AV block
repolarization
15 iDM1 Sinus. 60 204 90 60 420 N QS in V1, Global low QRS voltage, sinus bradycardia, 1st degree AV block
16 iDM1 Sinus 100 140 90 100 400 N NA
17 iDM1 Sinus 60 180 88 53 380 N Elevated J point in V2 and V3
18 iDM1 Sinus 90 140 80 20 440 N Deep R wave in V2
19 iDM1 Sinus. 72 206 90 69 405 N Elevated J point in V2 and V3, Low voltage in V1, 1st degree AV block
20 M1 Sinus 53 186 92 43 224 N QS in V1, Global low QRS voltage, sinus bradycardia
21 iDM1 Sinus 83 130 80 87 430 N IRBEE
15
22 iDM1 Sinus 40 160 100 180 400 N IRBBB, Sinus bradycardia, low voltage in V1
23 iDM1 Sinus 68 140 100 60 400 N IRBBB
2 DML Sinus/low n 152 110 76 432 N Elevated J point in V2 and V3
atrial
25 cDOM1 Sinus 100 149 82 70 422 N Qs wave in V1
26 jom1 Sinus 65 146 84 80 401 N NA
27 jpM1 Sinus 73 176 114 6 450 N QRS fragmentation, Low QRS voltage in V1
28 DM1 Sinus NA NA NA NA NA NA NA (exitus)
29 M1 Sinus 131 126 78 78 451 N NA
30 i/ipm1 Sinus 87 100 68 81 406 N Short PR interval
31 iDM1 Sinus %0 160 84 o5 450 N Borderline PR interval, Low QRS voltage in V1
32 cDM1 Sinus 127 134 70 85 441 N IRBBB, Low QRS voltage in V1 and V2
33 OM1 Sinus 140 116 78 106 240 N IRBBB, low QRS voltage in V1 and V6, hypervoltage R and S waves in V4
34 jDM1 Sinus 71 128 90 81 430 N NA
35 iDM1 Sinus 92 132 84 74 403 N Low QRS voltage in V1 and V6
36 iDM1 Sinus 85 166 98 83 433 Farly J Point elevation in V2
repolarization
37 cDM1 Sinus. 87 136 100 -100 438 N CRBBB, intraventricular conduction delay
38 iDM1 Sinus 82 168 94 63 432 N IRBBB, Low QRS voltage V1 and V2
39 iDM1 Sinus. 44 230 104 87 374 N Sinus bradycardia, IRBBB, 1st degree AV block
40 joM1 sinus 81 140 108 23 240 N Short PR interval, elevated J point in V2 and V3

cDM1: congenital myotonic muscular dystrophy type 1. iDM1: infantile myotonic muscular dystrophy type 1. jDM1: juvenile myotonic muscular dystrophy type 1.
NA: not available/not applicable; Y: Yes; N: No
IRBBB: incomplete right bundle branch block; CRBBB: complete right bundle branch block
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Table 4. 24h-Holter ECG monitoring features

Patient ID

First 24h-Holter ECG monitoring

Last 24h-Holter ECG monitoring

DM1 form

(yti:s) Ventricular arrhythmia Atria and AV conduction (y:i:s) Ventricular arrhythmia Atrial and AV conduction
1 iDM1 18 N Type | 2nd degree AV Block 21 N N
2 cbM1 8 N N 13 N N
3 cDM1 5 N 1st degree AV Block 10 Ventricular extrasystoles 1st degree AV block
4 jbM1 8 N N 11 N N
5 jbmM1 11 N N 17 N N
6 iDM1 21 N N 23 Ventricular extrasystoles N
7 iDM1 16 N Type | 2nd degree AV Block NA NA NA
8 jbM1 15 N N 17 N N
9 jbomM1 17 N N NA NA NA
10 iDM1 14 N N 17 N 1st degree AV block
11 cDM1 10 N N 15 N 1st degree AV block
12 cDM1 17 N N NA NA NA
13 cbmM1 12 N N 18 N N
14 iDM1 8 N N 12 N N
15 iDM1 18 N 1st degree AV Block NA NA NA
16 iDM1 10 N N 15 N N
17 iDM1 16 N Type | 2nd degree AV Block 20 N N
18 iDM1 12 N N 17 Ventricular extrasystoles N
19 iDM1 17 Ventricular bigeminy 1st degree AV block 21 Ventricular couplets N
20 cDM1 19 N 1st degree AV block NA NA NA
21 iDM1 11 N N 17 N 1st degree AV block
22 iDM1 14 N Sinus bradycardia 20 N Sinus bradycardia
23 iDM1 7 N N 13 N N
17
24 iDM1 18 N N 21 N N
25 cDM1 14 N N NA NA NA
26 jbmM1 11 N N 14 N N
27 jDM1 16 N Sinus pause 19 N N
28 cDM1 NA NA NA NA NA NA
29 cDM1 NA NA NA NA NA NA
30 i/ibM1 3 N N NA NA NA
31 iDM1 8 N N 15 N N
32 cDM1 2 N N 3 N N
33 cbDM1 2 N N NA NA NA
34 jbmM1 15 N N 18 N N
35 iDM1 5 N N 12 Ventricular extrasystoles Atrial extrasystoles
36 iDM1 14 N N 16 N N
37 cDM1 NA NA NA NA NA NA
38 iDM1 12 N N NA NA NA
39 iDM1 15 N 1st degree AV block 17 N 1st degree AV block, sinus bradycardia
40 jbM1 13 N Atrial extrasystoles NA NA NA
NA: not available/not applicable; Y: Yes; N: No
cDM1: congenital myotonic muscular dystrophy type 1. iDM1: infantile myotonic muscular dystrophy type 1. jDM1: juvenile myotonic muscular dystrophy type 1.
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Table 5. Other systemic involvement

Pa::)ent flllr/:'l‘ di‘:;::iie(ry‘:::s) Ag:“a:':'i:: :rvymeI::;“S Exitus NIV Cataracts Other involvement
1 iDM1 NA 12yo N Y N Cogpnitive delay, Mild Achilles tendon retraction
2 cDM1 NA <Imonth N N Cognitive delay, Bilateral cryptorchidism
R oMt A <imonth N N v Global developmental delay, Inguinal hernia, Cryptorchidism, Bilateral Achilles tendon
retraction
4 jom1 5 Asymptomatic N N N N
5 jbM1 9 Asymptomatic N N N Mild sleep apnea-hypopnea syndrome
6 iDM1 5 NA N N Y Cognitive delay
7 iDM1 10 NA N N N Cognitive delay
8 jbM1 NA 12y0 N N N ADHD
9 jomM1 NA Asymptomatic N N N Bicuspid Aortic Valve
10 iDM1 NA 3yo (motor symptoms) N Y N Global developmental delay, Achilles tendon retraction
11 cDM1 NA <lmonth N Y N Global developmental delay, Achilles tendon retraction
12 cOM1 1 <lmonth N Y N Global developmental delay, Inguinal hernia
13 cbM1 1 <1month N Y N Global developmental delay, Achilles tendon retraction
14 iDM1 1 NA N Y N Cognitive delay, Scoliosis
15 iDM1 NA NA N N N Cognitive delay, scoliosis, elbow retraction, Achilles retraction
16 iDM1 NA NA N Y N Cognitive delay
17 iDM1 12 NA N N N ADHD
18 iDM1 NA NA N Y N Cognitive delay, Scoliosis
19 iDM1 NA 8yo N N N Cognitive delay, Scoliosis
20 cOM1 NA <lmonth N N N ADHD
21 iDM1 NA NA N N N Dysphagia
22 iDM1 NA NA N Y N ADHD
23 iDM1 3 6y0 N Y N Autism Spectrum disorder
24 iDM1 NA NA N Y N Cognitive delay
19
25 cDM1 NA <1month N N Y Global developmental delay, Autism Spectrum Disorder, Encopresis
26 jomM1 NA Asymptomatic N N N ADHD
27 jom1 15 13yo N N N Patent foramen ovale, ADHD
28 cDM1 At birth <1month Y NA N Extreme prematurity
29 cDM1 At birth <lmonth N N N NA
30 i/ipM1 Prenatal Asymptomatic N N N NA
31 iDM1 5 5y0 N N N Cognitive delay, Thyroglossal duct cyst, Von Willebrand disease, Scoliosis
32 cDM1 At birth <1month N Y N Cognitive delay, dysphagia
33 cDM1 Prenatal <imonth N Y N Diaphragmatic paralysis
34 jomM1 14 14yo N N N Patent foramen ovale
35 iDM1 1.5y0 1.5y0 N Y N Cognitive delay, Celiac disease
36 iDM1 8 8yo N Y N Cognitive delay
37 cDM1 3m <imonth N N N Global developmental delay, dysphagia
38 iDM1 7yo0 Syo N N N Cognitive delay
39 ibM1 13 Asymptomatic N N N ADHD
40 jom1 12 16 N Y N NA
cDM!1: congenital myotonic muscular dystrophy type 1. iDM1: infantile myotonic muscular dystrophy type 1. JDM1: juvenile myotonic muscular dystrophy type 1.
NA: not available/not applicable; Y: Yes; N: No
ADHD: attention-deficit/hyperactivity disorder. NIV:
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Otros resultados no publicados.

Articulo 4. Resumen estructurado. Resultados no publicados.

Cardiac characterization of pediatric Duchenne muscular Dystrophy:
finding predictors of arrhythmias and sudden death

Introduccion

La distrofia muscular de Duchenne (DMD) es la miopatia mas frecuente en nifios.
Es una enfermedad muscular progresiva ya presente en etapas precoces de la
infancia. Presenta complicaciones musculoesqueléticas, respiratorias y
cardiacas ya incluso durante la etapa de la infancia y adolescencia. La
miocardiopatia dilatada con diferentes grados de insuficiencia cardiaca puede
manifestarse también en la infancia. Las arritmias y muerte subita también han
sido descritas en esta poblacion. Globalmente, la afectacion cardiovascular en
pediatria esta infraestudiada, a pesar de existir guias internacionales sobre el
tipo de seguimiento que debe realizarse por cada una de las disciplinas.

Objetivos
Descripcidn del estado cardiovascular y la identificacion de predictores
potenciales de arritmias y muerte subita en una cohorte pediatrica con distrofia

muscular de Duchenne.

Métodos

El estudio se basa en datos retrospectivos de una cohorte pediatrica
diagnosticada genéticamente de Distrofia muscular de Duchenne, afiadiendo
una intervencion prospectiva para valorar el estado cardiovascular, al inicio y al
final del seguimiento, mediante ecocardiografia con parametros basicos y
avanzados incluyendo strain miocardico, RM cardiaca con contraste segun
practica habitual, electrocardiograma, Holter cardiaco 24h, y, si precisa segun

guias de practica clinica habitual, estudio electrofisiolégico.
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Resultados

Se reclutd datos clinicos pertenecientes a 40 pacientes de <18 afios con
diagnostico genéticamente confirmado de DMD. El seguimiento medio fue de
4.11 anos (x1.24). Los fenotipos fueron la mayoria de DMD (90%), siendo los
restantes fenotipos intermedios DMB/D (3 pacientes) y 1 caso de distrofia
muscular de Becker. La mayoria de los pacientes no tuvieron sintomas
cardiovasculares, tan solo 4 pacientes con palpitaciones y no hubo pacientes con
otros sintomas como sincope, a pesar de haber diferentes grados de severidad
de insuficiencia cardiaca crénica. Soélo falleci6 un paciente durante el
seguimiento, debido a insuficiencia cardiaca rapidamente progresiva pasando de
leve a terminal en unos 18 meses sin detectar arritmias en este periodo. No hubo
casos de muerte subita en esta cohorte durante el seguimiento.

De los datos electrocardiograficos y de arritmias, todos los pacientes tenian
alteraciones del ECG al inicio del seguimiento, tipicas de la enfermedad. Siete
pacientes (17.5%) tuvieron arritmias auriculares y/o ventriculares, pero éstas
fueron aisladas y no se correlacionaron con fibrosis en las RM cardiacas (sélo 1
de los casos en el que habia combinacion de extrasistoles auriculares aisladas
y ventriculares aisladas). Tan solo un paciente tuvo una taquicardia auricular
ablacionada y en otro caso, sin fibrosis y sin datos de insuficiencia cardiaca,
mostré fibrilacion auricular que también tuvo que ser ablacionada dada la
refractariedad al tratamiento farmacologico.

En cuanto a los datos ecocardiograficos, el 42.5% de los pacientes tuvo criterios
de miocardiopatia dilatada con diferentes grados de disfuncién ventricular. De
forma significativa (p<0.0001), la fraccion de eyeccion del ventriculo izquierdo
(LVEF o FEVI) y el strain miocardico del ventriculo izquierdo (GLS apical 4
camaras) se vieron reducidos comparando los valores al inicio y al final de la
intervencidn de seguimiento. Ademas, algunos de los pacientes ya tenian el GLS
apical 4 camaras alterado al inicio del seguimiento a pesar de mantener valores
conservados de FEVI. En este grupo se hallaba el paciente que fallecié por
insuficiencia cardiaca rapidamente progresiva.

El 55% tuvo una RM cardiaca con contraste durante el seguimiento, realizada
con una media de 14.9 afos (SD%2.12). Se detectd que las regiones mas
frecuentemente afectadas por fibrosis fueron las basales inferior, inferolateral y
anterolateral, y la medio-ventricular inferolateral, anterolateral y apical lateral. El

114



paciente 9 fue el que tenia extrasistoles auriculares y ventriculares aisladas y
tenia fibrosis en la RM cardiaca, no encontrando fibrosis en el resto de pacientes
con las arritmias descritas.

En cuanto a la genética, el tipo de mutaciones en el gen DMD mas
frecuentemente detectadas en nuestra cohorte fueron las deleciones de exones
(13/40, deleciones tipo frame-shift (12/40) y las mutaciones puntuales tipo
nonsense (9/40), concordante con la literatura. El paciente 9 que tenia fibrosis
miocardica y las extrasistoles auriculares y ventriculares tenia una delecion tipo
frame-shift en el exén 7. En cuanto al tipo de mutaciones de los pacientes que
ya tenian un valor bajo de GLS apical 4 camaras al inicio del seguimiento, con
FEVI preservada, se encontraron: delecion frame-shift de los exones 3-11 (2
pacientes, hermanos), mutacidn nonsense del exdén 8 (1 paciente), delecion
inframe de los exones 22-44 (1 paciente), delecion de los exones 49-50 (1
paciente), delecion frame-shift del exdn 44 (1 paciente) y mutacion nonsense del
exén 51 (1 paciente).

Correlacionando la fibrosis y el tipo de mutacién, el tipo de mutaciones mas
frecuentemente relacionadas con fibrosis en la cohorte estudiada fueron las
deleciones tipo frame-shift (5 pacientes), las mutaciones nonsense (3 pacientes),

la delecion de exones (2 pacientes) y 1 paciente con delecion inframe.

Conclusiones

Durante el tiempo de seguimiento en la cohorte pediatrica estudiada con DMD
no se han encontrado ni arritmias potencialmente malignas ni muerte subita, por
lo que no se ha podido correlacionar ningun predictor para poder establecer
medidas preventivas. Estos hallazgos no son sorprendentes, pues en otras
publicaciones se ha reportado que, en edad pediatrica, la tasa de arritmias
potencialmente letales y la muerte subita son eventos raros, especialmente con
la mejoria del tratamiento global del paciente neuromuscular ya en fases iniciales
de la enfermedad.

Se ha podido demostrar que la funcion cardiaca se afecta rapidamente ya
durante la adolescencia, e incluso algunos pacientes ya demostraban tener al
inicio del seguimiento valores bajos de GLS apical 4 camaras a pesar de
mantener una FEVI preservada. Estos pacientes con valores precozmente bajos
de GLS apical 4 camaras estarian a mayor riesgo durante la adolescencia y seria
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una oportunidad poder implementar medidas de mejora del seguimiento para
poder optimizar el tratamiento farmacologico.

Se propone enfocar el seguimiento en detectar de forma precoz alteraciones de
la funcién cardiaca, en la fibrosis y en los pacientes que manifiesten algun
sintoma cardiovascular incluso aquellos que puedan ser atipicos. Esto permitira
detectar a los pacientes que puedan tener mas eventos inesperados de arritmias
potencialmente letales o muerte subita, como pueden ser los pacientes con
disfuncion cardiaca moderada a severa y los pacientes con fibrosis transmural.
Una evaluacion exhaustiva por un cardidlogo pediatrico especialista en
miocardiopatias y analisis ecocardiografico y que esté en un equipo
multidisciplinar del paciente neuromuscular es clave para establecer protocolo
de manejo especificos en este tipo de pacientes tan vulnerables y que presentan
sintomas atipicos o que estan asintomaticos a pesar de estar en fases

avanzadas de insuficiencia cardiaca.
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Cardiac characterization of pediatric Duchenne muscular Dystrophy:

finding predictors of arrhythmias and sudden death
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Andres Nascimento, Carlos Ignacio Ortez, Daniel Natera, Laura Carrera, Jessica

Exposito, Josep Brugada, Georgia Sarquella-Brugada

Abstract

Duchenne muscular dystrophy (DMD) is the most frequent myopathy in children.
Progressive muscular weakness is present in early childhood, with the
subsequent musculoskeletal, respiratory and cardiac complications.
Cardiovascular complications are a leading cause of morbidity and mortality. The
signs and symptom of heart failure in DMD children are frequently subtle and
overlooked. Dilated cardiomyopathy related to DMD is the most frequent cardiac
phenotype, with different heart failure degrees over time and can be studied by
basic and advanced echocardiography and cardiac deformation with myocardial
strain that can be affected earlier than other parameters. Life threatening
arrhythmia and sudden death are described in DMD population, probably
underestimated and often are unpredictable events. Myocardial fibrosis can be
detected early using Gadolinium in the magnetic resonance imaging and could
help to detect those cases that can manifest heart failure during childhood.

The aim of this study was to describe cardiovascular profile of a cohort of 40
patients diagnosed with DMD, following them about 4 years and comparing
demographic, clinical, imaging and electrocardiographic data at enroliment and
at final follow-up in order to find predictors of arrhythmias and sudden death.

No life-threatening arrhythmias and no sudden death were detected in our cohort
during the follow-up. One patient died because of end-stage heart failure,
showing fibrosis and low values of GLS at enrollment. Imaging data showed
overall worsening of left ventricular function over time, and in some cases 4-
chamber global longitudinal strain was low at enrollment despite preserved left
ventricular ejection fraction. According to other published papers about DMD in
children, we propose focusing on imaging tests to detect earlier cardiac

dysfunction that would allow optimize medical treatment since, according with
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previous literature, transmural fibrosis and moderate-to-severe cardiac
dysfunction are the most frequent findings related with life-threatening

arrhythmias and sudden death.

Introduction

Duchenne muscular dystrophy (DMD) is an X-linked recessive disorder, with an
incidence 1:3500-6300 male births.(1-3) A mutation in DMD gene is the
responsible of marked reduction or absence in the dystrophin.(4) DMD, as well
other dystrophinopathies, are characterized by variable degrees of skeletal and
cardiac muscle impairment. (2) Cellular damage is present in both skeletal and
cardiac muscles because of a lack of structural support of the myocyte and
sarcolemmal membrane and in the T-tubular membranes of myocytes, leading to
progressive replacement by fibrofatty tissue. (5)

Loss of ambulatory capacity, decline of respiratory and cardiac functions are the
most important features of DMD patients. The onset of muscle weakness is early
around 4-7 years old, and the progression is characterized by non-ambulatory
phase around 13 years old. (6,7) Respiratory care has changed the prognosis
and prolonged survival with the use, when applied, of non-invasive home
ventilators. (7)

Dilated cardiomyopathy (DCM), arrhythmias, and congestive heart failure (HF)
are the most important life-threatening conditions in DMD.(1,2,7-9) DMD-DCM is
characterized by thinner left ventricle wall and progressive left ventricular (LV)
dilatation, because of the progressive loose of myocytes.(1,9) Apoptosis and
fibrotic substitution and scarring that proceeds from the epicardium to the
endocardium are typically found behind the posterior and mitral valve
apparatus.(1) Heart failure remains asymptomatic for many years because
oxygen consumptions are severely diminished by muscle weakness. Mortality
rate for DMD patients with cardiomyopathy is worse than Becker muscular
dystrophy. (7,10)

As published in the current guidelines for cardiovascular evaluation, early during
infancy, is recommended to detect early onset and progression of the DCM. (7)

Serum biomarkers can be useful to characterize HF and to assess function status
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in adult and pediatric patients.(11) Troponin are known to be associated to the
extension of myocardial damage but there are conflicting results about the
diagnostic and prognostic implications in these patients.(11)

Echocardiography is recommended to evaluate dimensions and function. LV
dysfunction is defined by left ventricular ejection fraction (LVEF) < 55% and a
fractional shortening <28%. Diastolic function can be assessed by transmitral flow
(increased mitral A-wave velocity and lower E/A ratio), lateral TDI (lower E wave
velocities).(12,13) Speckle tracking myocardial deformation, showing low global
longitudinal strain (GLS) values, can be useful to evaluate subclinical LV
dysfunction before the onset of LVEF reduction.(14) Inferolateral and antero-
lateral mid-basal segments are the regions with lower values of strain. (15)
Circumferential global myocardial strain has been detected more impaired in
DMD. (16) Speckle tracking analysis is limited by the poor image quality of these
patients (13,17), but myocardial strain could be useful to detect impairment
despite normal or mildly altered ejection fraction using a non-invasive method
with no contrast and taking a key role during the pediatric age. (15)

RV function is often preserved probably because the reduced overload and the
respiratory improving management.(1,18)

Cardiac magnetic resonance imaging (cMRI) is assuming and increasingly
important role, to analyze cardiac dimensions, function and myocardial fibrosis.
cMRI allows a non-invasive myocardial tissue characterization by late Gadolinium
enhancement (LGE) and T1 mapping techniques using non-ionizing
radiations.(1) The presence of transmural LGE pattern, often located at the
inferolateral wall, is recognized as independent predictor of adverse cardiac
events in DMD patients.(1,8,19,20) Subepicardial LGE in inferolateral free LV wall
is common in DMD patients, and other frequent affected segments are inferior an
anterolateral segments.(18) LGE can detect focal macroscopic fibrosis while T1
mapping technique pre and post-contrast is able to quantify diffuse myocardial
fibrosis and extracellular volume expansion. T1 mapping has been demonstrated
to identify early myocardial fibrosis in absence of LGE, but there are several
limitations depending of the type of sequence, heart rate, vendors, and the
inability to discriminate diffuse fibrosis from inflammation or fat infiltration. (21)
Arrhythmias are described in DMD population. The most frequent findings in the

ECG are right axis deviation, deep and narrow Q waves in inferolateral leads,
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conduction defects, sinus tachycardia, short PR interval, and high voltage R wave
in right precordial leads, right bundle branch block and inverted T waves. Left
bundle branch block was associated with cardiac events and mortality.(22) The
incidence of supraventricular and ventricular tachycardia is about 6% and 2%
respectively (1), but, as published recently, the lower LVEF the most frequent
ventricular arrhythmias: NSVT prevalence of 0%, 7% and 40% with LVEF >55%,
35-55% and <35% respectively. (22) Standard antiarrhythmic medications and
device management are considered in DMD population, but ICD should be
individualized according general and neuromuscular status. (7,8,22)

Sudden death showed a very low rate in the pediatric population in contrast to
adult, as described in Cardiomyopathy Registry. (8,22—-24) Consequently, it is
unclear when ICD implantation is most beneficial considering the low rate of

sudden arrhythmic death in pediatric age. (8)

Objective

The aim of this study is to describe the cardiovascular profile and to find
predictors of arrhythmias and sudden death of a cohort with genetically confirmed
diagnosis of DMD, based on retrospective data and a prospective intervention
during 5 years with echocardiography, electrocardiogram and 24h-holter

monitoring.

Methods

A retrospective study with a prospective intervention in pediatric patients
diagnosed with DMD was conducted in our national referral center for pediatric
neuromuscular disease. The patients were classified in DMD, BMD of
intermediate phenotype. According to the age and severity, medical data, family
history, 12-lead ECG, transthoracic echocardiography, 24h ECG Holter
monitoring and electrophysiological study were performed. Data was reviewed
retrospectively and the prospective data was performed until the transition to
adult hospital, the end of study period (maximum 5 years of follow-up in the
prospective period) or the end due to mortality.

The study was approved by the Ethics Committee of the Hospital Sant Joan de

Déu (Barcelona, Spain), following the Helsinki Il declaration.
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Cardiac Imaging
Echocardiogram data were collected following the standard assessment of
cardiac dimensions and function. Normal left ventricular systolic function was

defined as left ventricular ejection fraction >55%.

Electrocardiographic analysis

12-lead ECG analysis was evaluated from retrospective data and from the last
ECGs during the interventional prospective period. Definitions of normality were
based on published data. Arrhythmias and standard values were assessed from
24h-holter ECG monitoring.

Statistics

Normally distributed data are presented as mean values [t standard deviation
(SD)] and non-normally distributed data as a median [interquartile range (IQR)].
Categorical variables are presented as number and percentages. Data analysis
and graphics were performed using GraphPad Prism version 10.0.0 for Windows,

GraphPad Software, Boston, Massachusetts USA, www.graphpad.com.

Results

Clinical data

A total of 40 male patients <18 years of age genetically diagnosed with a
pathogenic mutation in DMD were included in the retrospective analysis. The
interventional prospective follow-up had a mean of 4.11 years (+1.24). Table 1
shows the clinical and demographic characteristics of the cohort. From the overall
cohort, most patients were diagnosed with DMD (90%). The other patients
included were 3 intermediate phenotypes (B/DMD) and 1 patient with BMD
phenotype. During the follow-up, cardiovascular symptoms were reported only in
4 patients (palpitations) but no patients were reported syncope. Despite different
severity of heart failure, patients had no related symptoms. In our cohort, none of
the patients included died suddenly. Only one patient died during the follow-up
due to the rapid progression of cardiac disease despite of medical treatment. In
this case, severe cardiac dysfunction and cardiac failure were stablished in 18

months and no arrhythmias were detected during this terminal heart disease.
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All patients received enalapril after 10 years old following the international
recommendations. Medical treatment of heart failure was started when LVEF was
under 50% and was a combination of Enalapril or Sacubitril/Valsartan, diuretics
(Eplerenone or Spironolactone and/or Furosemide), beta-blockers (Carvedilol or
Bisoprolol). About corticotherapy, all patients received standard doses of
prednisone or deflazacort from 4 to 6 years of age in almost all cases, following

the international recommendations.

Arrhythmias and ECG data

Table 3 showed the ECG findings from 12-lead ECG and 24h-Holter monitoring.
All patients had ECG abnormalities at enroliment, regardless of age and before
finding criteria of cardiomyopathy. The most frequent alterations were sinus
tachycardia, short PR interval, high voltage criteria in V2-V4 leads and Q waves
(inferior leads and left chest leads). Seven patients (17.5%) showed atrial or
ventricular arrhythmias. Isolated ventricular extrasystoles were detected in two
patients, in combination to atrial extrasystoles. Atrial extrasystoles were detected
in 5 patients and in 1 patient symptomatic atrial tachycardia that required an
ablation. One patient, with no cardiac dysfunction and no fibrosis in the MRI,
showed atrial fibrillation that was refractory to antiarrhythmic treatment and

required ablation. LGE was not detected in the other patients with arrhythmias.

Echocardiographic data

Around 42.5% of patients find criteria for dilated cardiomyopathy with different
severity of cardiac dysfunction. Table 2 resumes echocardiographic analysis
comparing echocardiographic values at enrollment and at last control. We
compared LVEF and 4 chamber myocardial strain (4 chamber GLS) during follow-
up. Graphic 1 represents the migration of GLS values under the value considered
as <p5 during follow-up. Some of these depressed GLS values have preserved
LVEF (around 55-57%). The died patient (patient 19) had a low GLS value of -
15.7% despite preserved LVEF (56.5%) at enroliment. The other patients with
similar values were patient 3 (55%, -12.8), patient 14 (35.6%, -16.1), patient 20
(55%, -15.9), patient 22 (60.7%, -15.7), patient 29 (64.3%, -16.4) and patient 35
(-57.1%, -12.2). Except patients 29 and 35 (7 and 4 years old at enroliment), the
other patients (3, 14, 19, 20, 22) had cardiomyopathy criteria but no arrhythmias
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(isolated ventricular extrasystole in patient 3). Statistical analysis with paired t test
showed significant lower LVEF and worst GLS values at last control, comparing
with enrollment values (p < 0.0001).

We did not find significant differences between the other functional
echocardiographic analysis during follow-up, including diastolic functional

analysis.

cMRI and correlation with arrhythmias

Only 22 patients (55%), with a mean age at cMRI of 14.9 years (SD+2.12), were
evaluated with cMRI with LGE because of age or distance problems from their
referral county. LGE was detected in 11 patients (50%). Figure 1 showed the 16
myocardial segments and the most frequent segments with fibrosis (=3 patients)
are represented in purple basal inferior, inferolateral and anterolateral, mid-
ventricular inferolateral and anterolateral and apical lateral).

One patient, with no cardiac dysfunction and no fibrosis in the MRI, showed atrial
fibrillation that was refractory to antiarrhythmic treatment and required ablation.
The other patients with arrhythmias (isolated atrial and ventricular arrhythmias,
atrial tachycardia and atrial fibrillation) had no fibrosis except patient 9 with

isolated atrial and ventricular extrasystoles.

Sudden death
No sudden death was present in the cohort. Patient 19 died at 16 years old due
to refractory medical treatment for chronic heart failure. No arrhythmias were

detected during follow-up.

Phenotype-genotype correlation

Table 1 showed genetic data and cardiac outcomes (cardiomyopathy, arrhythmia,
death). Those patients with worst GLS values at enrollment had the following
mutations in DMD gene: frameshift deletion exons 3-11 (2 patients, brothers),
non-sense mutation exon 8 (1 patient), in-frame deletion exons 22-44 (1 patient),
deletion exons 49-50 (1 patient), and frameshift deletion exon 44 (1 patients) and
nonsense mutation in exon 51 (1 patient). The patient with myocardial fibrosis

and arrhythmias had a frameshift deletion in exon 7. Most patients with fibrosis
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had no arrhythmias during follow-up (10/11 patients, 90% of patients with fibrosis)
with a mean age at final follow-up of 17 years (SD+2.25).

Figure 2 shows the different mutations by type and by exon. Graphic 3 shows the
different mutations (A) and the relation with LGE in the cMRI in those patients
that can be complete this imaging test. The most frequent mutation type were
exon deletions (13/40), following by frameshift deletion (12/40) and nonsense
mutations (9/40). Inframe deletions (4) and duplication (2) were the less frequent
in our cohort. The most frequent mutation type related with LGE in cMRI in our
cohort were frameshift deletions (5), following by nonsense mutations (3), exon

deletions (2) and inframe deletion (1).

Discussion

Cardiovascular complications are a leading cause of disease-related morbidity
and mortality among DMD population.(7) As the myocardial disease progresses,
clinical heart failure develops over time and life-threatening arrhythmias can
appear.(7) The prevention of cardiomyopathy stands as one of the most
challenging clinical research issues in children with DMD, so is key to stablish a
proactive strategy of early diagnosis and treatment to maximize duration and
quality of life.

Classically, routine pediatric cardiology examinations, first and foremost
echocardiography, failed to determine when and to what level the
cardiomyopathy will occur. Using both conventional and advanced
echocardiographic analysis could improve the detection of cardiomyopathy
before standard features will be present in the DMD heart. (1) As we observed in
our cohort, both LVEF and 4-chamber GLS showed a progressive and statistically
significant worsening over time, but 4-chamber GLS showed, in some individuals,
decreased values regardless the short age. These features justify a very specific
follow-up involving a pediatric cardiologist specialist in cardiomyopathies and
neuromuscular diseases.

Children with DMD, the myocardial strain can be decreased before the onset of
related-DMD cardiomyopathy, as we detected in some patients of our cohort over
time.(15) The existence of altered LV strain despite a normal or mildly altered

LVEF could be represent as a future target to drug trials for cardiomyopathy
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prevention and to do strategical medical intervention to treat early the inevitable
evolution to heart failure in few years.

The poor echo window in this population, especially those >15 years of age,
difficult the reproducibility and precision of overall strain (longitudinal, radial and
circumferential).(15) In our cohort, 4-chamber myocardial strain offered the
possibility to compare values over time. Despite we added other views to analyze
radial and circumferential strain, they were suboptimal, and the strain values offer
poor reproducibility for most segments. This could be solved doing myocardial
strain with MRI, but this increases the invasiveness of the technique. (15) Patients
with early affectation of myocardial strain could be at future higher risk of cardiac
dysfunction despite initial preserved LVEF values. These patients could be
benefit with a medical intervention protocol such as earlier cMRI, closer
monitoring biomarkers and preventive pharmacologic treatment.

About LGE in the cMRI, the presence of transmural LGE has been related with
adverse cardiac events. (20) Thus, LGE progression are directly related to
continuous decline in LV systolic function. (20) About the distribution of LGE, the
subepicardium of the LV lateral free wall is most frequently the first described
onset, and additional septal or transmural LGE in the LV lateral free wall mostly
occurs in advanced stages.(20)

In our cohort, the LV myocardial segments most frequently affected with fibrosis
were inferior, inferolateral and anterolateral segments (basal and mid-ventricular
segments), according with other published papers. (18) The quantification of the
LGE and the follow-up of this LGE over time could be a useful tool to identify
patients at risk and to optimize medical treatment. Because of the low rate of
cMRI achieved in our cohort, we cannot stablish conclusions about de cardiac
involvement, but we did not detect life-threatening arrhythmias during the follow-
up despite the presence of LGE in 50% (11 patients) of overall cMRI.

The most common changes in dystrophin are intragenic deletions (about 65% of
dystrophin mutations), and around 20-35% have point mutations. (2,4) Some
studies revealed that deletions in exons 50 and/or 51 showed less LGE, while
gene duplications showed more LGE, but concluding that did not find association
between genotype and severity of cardiomyopathy.(20) Other published papers
found early onset cardiomyopathy for deletions affection amino-terminal domain

(exons 2 to 9) and a later onset for deletions removing part of the central rod
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domain and hinge 3 (exons 50 and/or 51).(25) There is controversial data about
this genotype-phenotype correlation, probably because of genetic modifiers that
determine cardiac disease severity in unrelated DMD patients with the same age
and DMD mutation.(20) Our data about the genotype-phenotype correlation
revealed that the earliest lower values in 4-chamber GLS included 2 patients
(brothers) with a frameshift deletion in exons 3-11, 1 patient with nonsense
mutation in exon 8 (1 patient), and the other described patients have other
locations including exons 49, 50 and 51. About fibrosis, the most frequent
mutation type related with LGE in cMRI in our cohort was frameshift deletion (5),
following by nonsense mutations (3), exon deletions (2) and inframe deletion (1).
Probably, a comprehensive long-term follow-up describing the cardiac
involvement and severity is needed to describe this genotype-phenotype
correlation.

All patients were under oral corticotherapy and with different combinations of
pharmacological treatment, most of them started earlier or at the time of DMD
diagnosis and before the onset of decreased cardiac function. So, the role and
the effect of these therapies will remain unclear. Recently, a published paper
suggested that circumferential strain improves after the combination of
angiotensin-converting enzyme inhibitors (ACEi) or angiotensine receptor
blockers (ARB) with eplerenone. (26) This finding could support the idea that
DMD patients can benefit for early medical treatment with more than one drug,
probably before 10 years of age, but more trials are needed to confirm this in
initial phases of the disease with normal and mid-range reduction of LVEF.
Patients with severe ventricular dysfunction in DMD dilated cardiomyopathy, the
therapy indicated is ACEi +/- betablockers: the combination has been proved to
be superior in the prevention of major cardiac events and in long-term survival.
(1,27). Other drugs can be added: spironolactone or eplerenone, especially in
symptomatic patients and despite treatment with ACEi and betablockers, to
reduce mortality and heart failure hospitalization. (1,28,29)

Probably, other strategies to find life-threatening arrhythmias are needed to
explore. Some studies suggested again that 24h-Holter monitoring could be not
useful to detect significant findings for those DMD patients with LVEF >35%
specially if there were no symptoms. Then, 24h-Holter monitoring could be not

useful to detect significant findings for those DMD patients with LVEF >35%
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specially if there were no symptoms. (24) In our experience, no significant
arrhythmias and no sudden arrhythmic death were detected during follow-up. The
patient with end-stage heart failure that finally dead did not show any significant
arrhythmia during follow-up. In our experience, during the pediatric age, other
strategies than 24-hour Holter should be adopted to monitoring cardiac
dysfunction because of the low rate of fatal arrhythmias and mortality in DMD.
Probably, the rate of arrhythmias in pediatric patients with BMD could be higher
than DMD patients, as suggested in some publications, due to the higher mobility,
but the rate of arrhythmias in both diagnosis is lower than expected. (24,30) The
development of arrhythmias in patients with DMD increases with the decrease of
cardiac function to moderato-to-severe LVEF values, something that happens
most frequently in the third decade of life. (31) Advanced age is the other factor
that is correlated with arrhythmia events. (31) Considering these features in DMD
population, probably it may be reasonable to monitor closer for arrhythmias in
patients with DMD with moderate-to-sever cardiac dysfunction, potential
symptoms such as palpitations, and advanced age. Accordingly with our findings
and the conclusions from other published papers about pediatric DMD, these
recommendations can play a key role in the transition to adult stage and the
young adult with DMD.

Limitations

This study has some limitations. Echocardiographic data is incomplete because
of poor cardiac echo window and myocardial strain analysis were consistent only
in 4-chamber views. There is published data about global longitudinal, radial and
circumferential strain, but the reproducibility of myocardial strain analysis in this
population is extremely difficult comparing with other cardiomyopathies. About
the quality of the imaging, cMRI is the preferred imaging test to analyze cardiac
function and deformation. In our case, cMRI was not available in all patients
because of distance from referral county and data is missed, and the age for
cMRI evaluation differs between the patients and this is an important limitation to
interpretate the data and to make decisions. Moreover, advanced cardiac imaging
team evaluating these special population is needed to increase the analysis
quality and to decrease the time inverted in the test that, very frequently, sedation
and/or general anesthesia is needed to complete all the views. Biomarkers are

11
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not systematically collected in this study, but troponins and NT-proBNP are the
routine biomarkers that we collect in this neuromuscular disease and other

cardiomyopathies.

Conclusions

The aim of this study was to describe the cardiovascular profile of a cohort of
DMD patients and to find predictors of arrhythmias and sudden death during an
intervention of 5 years. We did not find life-threatening arrhythmias and no
sudden death in our cohort, and we cannot correlate the collected data. These
findings are in relation with other publications, since sudden death and life-
threatening arrhythmias have a very low rate during the pediatric age. We
demonstrate that cardiac function decreases rapidly during adolescence and
some patients had low GLS values at enrollment despite preserved LVEF. These
patients with low GLS values at early stage of the disease are at higher risk during
adolescence, and it could be an opportunity to improve the follow-up and to
optimize pharmacological treatment. We propose focusing on analyze and detect
early cardiac dysfunction, on fibrosis detection and on the symptomatic patients
(even when the symptoms are not typical for heart failure and arrhythmias i.e.
chest discomfort, dizziness, and gastrointestinal symptoms).

A comprehensive evaluation involving a cardiologist with experience in
cardiomyopathies and echocardiographic analysis is key to describe cardiac
involvement and to stablish specific management protocols in these vulnerable
patients that, often, present heart failure-related atypical symptoms or incredibly

asymptomatic even in advanced stages of heart failure.
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Table 1. Clinical and demographic data

PH:I'; ot Phenotype Genetics I::::r(r::::‘l.:)r thecr:;;‘(::;:rs) g:::o(;:;_f’) Scoliosis Lelign NIV Cardiomyopathy Arrhythmia Ablation Death
Nonsense
Exon 7
1 DMD 583C>T; 36 6 15 N N N N N N N
p.Argl95*
Deletion exons
2 DMD 46.48 NA 6 8 Y Y N Y N N N
Deletion exons V
3 DMD NA NA NA Y Y N Y (ventricular N N
49-50 »
extrasistole)
Deletion exons M
4 DMD 18 6 7 N Y N N (ventricular N N
45-50 "
extrasistole)
Nonsense
5 DMD Exon 26 18 12 1 Y (surgery) Y (surgery) Y N N N N
€.3578T>A;
p.Leu1193*
6 DMD mm"a :f:n”(s’j " NA 6 8 N ¥ (surgery) Y Y N N N
Nonsense
Exon 65 ¥
7 DMD .9380C>G;p. NA 5 14 N Y (surgery) N Y (ventricular N N
Ser3127+ extrasistole)
Inframe
8 B/DMD Deletion exons 84 NA NA NA Y NA N N N N
45-49
Frameshift .V
9 DMD | deletion exén 72 6 NA N v Y Y (atrialand N N
7 ventricular
extrasistole)
Deletion exons
10 DMD 45.52 14 5 NA N N N N N N N
Inframe
11 DMD deletion 48 6 14 N Y (surgery) N Y N N N
exons 3-25
Nonsense
DMD exon 40 N Y Y Y N N N
12 c.5611A>T 48 5 1%
p.Lys1871*
13
Nonsense
exon 43 Y (atrial
13 DMD ©.6286C>T 60 6 NA Y Y (surgery) N N tachycardia) Y N
p.Gln2096*
Frameshift
14 DMD deletion exon NA NA 8 Y Y (surgery) Y Y N N N
44
15 DMD Dem";’g exon NA NA 12 N ¥ (surgery) N N N N N
Deletion exon
16 B/DMD NA 7 NA Y Y N Y N N N
18-41
17 BMD 95::“;:' ’ 60 1 NA N Y (surgery) N N N N N
Duplication Y (atrial and
18 DMD exons 8-29 18 6 " Y Y N Y ventricular N N
and 42-44 i
Frameshift
19 DMD deletion 72 6 NA N N Y Y N N ¥(heart
failure)
exons 3-11
Frameshift
20 DMD deletion 48 NA NA N N N Y N N N
exons 3-11
Frameshift
deletion exon
39
21 DMD ¢.5517 5521d 12 10 13 Y Y N Y N N N
elAGATG
p.Asp1840fs
Nonsense
mutation exon
22 DMD 8 72 6 10 N Y (surgery) N Y N N N
C.693C>A;
p.Tyr231Ter
Frameshift
23 DMD deletion 18 6 16 Y Y (surgery) N Y N N N
exons 48-54
Frameshift
deletion exon
Y (atrial
2 oMb ©.2773insG; 1 7 B N ¥ surgery) N N fibrillation) v N
p.Val925Glyfs
*13
14
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25

DMD

Deletion exon
51

36

NA

Y (surgery)

26

DMD

Frameshift
mutation
exon 46
€.6651_6652d
el
p.Asp2210Ph
efs*3

36

NA

27

B/DMD

Deletion
exons 45-47

NA

N

28

DMD

Deletion
exons 8-17

48

NA

Y (surgery)

29

Nonsense
mutation
exon 51
©.7436 G>A
p.Trp2479*

36

11

Y (surgery)

30

DMD

Duplication
exons 3-7

48

NA

31

DMD

Frameshift
deletion
exons 8-12

18

NA

32

DMD

Deletion
exons 10-44

18

NA

33

DMD

Frameshift
deletion exon
45

36

13

34

DMD

Inframe
deletion
exons 48-55

36

NA

35

Inframe
deletion
exons 22-44

36

36

Nonsense
mutation
exon 74
¢.10245C>A
p.Tyr3475*

48

NA

37

DMD

Deletion
exons 8-9

48

15

Y (surgery)

38

DMD

Deletion
exons 48-52

14

15

Y (surgery)

39

DMD

Frameshift
deletion
exons 46-50

24

Y (surgery)

40

DMD

Frameshift
deletion
exons 8-34

36

6

NA

Y (surgery)

DMD: Duchenne muscular dystrophy. B/DMD: intermediate phenotype

NIV: non invasive ventilation; PM: pacemaker; ICD: implantable cardiac defibrillator.

NA: not

not

Y: Yes; N: No
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Table 2. Echocardiographic and MRI data
" . " " LV Myocardial | Cardiac index
o p
pationt Eollou iy anrs LV dimensions (mm) | LA/Ao ratio LVEF (%) FS (%) E/E’ ratio strain (%) (mL/m2min) cMRI
D Phenotype | Genetics (age at Fibrosis
ecimentina) 1 F 1 F [ F 1 F 1 F 1 F 1 F (segments),
Age at MRI
N::s:";e Fibrosis: Y
1 DMD gt 5(14-19y0) | 48.9/32.3 | 51.9/34.3 | 125 | 1.3 | 62.6 | 59.3 | 339 | 305 | 8 NA | 231 | 202 | 3527 | NA |(56,11,12,16)
) : Age: 14yo
p.Arg195*
2 DMD De‘ezggx""s 4(13,17y0) | 39.9/27.7 | 45/33 1 | 108|586 | 52 | 306 | 26 | 7.2 | 669 | -259 | -15.6 | 2246 | 1790 Zg’;f’ﬁ';: N
3 DMD De‘ef:;_"sg“’"s 4(17-21y0) | 61.6/50.8 | 67.5/55.2 | 1.3 | 1.16 | 356 | 36.6 | 17.5 | 182 | 64 | 478 | -12.8 | 88 | 3455 | 1239 f\z’e’?ﬁf: N
4 DMD | PUENNSOMS | 6 (11.47y0)  [39.1/205 475304 | 11 | 08 | 795 | 648 | 476 | 354 | 65 | 608 | 227 | -146 | 2819 | 1972 Zg’;‘,’j‘f: N
Nonsense
Exon 26 Fibrosis: N
5 DMD ity 5 (12-17y0) 36/22.9 | 36.2/24.8 | 1.16 | 0.68 | 67.1 | 60.4 | 36.4 | 315 | 6.08 7 185 | 138 | 2742 | 2442 |, 0O
p.Leu1193*
6 DMD Nonsense 2(14-16y0) | 40.3/27.2 |37.4/27.5 | 116 | 127 | 61.4 | 525 | 325 | 265 | 483 | NA | -200 | -126 | 2512 | Na | FiProsis:N
mutation (NA) Age: 14
Nonsense
Exon 65 Fibrosis: N
7 DMD | oanocagip, | 5 (13-18y0)  [354123.1 3660253 | 105 | 1 65 | 59.2 | 347 | 285 | 471 | 56 21 | 174 | 2870 | NA | 000
Ser3127*
Inframe Fibrosis: N
8 B/DMD | Deletion exons | 1.5 (14-15y0) | 52.3/33.1 | 55.9/32.8 | 1.37 | 147 | 66 | 71.7 | 367 | 41,4 | 632 | 66 | -242 | -25 | 2812 | 1322 A'g:,’ﬁ'j'
45-49 -
Frameshift 515 Fibrosis: Y
9 DMD | deletionexon | 6 (15-21y0) 49/36.1 | 58.3/40.1 | 164 | 1.27 © 1493|263 | NA [ 584 | 9 231 | 139 | 2365 | NA [(1,23,4,6,9)
7 Age: 15
17
10 DMD De'ef“;’f‘six""s 6 (5-11y0) 38.8/26 | 41.9/29.4 | 1.33 | 0.82 | 622 | 574 | 33 | 29.8 | 468 | 4.8 | -231 | -22-1 | 3729 | 4372 NA
Inframe Fibrosis: Y
1 DMD deletion 6(11-17y0) | 41.6/27.3 | 50.4/39 | 1.35 | 111 | 63.8 | 475 | 344 | 226 | 8 94 | 237 | -12.3 | 4259 | 2860 |(4,56,11,12,16)
exons 3-25 Age: 11
Nonsense Fibrosis: Y
exon 40 (4,5,6,8,9,10,
12 DMD o oB11AST 2 (18-yo) 48.7/37 | 49/37 | 124 | 133 [ 473 | 47 | 238 | 23 | 6 83 | 213 | 174 | 3268 | 2005 |3
p.Lys1871* Age: 18
Nonsense
exon 43 Fibrosis: N
13 DMD v 6(10-16y0) | 37.6/224 |38.3/237 | 142 | 112 | 719 | 69 | 404 |38.18| 55 | 49 | -254 | 226 | 3138 | 2423 |, Y0
p.Gln2096*
Frameshift qber:?S:m 121
14 DMD | deletionexon | 4 (13-17y0) | 43.4/30.8 | 51.2/37.4 | 1 11 | 55 | 522 | 29 | 269 | 5 12 | <161 | 122 [ 3339 | NA (3 o
a4 * )
Age: 13
Deletion exon Fibrosis: Y (all
15 DMD 0 2(17-19y0) | 53.4/41.5 | 66.5/12.1 | 1,52 | 15 | 446 | 31,6 | 223 | 153 | 66 | 92 | -181 | -88 | 3816 | NA |segments)
Age: 17
Fibrosis: Y
16 BOMD | PN SO |y (1347y0) | 4531335 | 7.2 | 109 | Na | 52| 13| a6 | 266 | 63 | 51 | 23 | 211 | 3492 | 3134 (13'24'15;61'2510*11
Age: 17
17 BMD Deletion 5(12-17y0) | 420232 | 4531245 | 1.2 | 1.06 | 765 | 77.4 | 448 | 459 | 47 | 51 | 222 | 206 | 4610 | 389s | Fiorosis:N
exons 3-11 Age: 12
Duplication
18 DMD exons 8-29 3 (11-14y0) 414725 | 38.5/282 | 1.06 | 119 | 662 | 51 | 397 | 255 | 52 | 47 | -192 | -148 [NA [3131 NA
and 42-44
Frameshift Fibrosis: Y
19 DMD deletion 4 (12-16y0) 49.7/35 | 72.4/58.3 | 1.37 | 1.82 | 565 | 38 | 206 | 195 | 65 | 73 | -157 | -9.9 |3899 | 2075 |(4,5,10,11)
exons 3-11 Age: 16
Frameshift
20 DMD deletion 3(8-11y0) | 46.7/33.3 | 50.1/26.3 | 1.43 | 1.49 | 552 | 45.8 | 28.6 | 22.9 | 6.7 | 64 | -159 | -14.9 | 3552 | 2580 NA
exons 3-11
Frameshift
deletion exon Fibrosis: Y
39 (4,5,9,10,13,15,
21 DMD | iy sspng| 5(O14y0) | 40.3/263 | 4741392 | 112 | 0.96 | 644 | 36.1 | 347 | 173 | 59 | 94 | 221 | 187 | 4656 | 2756 | {cs
elAGATG Age: 14
p.Asp1840fs
18

131




22

Nonsense
mutation
exon 8
c.693C>A;
p.Tyr231Ter

2 (14-16yo0)

46.7/31.6

44.8/34.5

60.7

46.5

32.4

231

5.8

55

-15.7

-15.6

3037

3234

NA

23

Frameshift
deletion
exons 48-54

5 (12-17y0)

40.5/26.6

48.2/37

65,1

46.7

35.3

28.1

5.5

-16.9

-13.6

6281

2613

Fibrosis: Y
(4,5,6,10,11,12)
Age: 16

24

DMD

Frameshift
deletion exon
21
€.2773insG;
p.Val925Glyfs
*13

5 (10-15y0)

40.8/27.2

39.9/24.3

.37 1

64.1

68.2

34.5

36

6.6

6.1

-22.5

-22.7

2459

2713

Fibrosis: N
Age: 14

25

DMD

Deletion exon
51

5 (7-12y0)

40.8/26.2

46.2/32.7

A7 | 116

65.8

56

35.7

39.2

4.88

6.8

-22

18.9

3028

2000

NA

26

DMD

Frameshift
mutation
exon 46
€.6651_6652d

el
p.Asp2210Ph
efs*3

5 (6-11yo0)

37.3/24.6

40.9/25.2

44 | 1.25

63.7

69

34

38.3

74

4.2

-22.1

3163

3253

NA

27

B/DMD

Deletion
exons 45-47

3 (7-10y0)

33/19

32.7/19.9

76.6

70.6

44

38.9

6.1

-23.8

-20.7

3355

2342

NA

28

DMD

Deletion
exons 8-17

3 (8-11yo)

45.8/28.5

44.8/29.7

142 | 1.46

68.1

62.9

37.9

33.9

55

6.6

-22.9

-21.7

5122

2952

NA

29

Nonsense
mutation
exon 51
C.7436 G>A
p.Trp2479*

5 (7-12y0)

41/26.8

49.7/32.6

5.6

9.1

-16.5

-15.3

4362

3993

NA

30

Duplication
exons 3-7

3 (7-11y0)

35.2/22.8

41.1/27.3

63

NA

5.2

-23.7

-16.8

3288

3587

NA

31

DMD

Frameshift
deletion
exons 8-12

4 (6-10yo0)

37.2/20.4

42.3/27.7

45 | 1.25

773

62.4

452

33.3

4.4

5.1

-20.4

-16.6

3868

3554

NA

32

DMD

Deletion
exons 10-44

5 (6-11y0)

32.7/18.4

38.3/24.2

224 | 115

76.3

67.4

43.8

36.8

9.9

4.6

-24.2

3605

2586

NA

33

DMD

Frameshift
deletion exon

3 (11-14y0)

37.4/22.5

46.3/28.8

71.2

68.1

39.8

37.9

NA

7.53

-22.1

15.6

NA

2508

NA

34

DMD

Inframe
deletion
exons 48-55

5 (4-9yo)

37.6/23.7

43.2/27.1

19

67.6

67.5

36.9

37.3

6.3

49

-20.3

-21.5

NA

3283

NA

35

DMD

Inframe
deletion
exons 22-44

2 (12-14yo)

44.6/31.3

44.7/32.6

57.1

53.1

29.8

27.2

55

6.9

-12.2

2392

1750

NA

36

DMD

Nonsense
mutation
exon 74
©.10245C>A
p.Tyr3475*

4 (9-13yo)

43.6/26.3

42.5/27.7

72.8

64.6

39.5

35

4.7

6.6

-22.5

-19.2

3945

4220

Fibrosis: Y
(5,12)
Age: 17

37

DMD

Deletion
exons 8-9

4 (13-17y0)

40.7/21.2

48.3/27.4

1.07 | 1.18

66.9

74.

36.2

43.3

4.4

53

-22.2

-19.2

3389

2292

NA

38

DMD

Deletion
exons 48-52

4 (11-15y0)

36.7/27.2

40.8/27.2

1.02 | 1.06

711

62.5

39.6

33.3

5.6

-22.8

-20.8

5575

2557

NA

39

DMD

Frameshift
deletion
exons 46-50

4 (8-12yo0)

40.1/28

42/31

58.1

51.6

30.2

26.1

5.2

-22.1

-15.3

3850

3809

NA

40

DMD

Frameshift
deletion
exons 8-34

4 (11-15y0)

37.7/23.6

40.2/25.3

68

9.5

8.4

-17.2

-17.4

3343

3898

Fibrosis: N
Age: 15

DMD: Duchenne muscular dystrophy.

I first control; F: last control
Ao: aorta; LA: left atria; LV: left ventricle; LVEF: left ventricular ejection fraction; SF:
i ; Y: Yes; N: No

NA: not

ot

. BIDMD: intermediate phenotype

: shortening fraction; cMRI: cardiac magnetic resonance imaging
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Table 3. Electrocardiographic features

ECG and 24h-Holter analysis

Heart
. Rhythm rate PR QRS
RS axis T
RetisntiDg (JRhenciyES (I/F) (bpm) interval interval Q © c:az(eTt?, Qwaves Global ECG and 24h-Holter abnormalities
(I7F) (ms) (ms) e R (I7F)
(I7F) (I/F)
1 DMD Sinus/Sinus | 79/92 118/105 92/99 84/43 435/444 | V4ysve/vsye | RandSwaveswith highvoltage V1,V2, V3infirstand final ECG
2 DMD | Sinus/Sinus | 86/84 | 126/126 78/86 78/59 390/399 V6 /V6 Rwave with high voltage |, Il, V1, V2, V3/ Last ECG with high R
voltage |, Il and ST elevationiin Il
3 DMD | Sinus/Sinus | 61/66 | 100/122 82/88 67/63 4007394 | vsve/vs,ve | Cloballowvoltageinfirstand final ECG
Isolated ventricular extrasystoles
R wave with high voltage in | and poor R wave progression / ST
4 DMD Sinus/Sinus | 114/79 | 134/134 92/90 28/62 432/401 11l, V6 / V6 elevation in V2
Isolated ventricular extrasystoles
5 DMD | Sinus/Sinus | 107/93 | 102/94 78/86 57119 421/405 V5, V6 /V6 Rwave high voltage V2 and ST elevation in V2, V3 /R wave high
voltagein |, V1, V2 and ST elevation in V2
6 DMD Sinus/Sinus | 94/76 110/110 76/80 50/71 427/414 | 1Il,avFV5V6/NA | Rwavewith highvoltage inl/Rwave with high voltage in I
) . VAV5V, Il aVF/ Rwave high voltage in II, lll, avF, V2, V3, V4 / R wave high voltage in
7 DMD Sinus/Sinus | 97/130 | 116/120 90/84 83/72 439/462 11, 1ll, avF, V2, V3, V4
V4,5V, 1L 1Il,aVF :
Isolated ventricular extrasystoles
VAVEV6.ILILaVE/ R wave high voltage in I, Ill, V1, V2, V3, Negative T waves in V4-V6
8 B/DMD Sinus/Sinus 54/68 110/116 94/94 78/76 422/416 S and lll, aVF/ R wave high voltage in Il, Ill, V1, V2, V3, Negative T
V4V5V6,IL1Il,aVF A
waves in V4-V6 and Ill, aVF/
ST elevation in V1,V2, V3 and R wave high voltage in V3, V4 / Wide
9 DMD Sinus/Sinus | 90/103 | 105/105 95/138 10/-85 435/468 NA/NA QRS, RBBB
Isolated atrial and ventricular extrasystoles
10 DMD Sinus/Sinus | 101/100 | 130/138 100/106 75/94 448/466 | NA/ILIILaVF, V6 516\?2 Swaves high voltage V1,V2V3/R and S waves high voltage
" DMD Sinus/sinus | 78792 1101130 96/98 T4 435/435 II,aVF\,/\éA\t/,\GIS,VG/ R wave high voltage V1,V2V3/ R wave high voltage in |, V1, V2
21
12 DMD Sinus/Sinus 74/66 106/110 88/86 75/91 455/392 V5,V6\;5II;/I6I3I,3VF, R wave high voltage in V2 / R wave high voltage in I, Il
Il aVF, VAV5.VE / R wave high voltage in V1, V2 and ST elevation in V2,V3 /R wave
13 DMD Sinus/Sinus | 87/103 | 116/110 94/90 65/80 406/460 AT T high voltage in I, Ill, V2, V4, V5
11, 1ll, aVF, V5,V6 4 ’
Atrial tachycardia
14 DMD Sinus/Sinus | 83/75 114/114 82/92 95/81 434/410 NA/NA Low voltage T wave in V4-V6 / Low voltage T wave in V4-V6
15 DMD Sinus/Sinus | 77/82 122/134 96/94 79119 427/448 NA/NA Low voltage Twave in V4-V6 / Low voltage T wave in V4-V6
16 B/DMD | Sinus/Sinus | 89/96 106/112 92/100 771 418/434 NA/NA :r:';a’:{';é‘égh voltage in V2 and V5,V6 / R wave high voltage in V3, V4
. v Rwave high voltage in V1, V2, V3, V4 / R wave high voltage in II, V1,
17 BMD Sinus/Sinus | 102/95 | 134/124 110/118 58/70 456/455 | ILIIL,VSV6/VEVE | "o rebe
ST elevation in V2, V3/ Global low voltage, IRBBB, ST elevation in
18 DMD Sinus/Sinus | 89/93 122/132 88/88 65/0 452/457 NA/NA v3
Atrial and ventricular extrasystoles.
19 DMD Sinus/Sinus 95/88 108/110 86/92 49/63 457/459 V5,VGV/5II\,I(ISII,aVF, R wave high voltage in V1,V2, V3, V4 / R wave high voltage |, V2
. . 1, v4,V5,V6/ Il, R wave high voltage in V1, V2, V3 /R wave high voltage in V1, V2,
20 DMD Sinus/Sinus | 79/81 110/114 84/86 74/69 421/427 VAVENS low voltage Twave in VAVE,
. . II, 11, aVF, V4-V6 / | Rwave high voltage in I, V1, V2, V3 /R wave high voltage in V2, V3,
21 DMD Sinus/Sinus | 70/122 | 106/130 88/82 83/87 425/447 ILILAVE VAN | tow voltageTwave in Il aVF. V6
22 DMD Sinus/Sinus | 84/74 110/114 86/78 76/75 399/419 VsV6/Vsye | Rwavehighvoltagein V2, STelevation in V2/ ST elevationin V2
23 DMD Sinus/Sinus | 90/83 | 112/110 84/82 10/58 4471437 V5,V6/V6 Rwave high voltage in V1,V2/ R wave high voltage in V1.,V2, low
voltage in T wave in V6
24 DMD Sinus/Sinus | 98/88 | 114/100 84/78 69/69 4417447 | vave /i, vave | 7 WavehighvoltageinVi-v2/R wave high voltage in V2
Atrial fibrillation
! ) I11ll,aVF, V4-V6 / | Rwave high voltage in Il I, aVF, V1-V3/ R wave high voltage in I,
% DMD Sinus/Sinus | 102/99 | 106/120 82/88 79148 4271428 IL,1Il,aVF, V4-v6 | and low voltage T wave in V4-V6 and Ill, aVF
26 DMD Sinus/Sinus | 86/91 90/102 76/78 76/74 399/400 V46 /il Rwave high voltage in V2, V3 /T wave low voltage in V5-V6
27 B/DMD | Sinus/Sinus | 87/82 104/114 80/84 76/63 418/420 II,III,aV,\T;\\/4-V6/ Rwave high voltage in Il Ill, V3, V4 / NA
28 DMD Sinus/Sinus 99/97 82/86 88/84 68/74 4441429 II,1ll,aVEV4-ve / Rwave high voltage in V1-V3/ R wave high voltage in V1-V2
I1,11l,aVFV4-V6
29 DMD | Sinus/sinus | 87/92 | 120118 82/82 76/52 394/420 NA/NA Rwave high voltage in ll, v2/R wave high voltage in V2, ST
elevation in V2
30 DMD Sinus/Sinus 94/103 140/138 92/90 83/79 412/416 IL,1ll,aVF, V4-V6 / Rwavg hlgh voltage inIl, V1, V2 /R wave high voltage in Il, V2, ST
NA elevationin V3
31 DMD Sinus/Sinus 94/96 108/110 90/86 77/69 425/439 IL11l,aVF, vV4-ve / Rwavg high voltage in I, V1-V3/ R wave high voltage in V2, deep S
V4-V6 wave in V2
. . IL,1ll,avVFEVv4-ve / Rwave high voltage in I, Ill, V1-V3 / R wave high voltage in Il, V1-
32 DMD Sinus/Sinus | 82/71 120/118 88/90 76176 427/419 IILaVEVAVE | V3, ST elevation in Va-Va
22
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4ch GLS (%) at enrollment

33 DMD Sinus/Sinus | 98/113 | 120/138 88/94 51/-6 428/466 V5,6 / NA Rwave high voltage in V1, V2/ Global low voltage
34 DMD | Sinus/Sinus | 145/88 | 106/98 76/82 54/50 441/401 ""”ila:fr:\f;vel Rwave high voltage in V1-v2/NA
35 DMD Sinus/Sinus | 99/91 124/126 82/82 49/45 464/452 s Rwave high voltage in |, Deep S wave in V1,v2/ R wave high
voltage in |, low voltage T wave V4-V6
. _ ILI,aVFV4-V6 / | Rwave high voltage in II, V2 / R wave high voltage in Il, Deep S
36 DMD Sinus/Sinus 97/91 156/144 92/92 74175 429/410 ILIl,aVF, V5-V6 wave in V2, ST elevation in V2
37 DMD Sinus/Sinus 81/97 118/114 84/86 64/35 429/419 V5,V6 /11,I11,avVF, R wave high voltage in V2, ST elevation in V2 / ST elevation in V2,
V5-V6 IRBBB
38 DMD Sinus/Sinus | 92/98 | 138/130 94/76 15/16 2407431 NA/NA IRBBB, R wave high voltage in V3,V4 / R wave high voltage in V2,
Deep S wave in V2, ST elevation in V2
R wave high voltage in |, Il, V2-V4, Deep S wave in V2,V3, ST
39 DMD Sinus/Sinus 96/90 116/114 96/90 48/36 470/465 V6/NA elevation in V3 /R wave high voltagein|, Il, V2, Deep S wave in V2,
ST elevation in V2, low voltage T wave in V5-V6 and IIl
40 DMD Sinus/Sinus | 92/88 | 112/114 92/98 69/72 422/396 | IlLAVEVE/NA | RWave highvoltagein Vi-V3, deep S wave in V2V3/R wave high
voltage in Il, V1-V3, ST elevation in V2
DMD: Duchenne muscular dystrophy. B/DMD: intermediate phenotype
I: first control; F: last control.
RBBB: right bundle branch block; IRBBB: incomplete bundle branch block
NA: not available/not applicable; Y: Yes; N: No
23

Graphic 1. Relationship between LVEF and 4-chamber GLS values for every patient over time

Multiple linear regression: 4-chamber GLS vs LVEF at enroliment
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Multiple linear regression: 4 chamber GLS vs LVEF at last follow-up

4ch GLS (%)
at last follow-up
0 =
-10
10 =
-15
.
o .
“ % ° .
-16.8 (p5) g U o
° ® L] L]
20 .
-20.6 (mean) < - - 20
L] ° ..
-
L]
L]
-30 T T T T T T T 1 -25
0 10 20 30 40 50 55 60 70 80

LVEF (%) at last follow-up

Left graphic represents the relationship between 4-chamber GLS and LVEF values at enrollment. Right graphic represents the
relationship between 4-chamber GLS and LVEF values final follow-up. Note that patients have worsening values of LVEF and GLS
over time. At enrollment, 4-chamber GLS is depressed in some patients despite relatively well preserved LVEF.

LVEF: left ventricular ejection fraction. 4-chamber GLS: 4-chamber global longitudinal strain.
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Graphic 2. LVEF and 4-chamber GLS values over time during follow-up.

LVEF (%) at enroliment and at last follow-up

GLS at enroliment and at last follow-up

o_
80 —_—
60 - 10
55 ececcccccccchececcccccnes eescees ]
S g
L 40 2 ]
O 165
2 L :
.zo_-

i
20 ]

p <0.0001 ] p <0.0007
0 T T -30 T T
LVEF (%) Initial LVEF (%) Final 4ch GLS (%) Initial 4ch GLS (%) Final

Left graphic represents a Box-plot with LVEF values at enrollment (blue) and final follow-up (red) with a statistically significant
reduction of median values over time (p < 0.0001). Right graphic represents a Box-plot with 4-chamber GLS values at enrollment
(blue) and final follow-up (red) with a statistically significant reduction of deformation (more positive values) over time (p < 0.00017).
LVEF: left ventricular ejection fraction (%). 4-chamber GLS: 4-chamber global longitudinal strain.

Figure 1. Myocardial segments and late gadolinium enhancement (fibrosis)
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Figure 2. Type of mutations and affected exons in DMD gene.
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Figure 2 shows the different type of mutations represented by exons. In yellow, the actin-binding domain, in blue the Rod-domain, in
orange the Cysteine-rich domain and in green the C-terminal domain. The color legends shows the classification of the different
mutations. Two hotspot regions of high prevalence has been detected: deletions in exons 3-20 and exons 45-55.
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Graphic 3. DMD mutations and its relationship with LGE in the cMRI
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Graphic 3 shows the different type of DMD gene mutations in the cohort. Note that de most frequent mutation type in the cohort were
exon deletions and frameshift deletions. LGE was found most frequently in patients with frameshift deletion and nonsense
mutations.

DMD: Duchenne muscular dystrophy. LGE: late Gadolinium enhancement. cMRI: cardiac magnetic resonance imaging.

28

136



References

1.

Adorisio R, Mencarelli E, Cantarutti N, Calvieri C, Amato L, Cicenia M, et
al. Duchenne dilated cardiomyopathy: Cardiac management from
prevention to advanced -cardiovascular therapies. J Clin Med.
2020;9(10):3186.

Nascimento Osorio A, Medina Cantillo J, Camacho Salas A, Madruga
Garrido M, Vilchez Padilla JJ. Consensus on the diagnosis, treatment and
follow-up of patients with Duchenne muscular dystrophy. Neurologia (Engl
Ed). 2019;34(7):469-81.

Mendell JR, Shilling C, Leslie ND, Flanigan KM, Al-Dahhak R, Gastier-
Foster J, et al. Evidence-based path to newborn screening for Duchenne
muscular dystrophy. Ann Neurol. 2012;71(3):304—-13.

Muntoni F, Torelli S, Ferlini A. Dystrophin and mutations: one gene, several

proteins, multiple phenotypes. Lancet Neurol. 2003;2:731-40.

Campbell KP. Three muscular dystrophies: loss of cytoskeleton-
extracellular matrix linkage. Cell. 1995;80(5):675-9.

Birnkrant DJ, Bushby K, Bann CM, Apkon SD, Blackwell A, Brumbaugh D,
et al. Diagnosis and management of Duchenne muscular dystrophy, part 1:
diagnosis, and neuromuscular, rehabilitation, endocrine, and
gastrointestinal and  nutritional management. Lancet Neurol.
2018;17(3):211-2.

Birnkrant DJ, Bushby K, Bann CM, Alman BA, Apkon SD, Blackwell A, et
al. Diagnosis and management of Duchenne muscular dystrophy, part 2:

respiratory, cardiac, bone health, and orthopaedic management. Lancet
Neurol. 2018;17(4):347-61.

29

137



10.

11.

12.

13.

14.

15.

Groh WJ, Bhakta D, Tomaselli GF, Aleong RG, Teixeira RA, Amato A, et al.
2022 HRS expert consensus statement on evaluation and management of
arrhythmic  risk in  neuromuscular disorders. Heart Rhythm.
2022;19(10):e61-120.

Finsterer J, Cripe L. Treatment of dystrophin cardiomyopathies. Nat Rev
Cardiol. 2014;11(3):168-79

McNally EM, Kaltman JR, Woodrow Benson D, Canter CE, Cripe LH, Duan
D, et al. Contemporary cardiac issues in Duchenne muscular dystrophy.
Circulation. 2015;131(18):1590-8.

Castro-Gago M, Gomez-Lado C, Eiris-Pufial J. Cardiac troponin | for
accurate evaluation of cardiac status in myopathic patients. Brain Deuv.
2009;31(2):184-184.

Soslow JH, Xu M, Slaughter JC, Stanley M, Crum K, Markham LW, et al.
Evaluation of Echocardiographic Measures of Left Ventricular Function in
Patients with Duchenne Muscular Dystrophy: Assessment of
Reproducibility and Comparison to Cardiac Magnetic Resonance Imaging.
J Am Soc Echocardiogr. 2016;29(10):983-91.

Spurney CF, McCaffrey FM, Cnaan A, Morgenroth LP, Ghelani SJ, Gordish-
Dressman H, et al. Feasibility and Reproducibility of Echocardiographic
Measures in Children with Muscular Dystrophies. J Am Soc Echocardiogr.
2015;20010(8):1-10.

Levy PT, Machefsky A, Sanchez AA, Patel MD, Rogal S, Fowler S, et al.
Reference Ranges of Left Ventricular Strain Measures by Two-Dimensional
Speckle-Tracking Echocardiography in Children: A Systematic Review and
Meta-Analysis. J Am Soc Echocardiogr. 2016;29(3):209-225.€e6.

Amedro P, Vincenti M, De La Villeon G, Lavastre K, Barrea C, Guillaumont

S, et al. Speckle-Tracking Echocardiography in Children With Duchenne

30

138



16.

17.

18.

19.

20.

21.

22.

Muscular Dystrophy: A Prospective Multicenter Controlled Cross-Sectional
Study. J Am Soc Echocardiogr. 2019;32(3):412-22.

Siegel B, Olivieri L, Gordish-Dressman H, Spurney CF. Myocardial Strain
Using Cardiac MR Feature Tracking and Speckle Tracking
Echocardiography in Duchenne Muscular Dystrophy Patients. Pediatr
Cardiol. 2018;39(3):478-83.

Earl CC, Soslow JH, Markham LW, Goergen CJ. Myocardial strain imaging
in Duchenne muscular dystrophy. Front Cardiovasc Med. 2022;9:1031205.

Bilchick KC, Salerno M, Plitt D, Dori Y, Crawford TO, Drachman D, et al.
Prevalence and distribution of regional scar in dysfunctional myocardial
segments in Duchenne muscular dystrophy. J Cardiovasc Magn Reson.
2011;13(1):20.

Mavrogeni S, Markousis-mavrogenis G, Papavasiliou A. Cardiac
involvement in Duchenne and Becker muscular dystrophy. World J Cardiol.
2015;7(7):1-14.

Florian A, Ludwig A, Engelen M, Waltenberger J, Rosch S, Sechtem U, et
al. Left ventricular systolic function and the pattern of late-gadolinium-
enhancement independently and additively predict adverse cardiac events
in muscular dystrophy patients. J Cardiovasc Magn Reson. 2014;16(1):81.

Olivieri LJ, Kellman P, McCarter RJ, Cross RR, Hansen MS, Spurney CF.
Native T1 values identify myocardial changes and stratify disease severity
in patients with Duchenne muscular dystrophy. Journal of Cardiovascular
Magnetic Resonance. 2016;18(1):72.

Hakimi M, Burnham T, Ramsay J, Cheung JW, Goyal NA, Jefferies JL, et
al. Electrophysiologic and Cardiovascular Manifestations of Duchenne and
Becker  Muscular  Dystrophies. Heart Rhythm. 2024;S1547-
4271(24)02992-0.

31

139



23.

24.

25.

26.

27.

28.

Pahl E, Sleeper LA, Canter CE, Hsu DT, Lu M, Webber SA, et al. Incidence
of and risk factors for sudden cardiac death in children with dilated
cardiomyopathy: A report from the pediatric cardiomyopathy registry. J Am
Coll Cardiol. 2012;59(6):607-15.

Villa CR, Czosek RJ, Ahmed H, Khoury PR, Anderson JB, Knilans TK, et
al. Ambulatory monitoring and arrhythmic outcomes in pediatric and
adolescent patients with Duchenne muscular dystrophy. J Am Heart Assoc.
2016;5(1):e002620.

Kaspar RW, Allen HD, Ray WC, Alvarez CE, Kissel JT, Pestronk A, et al.
Analysis of dystrophin deletion mutations predicts age of cardiomyopathy
onset in Becker muscular dystrophy. Circ Cardiovasc Genet.
2009;2(6):544-51.

Raman S V., Hor KN, Mazur W, Halnon NJ, Kissel JT, He X, et al.
Eplerenone for early cardiomyopathy in Duchenne muscular dystrophy: a
randomised, double-blind, placebo-controlled trial. Lancet Neurol.
2015;14(2):153-61.

Ogata H, Ishikawa Y, Ishikawa Y, Minami R. Beneficial effects of beta-
blockers and angiotensin-converting enzyme inhibitors in Duchenne
muscular dystrophy. J Cardiol. 2009;53(1):72-8.

Yancy CW, Jessup M, Bozkurt B, Butler J, Casey DE Jr, et al. 2017
ACC/AHA/HFSA Focused Update of the 2013 ACCF/AHA Guideline for the
Management of Heart Failure: a report of the American College of
Cardiology / American Heart Association Task Force on Clinical Practice
Guidelines and the Heart Failure Society. Circulation. 2017;136(6):e137-
e161.

32

140



29.

30.

31.

McDonagh TA, Metra M, Adamo M, Baumbach A, Béhm M, Burri H, et al.
2021 ESC Guidelines for the diagnosis and treatment of acute and chronic
heart failure. Eur Heart J. 2021;42(36):3599-3726.

Bourke J, Tynan M, Stevenson H, Bremner L, Gonzalez-Fernandez O,
McDiarmid AK. Arrhythmias and cardiac MRI associations in patients with
established cardiac dystrophinopathy. Open Heart. 2024;11(1):3002590.

Chiang DY, Allen HD, Kim JJ, Valdes SO, Wang Y, Pignatelli RH, et al.
Relation of Cardiac Dysfunction to Rhythm Abnormalities in Patients with

Duchenne or Becker Muscular Dystrophies. Am J Cardiol.
2016;117(8):1349-54.

33

141



8. Discusion

Las enfermedades neuromusculares de las que se ha completado la revision y
seguimiento en los articulos presentados tienen origen ya en etapas precoces
de la vida. En algunos de estos casos, puede haber manifestaciones clinicas en
época fetal (pocos movimientos fetales) o en los primeros meses de la vida,
como pueden ser las distrofias musculares congénitas por laminopatia (fenotipo
L-CMD) y la forma congénita de la Distrofia muscular tipo 1 o Steinert (cDM1).
De forma general, se puede resumir la presentacién fenotipica habitual en la

figura 14.
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Figura 14 (creacién propia). En esta figura se representan las enfermedades neuromusculares estudiadas,
destacando le influencia que tiene la genética y epigenética en la expresién fenotipica de cada una. Se
destaca también el momento de aparicién de complicaciones cardiovasculares (arritmias, miocardiopatia
dilatada) que, de forma mds frecuente, suelen aparecer en cada una de ellas siendo en rojo la infancia,
amarillo la adolescencia y en verde en la etapa adulta. La genética, incluyendo otros genes modificadores
de fenotipo, y la epigenética son factores que pueden ser fundamentales en la expresion fenotipica tanto
en la forma de expresividad como en la severidad. En el caso de DMD, la miocardiopatia dilatada e
insuficiencia cardiaca ha sido la complicacién cardiovascular mds frecuente. En el caso de las laminopatias,
las formas de L-CMD y EDMD muy relacionadas con arritmias potencialmente malignas y miocardiopatia
dilatada e insuficiencia cardiaca. En el caso de DM1 se han detectado alteraciones electrocardiograficas y
ecocardiograficas menores en la infancia y adolescencia que pueden sentar la base de las arritmias
potencialmente letales y miocardiopatia que se manifiestan en la etapa adulta. + DMD: Distrofia muscula
de Duchenne. DMB: distrofia muscular de Becker. DMD/B: fenotipo intermedio. DM1: distrofia miotdnica
tipo 1 o de Steinert. cDM1: forma congénita de distrofia miotdnica tipo 1. iDM1: forma infantil de la
distrofia miotdnica tipo 1. jDM1: forma juvenil de la distrofia miotdnica tipo 1. L-CMD: distrofia muscular
congénita por laminopatia. EDMD: distrofia muscular de Emery-Dreifuss. LGMD1B: distrofia muscular de
cinturas tipo 1B.
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Hay que tener en cuenta que algunos casos congénitos o de inicio precoz en los
primeros afos de la vida van a tener una debilidad muscular muy importante que
va a empeorar el pronostico global. En otros casos, la manifestacion
cardiovascular va a ser potencialmente letal, motivo por el que debemos tener la
responsabilidad de estudiar indicadores de aquellas situaciones que puedan
comprometer la vida del paciente de forma brusca e inesperada, como pueden
ser las arritmias y la muerte subita.

A continuacion, se resume la discusion por cada una de las enfermedades

estudiadas en la presente tesis doctoral.

8.1. Laminopatias neuromusculares

Las laminopatias son un grupo de enfermedades cuya base genética se
encuentra en una mutacion patogénica en el gen LMNA, que codifica para unas
proteinas nucleares llamadas laminas. Las laminas son proteinas nucleares de
filamento intermedio que tienen como funcion, entre otras, la modulacion de la
organizacion de la cromatina, la modulacién de la expresion génica y la
estabilidad gendmica. El gen LMNA codifica para las laminas tipo A (AD10, C, y
C2) via splicing alternativo, y se expresan en todas las células somaticas
diferenciadas. (3,17,18,24) Las hipétesis que se manejan y que explicarian que
los miocitos y miocardiocitos sean mas sensibles a alteraciones en la lamina tipo
A son el dafio en la membrana nuclear celular que daria lugar a la muerte celular
por estrés mecanico (por su papel clave en la interaccion con el citoesqueleto) y
la interrupcion de vias de sefalizacion (MAPK, ERK, JNK, p38_ y mTOR) debido
al papel de las lamina tipo A en la expresidn génica e interaccion con reguladores
transcripcionales (c-Fos, ERK1/2, y SREBP1). (18,97,98) La patogénesis de la
miocardiopatia también podria estar involucrado el efecto negativo de la
haploinsuficiencia de la lamina A/C. (99)

En cuanto al fenotipo, la distrofia muscular por LMNA puede dar lugar a
diferentes fenotipos, lo que complica su estudio ya desde el periodo neonatal,
danto lugar a discrepancias en el manejo desde el punto de vista cardiologico.
(25,32,33,100-102)

En la cohorte presentada de pacientes pediatricos con distrofia muscular por
laminopatia se han podido observar eventos cardiacos mayores (taquicardia
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ventricular, fibrilacion ventricular), miocardiopatia e insuficiencia cardiaca, ictus
y, en 2 casos muerte.

A pesar de que todos estos pacientes tuvieron un estudio electrofisioldgico
normal, el implante del holter subcutaneo en estos pacientes permitio discriminar
arritmias malignas (taquicardia ventricular, fibrilacion ventricular) en 5 casos
(17% de los pacientes incluidos), ademas de otros casos de asistolia, pausas
sinusales, fibrilacion auricular y arritmias supraventriculares. Estos 5 pacientes
recibieron el implante de un desfibrilador como prevencion de la muerte subita.
Ademas, cabe destacar que los pacientes con eventos cardiacos mayores y
arritmias fueron los que debutaron con sintomatologia neuromuscular antes de
los 2 afnos de edad. Esto, sumado a la vulnerabilidad de estos pacientes, la poca
o nula deambulacion en muchos casos, asi como la atipicidad de los sintomas
cardiovasculares, apoyan el uso de herramientas que ayuden a discriminar y
estratificar mejor el riesgo cardiovascular para poder tomar actitudes
terapéuticas o preventivas dentro de un periodo aun asintomatico de la
enfermedad cardiaca y asi prevenir arritmias potencialmente malignas que
desenlacen en una muerte subita. Con esto se demuestra que, al igual que en
recomendaciones de pacientes neuromusculares en poblacion adulta (EDMD y
LGMD1B) en las que se indicaria implantar dispositivos de monitorizacion ECG,
con el seguimiento de esta cohorte de pacientes pediatricos con laminopatia
neuromuscular este tipo de dispositivos tiene un papel muy relevante.
(33,38,103)

Aunque pueda verse limitada la indicacion del implante de dispositivos de control
del ritmo cardiaco, como puede ser un DAI, en pacientes con distrofia muscular
en edad pediatrica (por cuestiones anatdmicas, de descargas inapropiadas y
otras complicaciones) en centros expertos en enfermedades neuromusculares,
con un equipo multidisciplinar de manejo integral, los dispositivos pueden ser
implantados y programados de manera segura. Existen publicaciones al
respecto del implante de DAl en enfermedades neuromusculares, abogando por
la individualizacion de la indicacion en cada caso.(57) En la cohorte de pacientes
estudiada, de los 5 pacientes a los que se implant6 un desfibrilador, todos tenian
ya unos valores bajos del strain miocardico del corte de 4 camaras, a pesar de
tener valores preservados de FEVI, lo que el strain miocardico podria
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corresponder a un predictor de mal prondstico cardiolégico ya en edad
pediatrica.

Durante el seguimiento de estos 5 desfibriladores, hubo dos choques apropiados
y ningun choque inapropiado durante el tiempo de seguimiento. Ha de valorarse
también, en el momento del implante del dispositivo, la expectativa de vida y el
estado global del paciente. Los resultados de esta tesis han permitido detectar
arritmias potencialmente letales en edades muy precoces que hubieran podido
limitar la expectativa de vida del paciente, ya que a nivel neuromuscular no
existia un deterioro lo suficientemente severo como para desencadenar en un
evento de muerte.

En cuanto a los fenotipos, los que presentaron peor fenotipo cardiaco fueron los
que tuvieron un debut neuromuscular mas precoz, antes de los 2 anos,
independientemente del fenotipo neuromuscular final (23/28 pacientes
incluidos). Esto se ve apoyado con la serie retrospectiva publicada
recientemente, en pacientes con diagndstico de L-CMD.(25) El debut precoz
comentado, independientemente del fenotipo neuromuscular descrito o
sospechado, es muy relevante ya que los criterios diagndésticos para estratificar
los diferentes fenotipos de laminopatias neuromusculares han ido cambiando en
los ultimos afos y esto dificulta el analisis global de los resultados de las
publicaciones. En la cohorte de pacientes del estudio, los eventos
cardiovasculares se centraron en los pacientes con L-CMD y EDMD. Aunque los
pacientes con LGMD1B pueden manifestar miocardiopatia dilatada, arritmias y
muerte subita, puede que este riesgo se vea desplazado mas adelante a la etapa
adulta, tal y como se sugiere en las diferentes publicaciones.(6,35,36,57)
También los pacientes con fenotipos atipicos y leves podrian manifestar
miocardiopatia dilatada, aunque tampoco ninguno de los dos pacientes incluidos
ha manifestado miocardiopatia ni trastornos ECG en la monitorizacion, al menos
en edad pediatrica. (33,97) En cuanto a los pacientes con EDMD de la cohorte,
aquellos con un debut neuromuscular muy precoz, tuvieron mas riesgo de
miocardiopatia dilatada al cabo de los afos, mientras que las arritmias
potencialmente malignas estuvieron mas presentes en el fenotipo L-CMD. Esto
concuerda con estudios previos reportados. (33,34,49)

En la figura 15 se muestra un resumen de la historia natural de este grupo de

pacientes con manifestacion precoz de la enfermedad neuromuscular y los
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momentos clave que, probablemente, si se actua de modo multidisciplinar y con
un alto indice de sospecha, puedan vitarse la mortalidad por arritmias y muerte
subita. A pesar de los avances en la tecnologia que permiten detectar situaciones
de forma muy precoz, queda aun trabajo por hacer en cuanto al manejo de los

farmacos para insuficiencia cardiaca y arritmias en poblacion pediatrica.
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Figura 15 (creacion propia). Resumen de la historia natural de los pacientes con laminopatia
neuromuscular, con las manifestaciones mas frecuentemente reportadas desde el punto de vista
sintomatico y cardiovascular. Se introduce el elemento de Holter subcutaneo como dispositivo a
considerar implantar en las formas de manifestacion precoz de la enfermedad neuromuscular y

el analisis de strain miocardico como indicador de mal pronéstico cardiaco precoz.

De los dos pacientes que fallecieron durante el seguimiento de la cohorte
pediatrica, las causas fueron infeccidn respiratoria en uno de los casos, a los 10
anos de edad y no presentaba afectacion cardiaca hasta ese momento, y en el
otro caso por insuficiencia cardiaca congestiva terminal a los 18 afios. En este
ultimo caso, se asociaron, ademas, arritmias auriculares (silencio auricular,
fibrilacion auricular) y ventriculares potencialmente malignas (taquicardia
ventricular, fibrilacion ventricular) y refractarias al tratamiento médico propuesto
y a la optimizacion del algoritmo del DAI. Ambos casos se trataban de fenotipos
precoces con manifestacién clinica neuromuscular antes de los 2 anos de edad
y eran no ambulantes y requerian soporte ventilatorio no invasivo en domicilio
de forma intermitente.

En cuanto a la genética, han sido identificadas 20 variantes en el gen LMNA (18
exonicas y 2 intrénicas), de las que 12 fueron de novo. La mutaciéon mas

prevalente identificada fue p.Arg249Trp (21.4%) y, a pesar de tener la misma
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mutacién, hubo expresividad variable, pues los fenotipos encontrados en los
pacientes portadores fueron 4 L-CMD (de éstos, 1 portador de marcapasos y
otro de DAI), 1 EDMD y 1 manifestacion con debilidad muscular leve. Esta
mutacién se relaciond mas con las arritmias que con miocardiopatia dilatada,
pues no se encontrd ningun caso, al menos en edad pediatrica.

Tanto la miocardiopatia dilatada como la presencia de DAl indicado por arritmias
tuvo una localizacion muy variada en el gen LMNA. La figura 16 representa esta
correlacion y, la cohorte de seguimiento, la miocardiopatia dilatada se relacion6
mas con mutaciones en el exéon 1y 7 (ninguno de los pacientes del exon 4),
mientras que las DAI por arritmias tuvo una distribucion heterogénea entre todos
los exones. Este dato puede tener relevancia para el seguimiento, al menos,
durante la edad pediatrica. A pesar de esto, pacientes con la misma mutacion
expresan fenotipos variables, con penetrancia también variable confiriendo
diferentes grados de severidad de la enfermedad y, por ende, con diferentes

velocidades de progresion de la enfermedad global.
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Figura 16 (publicada en el articulo 1 de esta tesis, Cesar et al). Correlacion
fenotipo-genotipo de la cohorte pediatrica con laminopatia neuromuscular. DCM:
miocardiopatia dilatada. ICD: desfibrilador automatico implantable. Death:

muerte. PM: marcapasos.

147



Siguiendo en la linea de las caracteristicas fenotipicas observadas, a parte de la
expresividad variable incluso con la misma mutacion patogénica, cabe destacar
un debut y progresion diferentes entre los pacientes incluso con el mismo
fenotipo neuromuscular. Esto genera la hipotesis de que existen otros
modificadores del fenotipo y que ha justificado encontrar otros predictores que
empeoren el prondstico cardiaco.(31) Ademas, durante el desarrollo de la tesis
y después de la publicacion de los articulos que se presentan, dos pacientes
pediatricas de la cohorte, gemelas monocigdticas, han tenido una progresion
rapidamente progresiva desde el punto de vista neuromuscular y cardiaco, con
debut de arritmias auriculares e insuficiencia cardiaca rapidamente progresivas
y refractarias al tratamiento médico, aunque con diferencias en la velocidad de
progresion de la debilidad muscular y de las complicaciones cardiovasculares
entre ellas. Todo esto justifica un analisis profundo de los modificadores del
fenotipo, como pueden ser factores genéticos, epigenéticos y ambientales. En
esta linea, en el articulo 2 se describen factores genéticos encontrados en la
cohorte estudiada. Para entender que pueda haber otros factores genéticos, la
miocardiopatia dilatada, que es la miocardiopatia mas frecuente, se caracteriza
por una dilatacion ventricular y disfuncidn sistdlica, con adelgazamiento de las
paredes ventriculares y fibrosis miocardica. A nivel genético, se ha relacionado
con mas de 60 genes y se puede detectar en aproximadamente el 60% de los
casos, principalmente mediante herencia autosémica. (104,105) Entre los genes
que se hallan mas frecuentemente en la miocardiopatia dilatada, alrededor del
30-35% de los casos corresponde a una mutacion en el gen TTN, seguido de
LMNA en el 10-15% de los casos. También se han descrito otros genes
implicados como los que codifican a canales idnicos o proteinas asociadas
(SCN5A, KCNQ1 y ABCC9), factores de transcripcion (TBX5, TBX20, NKX2-5,
GATA4, GATA5, GATA 6, EYA4, and FOXD4), y proteinas sarcoméricas (ACTC1,
MYBPC3, MYH6, MYH7, TNNC1, TNNI3, TNNT2, TPM1), entre otras.(104—107)
Cuando existe un fenotipo de miocardiopatia dilatada con trastorno de la
conduccion, se ha podido relacionar al gen LMNA en hasta el 8% de los casos.
(42,105) Esta particularidad del defecto de la conduccion le confiere un peor
prondstico y mayor riesgo de muerte subita, algo demostrado también en
modelos murinos. (108,109)

148



La ampliacion del estudio genético en la cohorte de pacientes con laminopatia
neuromuscular surgié de, precisamente, la necesidad de dar explicacion a las
diferencias de la forma y severidad de la expresion fenotipica, tal y como también
se ha sugerido en otras publicaciones.(110-112) Asi, en el articulo 2 se detalla
la ampliacion del estudio genético a 105 genes mas relacionados de alguna
manera con enfermedades neuromusculares, miocardiopatia y arritmias. Se
pudieron analizar 26 pacientes (casos indice) de 25 familias diferentes y un total
de 50 familiares. La mayoria de los pacientes incluidos (23/26) tuvieron un debut
de sintomas neuromusculares antes de los 2 afios. Gran parte de los casos
fueron variantes raras en el gen LMNA de novo (24/26 casos, 92.3%), y en tan
so6lo 2 familias se encontrd la misma variante en alguno de los padres (siendo en
este caso una expresion fenotipica muscular muy leve).

La siguiente figura 17 (publicada en el articulo 2 de la tesis) muestra la

correlacién de los hallazgos genéticos con el fenotipo cardiaco y neuromuscular:

Laminopathy-related

muscular dystrophy
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Ninguna de las proteinas de las que son responsables los genes que se han
encontrado tras el analisis, participan de forma cercana con el gen LMNA. En
total, el 30.76% de los pacientes tuvieron un hallazgo de una variante rara en
alguno de estos genes: AGRN, CHRND, COL6A3, DYSF, FLNC, GAA, LAMP2,
and NEB). Todos fueron exénicos, en estado heterozigoto y ninguno fue de novo.
De estas variantes raras encontradas, las unicas publicadas previamente, y
relacionadas con trastorno del depdsito de Glucdgeno, fueron las del gen GAA
en dos pacientes diferentes (p.Arg594His, p.Asp645Asn).(113-115) Es
importante destacar que, a excepcidon de los 2 casos en que los padres tenian
manifestaciones leves musculares por mutacién en LMNA, ninguno tenia otros
sintomas. El hallazgo de variantes raras como las halladas en GAA (paciente 1),
AGRN y FLNC (paciente 2) podrian conferir una severidad especial al fenotipo
neuromuscular y cardiaco por LMNA, pues los dos pacientes (6 y 26) que tienen
la misma mutacion en LMNA que los pacientes 1y 2 (c.745C>T, p.Arg249Trp)
no han expresado la misma severidad fenotipica, aun tener también el mismo
diagndstico fenotipico L-CMD, y no son portadores de estas variantes raras en
GAA, AGRN ni FLNC.

En la cohorte, otros pacientes con la misma mutacion en p.Arg249Trp (paciente
14) han presentado otro fenotipo neuromuscular (EDMD). Esto sugiere que la
ampliacion del analisis genético tenga un sentido para dar explicacion a estas
diferencias de la expresion fenotipica.

El paciente 5, que tenia una mutacion en LMNA pArg453Pro, tenia un fenotipo
EDMD con afectacion cardiaca severa (miocardiopatia dilatada y arritmias que
justificaron el implante de un DAI), tuvo un hallazgo de una mutacion rara en
GAA p.Gly641Asp. Se desconoce el grado de participacion como modificador del
fenotipo porque en este caso la enfermedad de depdsito de glucogeno se
manifiesta de forma recesiva y la madre, que era portadora, no tenia sintomas
relacionados con la enfermedad. En este caso desconocemos el papel que
pueda tener ya que falta literatura al respecto del comportamiento fenotipico de
este cambio de aminoacido en el gen LMNA.

Los pacientes 20 y 21 tenian también una mutacién en el mismo aminoacido
p.Arg453: en estos dos casos la mutacion fue en p.Argd53Trp pero tenian
diferente diagndstico fenotipico (EDMD y LGMD1B) y la afectacion muscular era
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lentamente progresiva sin afectacion cardiaca. Esta mutacion ha sido descrita
en fenotipos de EDMD con arritmias y debilidad muscular lentamente progresiva.
(34,116,117) En estos dos casos no se hallaron otros genes en la ampliacion del
estudio genético.

La mutacién en p.Asn39Ser fue responsable del fenotipo EDMD del paciente 7
y del paciente 3. Mientras que la literatura publicada (34,118) concuerda con la
no afectacion cardiaca del paciente 7 (si hay diferentes fenotipos publicados:
EDMD, L-CMD), el paciente 3 tuvo un fenotipo EDMD con una afectacion
muscular y cardiaca severas (arritmias malignas, portadora de DAl y, finalmente,
fue el paciente que fallecio con 18 afos de causa cardiaca). El estudio genético
ampliado no mostré ningun hallazgo en este paciente 3 mientras que en el
paciente 7 se hallé una variante rara en LAMP2 de la cual era portadora la madre
y no tenia fenotipo ni sintomas.

En el caso de las pacientes gemelas monocigéticas, portadoras de la misma
mutacion en LMNA p.Asn39Lys, con fenotipo L-CMD vy, a pesar que inicialmente
no tuvieron fenotipo cardiaco, en el seguimiento clinico han presentado una
evolucion rapidamente progresiva tanto a nivel neuromuscular como también a
nivel cardiaco, presentando arritmias (taquicardia auricular de dificil control,
fibrilacidn auricular en la gemela 1 y taquicardia auricular y ventricular e ictus en
la gemela 2) e insuficiencia cardiaca, ambas refractarias de comportamiento
agresivo y refractarias al tratamiento médico. Esto, una vez mas, difiere de los
casos publicados con la misma mutacion en LMNA, en los que se describe una
evolucion muscular lentamente progresiva y sin afectacion cardiaca. (34,116) En
este caso se ha ampliado el estudio genético a posteriori (ver articulo en Anexos
Martinez-Olordn et al) y se ha encontrado, a parte de la variante posiblemente
benigna en CHRND p.Pro307Ser, dos variantes de comportamiento ambiguo en
AGRN p.Pro325Arg y en DMD p.GIn206Leu. La variante AGRN fue heredada del
padre (asintomatico) y la variante DMD y CHRND de la madre (asintomatica). A
pesar de la discrepancia en la velocidad del empeoramiento de la enfermedad
neuromuscular y cardiaca en ambas gemelas, el resultado final fue el mismo,
éxitus debido a complicaciones cardioldgicas (arritmias e insuficiencia cardiaca
rapidamente progresiva y refractaria al tratamiento médico). Dada la relevancia
clinica de estos dos casos, se representa la evolucion clinica en la figura 18.
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Figura 18 (creacion propia). Representacion clinica de las pacientes gemelas monocigoéticas con
mutacion en LMNA y fenotipo de laminopatia neuromuscular tipo L-CMD. Ambas eran portadoras
de holter subcutaneo que permitio identificar las arritmias para optimizar el tratamiento clinico. El
fenotipo de la gemela 1 fue mas precoz y severo a nivel de debilidad muscular y el debut cardiaco
también fue mas precoz presentando taquicardia auricular y, finalmente, una miocardiopatia

dilatada con insuficiencia cardiaca rapidamente progresiva.

En el paciente 11, con fenotipo neuromuscular L-CMD y miocardiopatia dilatada
como expresion cardiaca, se encontro una delecion en el gen NEB (relacionado
con miopatias autosodmico recesivas), aunque el hermano y la madre eran
portadores y no tenian sintomas. Los otros pacientes con deleciones en el gen
LMNA (4, 9 y 25) tuvieron una expresion fenotipica similar a lo reportado en la
literatura, con afectacion muscular lentamente progresiva, sin afectacion
cardiaca o expresion de miocardiopatia dilatada. (34)

En el paciente 18 con fenotipo de EDMD, se encontraron dos variantes raras
mas: GAA p.Asp645Asn heredada por parte materna, sin sintomas al respecto y
en heterocigosis, y COL6A3 p.Lys2961AsnfsTer40 por parte paterna). En este
caso, la mutacién en LMNA, no reportada previamente, en p.GIn36His fue
heredada por rama paterna que también tenia una debilidad muscular leve, al
igual que el hijo, que tampoco tenia afectacion cardiaca. En este caso no habia
mas familiares clinicamente afectos, pero se desconoce el papel que pueda jugar
la variante COL6AS3 en la expresion de la debilidad muscular.
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El paciente 22, con fenotipo EDMD presenté una afectacion muscular lentamente
progresiva y sin afectacion cardiaca. En este caso el paciente tenia una mutacion
de novo, LMNA p.Glu31Lys, previamente publicada en un caso con fenotipo L-
CMD con las mismas caracteristicas fenotipicas.(34) En este paciente 22, se
encontré ademas una variante en DYSF p.Arg1849Lys, asociado a distrofia
muscular recesiva y heredado por parte materna. Ni la madre ni el hermano,
también portador, tenian sintomas al respecto.

En los pacientes 13 y 16, a pesar de tener un fenotipo de EDMD, tener
miocardiopatia dilatada y ser portadores de DAI, no se encontrd ninguna variante
mas en el estudio genético ampliado. Estos dos pacientes tenian mutaciones de
novo en el gen LMNA (p.Leu38Phe y p.Arg455Pro, respectivamente).

En resumen, en algunos de estos pacientes hay discrepancias genotipo-fenotipo
teniendo en cuenta lo que existe ya publicado y surgen dudas sobre el papel de
DYSF del paciente 18, el rol del gen CHNRD, AGRN y DMD (recientemente
ampliado el estudio genético, ver Anexos) en las gemelas con L-CMD fallecidas
de causa cardiaca (a los 8.5 y 9.5 aios de edad), el papel de COL6A3 en el caso
del paciente 18, si existe algun modificador genético mas en el paciente 3 que
también fue éxitus por causa cardiaca, si el paciente 5 tiene una expresién
fenotipica concordante a la mutacion en LMNA o existe algun papel del hallazgo
de la variante en GAA encontrada y si, finalmente, la expresion fenotipica
neuromuscular diferente en los paciente 20 y 21 corresponde o no a algun
modificador genético no encontrado en este analisis genético. Asi, estos
hallazgos permiten abrir otras lineas de investigacion para poder estudiar qué
sucede fisiopatolégicamente para dar explicacion a las diferencias fenotipicas y
si estos hallazgos genéticos pueden tener una participacion en la modificacion
del fenotipo. Comprender esto es de vital importancia para este grupo de
pacientes tan vulnerables y con una expresion fenotipica agresiva en algunos de

estos casos.
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8.2. Distrofia mioténica de Steinert

La Distrofia miotonica de Steinert, o DM1, es la enfermedad neuromuscular mas
frecuente en la etapa adulta, cuyo patron hereditario es autosémico dominante y
corresponde a una expansion de trinucledtidos de CTG en el cromosoma
19q13.1. Existe un fendmeno de anticipacion en las generaciones sucesivas y
esto lleva a expresar un fenotipo mas precoz y severo.(57,60,61,72)

En el articulo 3, cuyos resultados no han sido publicados, se describe una
revision retrospectiva de la cohorte de DM1. Es relevante destacar que, en la
edad pediatrica, existen diferentes grados de severidad que han motivado una
clasificacion basada en el momento de aparicion de los sintomas: la forma
congeénita, la infantil y la juvenil (cDM1, iDM1 y jDM1, respectivamente). (119) Se
representan graficamente tanto las formas como la evolucién habitual en la figura
19.

Sintomas cardiovasculares que pueden manifestarse ‘

Gen DMPK Hipotonia Asintomitico Asintomético
CTG tripletes Insuficiencia respiratoria Mareos, sincope Mareos, sincope

Retraso del desarrollo Palpitaciones Palpitaciones

Dolor torécico Dolor torécico

Ventana de oportunidad para la
deteccién precoz del compromiso CV

DM1 Congénita DM1 Infantil (<10a)
DM1 Juvenil (>11a)

- 5 2 Mortalidad: 40%, por ;orma més leve que la BAV completo, arritmias
No miocardiopatia e ntomED respi;m,io DM1 congénita ventriculares, asistolia. ’M.NC/ l\{lCD
BAV 1, raro BAV No miocardi Miocardi dilatada con Muerte subita (Riesgo: 0.56%/a
No miocardiopatia* BAV 1, Hij je QRS, disfuncién ventricular.
BCRD Expectativa de vida: 45 afios Papel del marcapasos y DAI

Figura 19 (creacion propia). Historia natural segun lo que hay descrito y los principales
hallazgos que se pueden encontrar en funcion del fenotipo: cDM1, iDM1, jDM1 y del adulto.
Se introduce el indicador de alteraciones electrocardiograficas como hallazgos principales de
la cohorte en formas de cDM1, iDM1 y jDM1 después del estudio de la cohorte.

cDM1: Distrofia mioténica tipo 1 congénita; iDM1: Distrofia mioténica tipo 1 infantil; jDM1:
Distrofia miotonica tipo 1 juvenil; MNC: miocardiopatia no compactada. MCD: miocardiopatia
dilatada. DAI: desfibrilador automatico implantable. BAV: bloqueo auriculo-ventricular. BCRD:
bloqueo completo de rama derecha.

(*) No suele haber BAV completo ni miocardiopatia en las formas cDM1 y iDM1, aunque esta
descrito en publicaciones previas.

A pesar de haberse descrito predictores de muerte subita en poblacién adulta,
sigue sin haber informacién en poblacion pediatrica, a pesar de que ésta ha sido
reportada previamente en la forma cDM1 y sin hallarse alteraciones clasicas de
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riesgo en el electrocardiograma ni haberse podido registrar arritmias
(manifestacion sistémica mas precoz y mas severa). (64)

A pesar de que en la literatura estan descritos hallazgos como ductus arterioso
persistente, dilatacion del arco aodrtico, defectos del septo interventricular,
prolapso de la valvula mitral y miocardiopatia hipertrofica(64), en la cohorte
descrita de 40 pacientes en el articulo 3, no se han encontrado alteraciones
cardiacas estructurales mayores. En el analisis ecocardiografico no se hallé
ninguna alteracion significativa funcional, y en el analisis estructural tan solo 1
valvula adrtica bicuspide, hipertrabeculacion leve apical del ventriculo izquierdo
en 3 pacientes y en s6lo 1 pacientes se hallaron criterios limitrofes para no
compactacion del ventriculo izquierdo, pero con funcién conservada. Estos
hallazgos, a pesar de no ser significativos, pueden sentar la base para futuras
investigaciones y seguimientos a largo plazo hasta la edad adulta, para
identificar si la hipertrabeculacion apical del ventriculo izquierdo pueda ser un
predictor precoz para aquellos pacientes que puedan presentar miocardiopatia
relacionada con la DM1 en la etapa adulta.

En cuanto a la descripcion ECG y de arritmias, no hay estudios especificos sobre
su incidencia en el grupo de cDM1, aunque si estan descritas arritmias
supraventriculares y ventriculares durante la infancia. (57,64,120,121)

Cabe destacar que los hallazgos ECG, en la cohorte pediatrica descrita en el
articulo 3, no son potencialmente malignos en la poblacion general, aunque
podrian establecer un predictor de muerte subita o arritmias potencialmente
letales en la etapa adulta. Esto se basa en que un 30% de la cohorte se pudo
observar ya un bloqueo AV de primer grado (3 pacientes del grupo con cDM1 y
9 pacientes del grupo iDM1). Se desconoce el grado de progresion del bloqueo
AV a otros grados mas avanzados o si estos pacientes consiguen alcanzar un
PR mayor a 240, que seria uno de los predictores, junto al QRS y QTc, para
muerte subita en adultos.(74,122,123) Tampoco hay predictores de bloqueo AV
completo y muerte subita en estudios electrofisiologicos en poblacion pediatrica
con DM1, aunque si en adultos, determinando un intervalo HV >70ms o bien una
progresion de la prolongacion de este intervalo >1.2ms/afo. (57,124,125) Esto
también podria abrir un campo de investigacion para prevenir la muerte subita
del adulto conociendo los intervalos HV en poblacion pediatrica con DM1 y que
ya tenga alteraciones leves-moderadas ECG en el PR y QRS (PR 200-240ms,
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QRS 100-120ms) antes de la transicion al equipo multidisciplinar del adulto,
como se ha detectado en la cohorte descrita. La muerte subita descrita en edad
pediatrica corresponde a los grupos cDM1 (hasta 6.1% de muertes inexplicadas)
y iDM1, aunque en nuestra cohorte no se ha detectado muerte subita relacionada
con ningun grupo. (64)

Para poder correlacionar la genética con los hallazgos cardiovasculares,
independientemente de cuales sean, se necesitaria reanalizar y precisar mas en
los tripletes de CTG, ya que estos son responsables de causar disregulacion en
el splicing en un subgrupo de mRNA. Justamente este es el mecanismo que,
sobre el gen SCN5A, puede contribuir a las arritmias descritas en esta poblacion,
como ya ha sido publicado previamente.(57) Lo que si se ha relacionado
previamente en poblacién adulta que a mayor tamafno de amplificacion de CTG,
mayor prevalencia de manifestaciones cardiacas.(57,58,126) Por tanto, este
analisis del numero de repeticiones de CTG junto con otros indicadores clinicos
como los hallazgos ECG podrian sentar las bases para determinar qué pacientes
son estan mas a riesgo de presentar arritmias potencialmente letales y/o muerte

subita.

8.3. Distrofia muscular de Duchenne

En el articulo 4, resultados no publicados, se describe el seguimiento
cardiovascular de una cohorte de 4 pacientes con diagndstico genéticamente
confirmado de distrofinopatia, la mayoria con DMD. Las complicaciones
cardiovasculares siguen siendo, hoy en dia, la causa principal de morbilidad y
mortalidad en pacientes con DMD.(78,80) En la figura 20 se representa la historia
natural de las complicaciones cardiacas en DMD.

156



Sintomas cardiovasculares que pueden manifestarse |

Gen DMD No sintomas clasicos Minoria de pacientes Zl:%;:ev;ﬂ'::::;::s
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Alteraci6 tilidad miocardi itmi )
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Figura 20 (creacion propia). Etapas de las complicaciones cardiacas en DMD. En la etapa
preclinica o subclinica antes de los 10 afios existen ya alteraciones en el ECG y también las
alteraciones de la deformacion cardiaca detectada en la cohorte (Strain miocardico),
introduciendo este elemento en la etapa preclinica/subclinica. Las arritmias e insuficiencia
cardiacas empiezan a aparecer en el estadio clinico de la enfermedad, durante la
adolescencia, siendo habitualmente la etapa del adulto joven la que va relacionada a la
mortalidad cardiovascular.

IC: insuficiencia cardiaca; Mx: mortalidad; DAI: desfibrilador automatico implantable; ECG:
electrocardiograma.

Entre las complicaciones cardiovasculares que ensombrecen el prondstico se
hallan la miocardiopatia dilatada (MCD), arritmias e insuficiencia cardiaca.
(57,76,78,80,127)

La MCD de la DMD tiene como base celular la pérdida de miocitos, que se
traducen a nivel ventricular en un adelgazamiento de la pared y dilatacion del
ventriculo izquierdo. Caracteristicamente, la apoptosis celular se traduce en
fibrosis miocardica que va desde el epicardio hasta el endocardio y de
localizacion preferente a nivel posterior, algo que es muy frecuente en la MCD y
que también se ha encontrado en la cohorte de seguimiento. (80,127)

La MCD suele ser asintomatica en este grupo de pacientes, tal y como también
se ha encontrado en nuestra cohorte de pacientes pediatricos, por lo que dificulta
el seguimiento y la deteccion de complicaciones. La base de este razonamiento
suele ser que la pérdida de deambulacion por la debilidad muscular hace que el
consumo de oxigeno baje de forma muy importante. (78,128) Es por este motivo
que el seguimiento cardiovascular debe empezarse en etapas precoces de la
DMD. (78)
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En la cohorte descrita en el articulo 4, el analisis ecocardiografico basico y
avanzado, con strain miocardico, ha sido clave para determinar alteracién de la
deformacion cardiaca incluso antes de que los valores de FEVI se deprimieran
tal y como se ha visto en algunos de los pacientes de la cohorte estudiada. Este
comportamiento del strain miocardico ha sido ya sugerido en la literatura. (129)
El comportamiento de la funcion cardiaca global a lo largo de todo el seguimiento
en edad pediatrica fue hacia un deterioro lento y progresivo en la mayoria de los
casos, con significancia estadistica. Esto justifica el uso de herramientas de
analisis ecocardiografico basico y avanzado, con strain miocardico, para detectar
aquellos pacientes que puedan estar mas a riesgo de presentar un deterioro en
la adolescencia y poder poner medidas de soporte clinico y/o tratamiento
meédico. Esto supone un handicap ya que, a medida que avanzan y se
modernizan las herramientas de deteccion, los protocolos de actuacién no lo
hacen con la misma velocidad, especialmente en edad pediatrica, lo que supone
un reto para el clinico. La decisidn de iniciar un tratamiento farmacolégico en una
etapa pre-sintomatica de la DMD, incluso a pesar de tener indicadores precoces
de afectacion cardiaca en una enfermedad que no tiene un tratamiento curativo
y que se conoce que la evolucidn sera hacia la insuficiencia cardiaca, es, por el
momento, motivo de debate y controversia. Ya hay articulos donde se demuestra
una mejoria del strain miocardico circunferencial tras la combinacion de IECA o
ARA. (130)

Hay que destacar también que, precisamente por la obesidad en muchos casos,
la ventana ecografica del paciente con DMD es deficiente por lo que el analisis
ecocardiografico se hace mas dificultoso, limitando en muchas ocasiones el
analisis avanzado con strain miocardico, algo que se ha podido comprobar en la
cohorte estudiada y que se ha limitado al analisis del GLS apical 4 camaras: en
este caso se compararon los valores de GLS apical 4 camaras al inicio y final de
seguimiento, detectando que algunos pacientes ya tenian valores de GLS apical
4 camaras deprimidos a pesar de que el valor de FEVI estaba preservado
(paciente 3, 14, 20, 22, 20 y 35), pero sin arritmias. A pesar de que so6lo se ha
podido analizar este valor del GLS apical 4 camaras, hay otros reportes en la
literatura que han podido demostrar también que el strain miocardico se altera
también en el estudio longitudinal en 2 y 3 camaras, radial y circunferencial y

que, ademas, es un valor pronostico de mortalidad tal y como recientemente se
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ha publicado. (129,131) Para solucionar esto, se podria analizar el strain
miocardico con resonancia magnética cardiaca (RMc), aunque esto implicaria la
utilizacion de software especifico para disminuir el artefacto de la respiraciéon en
el caso que se pueda realizar sin anestesia general. (129) Las ventajas de la
RMc es la utilizacion de contraste para el estudio del realce tardio de Gadolinio,
aunque otras técnicas como el T1 mapping también se estan utilizando. La
presencia de fibrosis suele empezar en localizacion subepicardica en la pared
lateral del ventriculo izquierdo, siendo la septal y transmural una manifestacion
mas avanzada del dafio miocardico y, esta ultima, relacionada directamente con
eventos cardiacos adversos. (132)En la cohorte estudiada con DMD, de los
pacientes en los que se ha podido analizar la RMc, se pudo detectar fibrosis en
11 pacientes (50% de los pacientes con RM cardiaca): la localizacién de la
fibrosis fue en segmentos inferiores, inferolaterales y anterolaterales (basales y
medio ventriculares), concordante con la literatura. (133) A pesar de detectar esta
fibrosis no se encontré relacion directa con la presencia de arritmias
potencialmente malignas a pesar de que la edad media de los pacientes con
RMc era de 14.8 afios (DE+2.12). La cuantificacion de esta fibrosis podria ayudar
a establecer la velocidad de progresion del dafio miocardico en edad pediatrica
y asi poder proponer mas indicadores precoces de progresion rapida de la
miocardiopatia. Identificar esto es vital y necesario, aunque nuevamente faltarian
protocolos de actuacion y las decisiones clinicas se relegan a criterio del
cardidlogo pediatrico. A pesar de que la RMc puede ser de ayuda, existen
discrepancias sobre la correlacion con las arritmias, como ha pasado con el
paciente numero 24 de la cohorte (fibrilacion auricular sin datos de
miocardiopatia ni fibrosis). En contraposicion, el paciente numero 9 con arritmias
auriculares y ventriculares, y el paciente numero 13, con taquicardia auricular,
ambos con fibrosis miocardica en el estudio con RMc. Los pacientes que mas se
relacionaron con fibrosis en la RMc fueron las deleciones tipo frame-shift,
seguidas de las nonsense, delecion de exones y deleciones inframe, en este
orden.

En cuanto al tratamiento, es el de la insuficiencia cardiaca por miocardiopatia
dilatada, que se inicia cuando hay disfuncion ventricular significativa: suelen ser

IECA con o sin betabloqueantes y diuréticos (estos ultimos, especialmente si hay
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sintomas, para reducir la mortalidad y el ingreso por insuficiencia cardiaca).
(80,134,135)

A pesar de que las troponinas pueden estar asociadas a la extension del dano
miocardico, hay resultados controvertidos en cuanto al diagndstico y pronéstico
al respecto. (131,136) Ademas, los valores de NT-proBNP pueden ser normales
a pesar de tener una insuficiencia cardiaca establecida, ya que la movilidad y el
ejercicio de los pacientes con DMD se ven muy reducidos, y tampoco serviria
para discriminar a los pacientes con miocardiopatia dilatada tal y como ha sido
publicado previamente. (137) A pesar de esto, en una publicacion reciente se ha
asociado los niveles de NT-proBNP con la mortalidad, aunque la frecuencia para
obtener niveles de este biomarcador no queda claro. (131) En nuestra cohorte el
seguimiento de biomarcadores no era un objetivo principal, ademas de haber
sido un parametro de obtencién erratica, por lo que no se ha analizado. No
obstante, los biomarcadores pueden ayudar en el paciente inestable,
sintomatico, como marcador de respuesta terapéutica o para comparar los
cambios de los valores en el tiempo de seguimiento. (131) Existe ya un campo
en la transcriptomica y protedmica que puede ser también un campo de
investigacion en el grupo de las enfermedades neuromusculares en la edad
pediatrica, y que pueden ayudar a detectar indicadores de riesgo
cardiovascular.(138,139)

En cuanto a la genética y qué mutaciones son mas de riesgo cardiaco en edad
pediatrica, no hay consenso al respecto. De forma general, las variantes
patogénicas en las que estan dentro del marco de lectura
(deleciones/duplicaciones in-frame) se correlacionarian con un fenotipo
neuromuscular mas leve y las que hay una alteracion por fuera del marco de
lectura (deleciones/duplicaciones out-of-frame) se relacionan con un fenotipo
neuromuscular mas severo, aunque no en todos los casos se cumple esto. A
pesar de esto, sigue siendo un desafio predecir la severidad individual de cada
caso.(140) En la figura 21 se representan las mutaciones de la cohorte
estudiada, coincidiendo los hotspot de deleciones en la region de los exones 3-
20 y en los exones 45-55. (141)
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Figura 21 (creacidn propia). Representacién grafica del gen DMD con la distribucidn de los 79 exones. En
amarillo la Actin-binding domain, en azul la Rod-domain, en naranja la Cysteine-rich domain y en verde la C-
terminal domain. Los tipos de mutaciones de la cohorte de DMD estudiada estan representadas en los colores
de la leyenda. Se destacan los hotspot de las deleciones en los exones 3-20 y en la regidn de la rod domain de
los exones 45-55. DMD: distrofia muscular de Duchenne.

La miocardiopatia de inicio precoz parece haberse relacionado con deleciones
del dominio proximal N-terminal (exones del 2 al 9), aunque existe variabilidad
fenotipica, probablemente por la existencia de modificadores genéticos del
fenotipo, que hace que no se pueda concluir una relaciéon genotipo-fenotipo.
(87,89,90,132,141,142) En este sentido, en la cohorte estudiada, dos de los
pacientes con valores bajos de GLS apical 4 camaras y FEVI preservada al inicio
del estudio tenian una mutacion tipo frame-shift en los exones 3-11, otro con una
mutacion nonsense en el exén 8 y el resto de pacientes tenian una localizacion
en los exones 49, 50 y 51. Por tanto, en cuanto a la distribucion exdnica de los
pacientes con strain miocardico precozmente alterado, ha sido heterogénea y se
han encontrado en ambos hotspot de prevalencia de las mutaciones del gen

DMD (exones en region proximal N-terminal y exones 49, 50 y 51).
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En nuestra cohorte no hubo muerte subita ni tampoco se detectaron arritmias
potencialmente malignas, por lo que no he ha podido correlacionar este aspecto
con los resultados obtenidos del estudio ecocardiografico y del seguimiento del
ritmo cardiaco durante el periodo de seguimiento. Esto sugiere que se deberian
tomar otras estrategias diferentes a las habituales, como es el Holter cardiaco
24h, ya que la mayoria de los pacientes se encuentran asintomaticos y el
rendimiento de esta prueba en DMD parece insuficiente. Una estrategia seria la
monitorizacion con Holter cardiaco implantable para el seguimiento estrecho de
aquellos pacientes sintomaticos o con algun indicador de peor prondstico en la
edad pediatrica, como pueden ser aquellos con GLS apical 4 camaras alterado
a edades precoces, tener una FEVI <35% u otros datos como una prolongacion
del intervalo T peak-T end del electrocardiograma tal y como se ha sugerido
algunas publicaciones. (143—145)

8.4. Limitaciones

El seguimiento de las cohortes de pacientes con enfermedades
neuromusculares tiene algunas limitaciones. La Unidad de Arritmias y la Unidad
de Neuromuscular son referentes nacionales en el hospital Sant Joan de Déu,
pero también se reciben pacientes internacionales, ya que se trata de
enfermedades raras. Esto hace que sean derivados los pacientes con fenotipos
mas severos, con el consecuente sesgo, ademas de perder datos de
seguimiento de pruebas de imagen, especialmente en los pacientes
internacionales o aquellos que viven lejos del hospital.

En cuanto a la ecocardiografia, la adquisicion de imagenes ecocardiograficas de
calidad en pacientes neuromusculares, como es el caso, es muy dificil. Esto hace
que en el analisis se reduzcan el numero de estructuras o de datos que se
pueden obtener, incluyendo el strain miocardico. Esto se solucionaria, en parte,
con la realizacién de RMc, aunque para evitar una anestesia general se precisa
que el paciente colabore con las apneas y la inmovilidad durante la prueba y, a
menudo, no es posible y se deben utilizar herramientas avanzadas que ayuden
al analisis en respiraciéon espontanea. Esto es un reto para unidades de
tratamiento integral del paciente neuromuscular con riesgo cardiovascular,

especialmente en poblacién pediatrica.
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Los biomarcadores no han sido obtenidos de forma homogénea en la cohorte de
pacientes y, a pesar de no ser un objetivo del estudio de la cohorte, no se puede
establecer una correlacion de los valores de troponinas ni de NT-proBNP con el
grado de severidad del fenotipo cardiaco. En este sentido, probablemente la
protedmica y la transcriptomica puedan ofrecer una respuesta a muchas de las
dudas que hay al respecto del riesgo cardiovascular de estos pacientes.
También hay limitaciones en cuanto al papel patogénico que puedan tener otras
variantes genéticas que no hayan podido explorarse en el panel NGS
personalizado en el caso de las laminopatias neuromusculares y, también, en el
resto de enfermedades neuromusculares que muestren una expresividad y
severidad fenotipica variables incluso teniendo la misma mutacién. Esto debe
servir como punto de referencia para futuras investigaciones en las
enfermedades neuromusculares, como podria ser la investigacion funcional de
las variantes raras obtenidas en la cohorte de laminopatias o, también,
secuenciacion de un exoma o del genoma completo. Ademas, cada vez mas,
deben reevaluarse a lo largo del tiempo las variantes ambiguas o de significado
incierto, ya que pueden ser objeto de reclasificacion y pueden dar respuesta a
incognitas de la correlacion genotipo-fenotipo de algunos pacientes.
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9. Conclusiones

9.1.

9.2.

9.3.

9.4.

9.5.

9.6.

9.7.

En las enfermedades neuromusculares, a pesar de existir insuficiencia
cardiaca y arritmias, es frecuente que no se presente ningun sintoma
cardiovascular o que los sintomas sean atipicos, lo que dificulta el manejo
y seguimiento de los pacientes.

En las enfermedades neuromusculares, la expresién variable del fenotipo
y la diferencia en la severidad de las manifestaciones cardiacas, incluso
con una misma mutacién patogénica, sugieren que existen modificadores
genéticos que podrian representar potenciales indicadores de letalidad y
posibles dianas terapéuticas.

El subgrupo de pacientes pediatricos con enfermedad neuromuscular que
presentaron mas accidentes cerebrovasculares fueron las laminopatias
neuromusculares que mostraron sintomatologia neuromuscular precoz
antes de los 2 afios de edad.

En las laminopatias neuromusculares es frecuente encontrar
precozmente, antes de los 10 afios de edad, insuficiencia cardiaca por
miocardiopatia dilatada y arritmias potencialmente malignas relacionadas
con la muerte subita.

La monitorizacion electrocardiografica con dispositivos implantables
(holter subcutaneo) es util y ayuda a identificar arritmias potencialmente
letales y, por tanto, a tomar decisiones clinicas para prevenir la muerte
subita en la poblacion pediatrica con laminopatias neuromusculares,
especialmente las que debutan con clinica neuromuscular de forma
precoz antes de los 2 afnos de edad.

El estudio electrofisiologico realizado de forma sistematica en pacientes
con laminopatia no mostré indicadores predictores de arritmias
potencialmente malignas.

En poblacion pediatrica con laminopatias neuromusculares y distrofia
muscular de Duchenne, el analisis ecocardiografico basico y avanzado
con strain miocardico es util para identificar alteraciones de la deformacion
cardiaca de forma mas precoz que valores clasicos como la fraccion de

eyeccion del ventriculo izquierdo, relacionandose con un peor pronostico
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9.8.

9.9.

cardiaco tener un strain miocardico del ventriculo izquierdo precozmente
alterado en el caso de las laminopatias neuromusculares.

En la distrofia miotonica tipo 1 (enfermedad de Steinert), las arritmias
potencialmente malignas y la muerte subita son muy poco frecuentes
durante la edad pediatrica, aunque hay hallazgos electrocardiograficos
precoces que pueden ser motivo de investigacion en la etapa adulta para
poder comprobar si son indicadores precoces de un peor pronostico
cardiovascular.

En la distrofia muscular de Duchenne, las arritmias potencialmente
malignas y la muerte subita son muy poco frecuentes durante la edad
pediatrica, aunque la miocardiopatia dilatada y la insuficiencia cardiaca
son progresivas en la adolescencia y la funcién cardiaca se deprime de

forma significativa.
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Anexos

Debido a la falta de consistencia de las manifestaciones clinicas en las
enfermedades neuromusculares, el manejo de forma individualizada de
estos pacientes es clave durante el seguimiento en edad pediatrica y debe
ser llevado por un equipo multidisciplinar que incluya un cardiélogo
pediatrico experto en arritmias y analisis ecocardiografico avanzado.

En este sentido y fruto del intenso trabajo, se detallan otros articulos y
colaboraciones, en investigacion clinica y ciencia basica en enfermedades
neuromusculares. Aunque no forman parte de esta tesis doctoral, gracias
a ésta se han creado grupos de trabajo y colaboraciones de las que los

pacientes se ven beneficiados directa o indirectamente.
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