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Introduccion

Situs Solitus
Conceptos generales o
svo il
Desarrollo y posicion normal de los 6rganos : / Lung

Situs Solitus abdominales y toracicos /
®

Disposicion en espejo de las estructuras viscerales y

Situs Inversus torécicas.

Situs Ambiguo
Sindrome
heterotaxia

Cualquier otra disposicion de los 6rganos viscerales
0 toracicos que no sea solitus ni inversus.

HTX se refiere colectivamente a un espectro amplio de
malformaciones que resultan de un defecto en establecer la
lateralidad durante la embriogénesis

Abuhamad, A. Chaoui, R. A practical guide to fetal echocardiography, normal and abnormal hearts. 4th edition. 2022



Estableciendo el eje de lateralidad

La lateralidad (asimetria derecha-izquierda) se establece al inicio
del desarrollo

Proceso evolutivamente conservado

Patron de eje izquierda/derecha

Expresion asimétrica de Nodal (familia TGF-B) en la region
izquierda de la placa lateral del mesodermo en la etapa de somita.

Nodal activa el factor de transcripcion Lefty y Pitx2 que regulan los
genes involucrados en la morfogénesis asimétrica del corazon vy el
tracto GlI.

Genes mediales como SHH, LEFTY 1y ZIC3 ayudan a establecer
la linea medial e impiden que la expresion del gen Nodal llegue al
lado derecho

Forrest K. Understanding laterality disorders and the left-right organizer: Insights from zebrafish. Front Cell Dev Biol. 2022
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Estableciendo el eje de lateralidad

Mecanismo de ruptura de la simetria

Aparato ciliar ubicado en region Nodo/Notocorda posterior

Organizador Izquierda/derecha
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Forrest K. Understanding laterality disorders and the left-right organizer: Insights from zebrafish. Front Cell Dev Biol. 2022
Schweickert A. Vertebrate Left-Right Asymmetry: What Can Nodal Cascade Gene Expression Patterns Tell Us?. J Cardiovasc Dev Dis. 2017



situs solitus

situs inversus situs ambiguous

B

La expresion de la cascada Nodal puede
encontrarse:

Invertida

Bilateralmente inducida

Ausente

Forrest K. Understanding laterality disorders and the left-right organizer: Insights from zebrafish. Front Cell Dev Biol. 2022



Heterotaxia

SITUS SOLITUS SITUS INVERSUS

atrial derecho

Yagel. Fetal cardiology. Third edition.



Epidemiologia

Incidencia de la enfermedad

Es una anomalia congénita rara con una incidencia de 1 cada 5000 a 7000 recién nacidos Vivos.

En nifios con cardiopatias congénitas representa entre el 2,2 a 4,2%.

En series postnatales el isomerismo atrial derecho es mas comdun.

Asociacion elevada mortalidad y morbilidad neonatal — la severidad de la malformacion cardiaca es la mayor determinante del prondéstico

Abuhamad, A. Chaoui, R. A practical guide to fetal echocardiography, normal and abnormal hearts. 4th edition. 2022




Sospechay diagnostico prenatal

Corazodn fetal y estomago en lados
opuestos del cuerpo

\ 4

Anomalia cardiaca compleja

4 formas de sospecha —

Anomalia en conexidn venosa sistémica
o pulmonar

\ 4

> Bloqueo AV completo

Abuhamad, A. Chaoui, R. A practical guide to fetal echocardiography, normal and abnormal hearts. 4th edition. 2022



Sospechay diagnostico prenatal

Disposicion anormal de
estructuras toracicas y
abdominales

Sospecha de Heterotaxia

Sius Inversus

Sdus Softus ~.
Dificil y poco util para clasificacion

l’l {/ VG . g “\I’ |
JIN_&_J
= a\&/ | Isomerismo izquierdo: VCI esta interrumpida con dilatacion de acigos hacia la derecha de la
columna.

Fight Atrial Isomersm

Isomerismo derecho: yuxtaposicion de la aorta y VCI ambas en un lado del cuerpo.

Abuhamad, A. Chaoui, R. A practical guide to fetal echocardiography, normal and abnormal hearts. 4th edition. 2022



Sospechay diagnostico prenatal

Isomerismo atrial izquierdo

Morfologia atrial izquierda VCI interrumpida con continuacion

: - Poliesplenia
bilateral. en la vena acigos

— -

"Gall bladder

= Splenic Ancr;"’f- s
’."1

Celiac

Akalin, M. Heterotaxy sindrome: prenatal diagnosis, concomitant malformations and outcomes. Prenatal Diagnosis 2021.



Sospechay diagnostico prenatal

Isomerismo atrial derecho

Morfologia atrial derecha bilateral. Yuxtaposicion de Aoy VCI Asplenia

Akalin, M. Heterotaxy sindrome: prenatal diagnosis, concomitant malformations and outcomes. Prenatal Diagnosis 2021.



Anomalias cardiacas y extra cardiacas asociadas

Ultrasound Obstet Gynecol 2018; 51: 323-330 lll“
Published online in Wiley Online Library (wileyonlinelibrary.com). DOIL 10.1002/u0g. 17546

16 estudios

647 fetos con diagnostico prenatal de
iIsomerismo confirmado en periodo
neonatal

Outcome of prenatally diagnosed fetal heterotaxy:
systematic review and meta-analysis

0) 0) _ 0)
D. L. P. BUCA'®, A. KHALIL?®, G. RIZZO*®, A. FAMILIARI*®, S. DI GIOVANNI', M. LIBERATT', LAI 61.7% (95% Cl, 57.8-65.4%)
D. MURGANO!, A. RICCIARDULLI', F. FANFANI', G. SCAMBIA* and F. D’ANTONIOQ%# RAI 38.3% (95% ClI, 34.6—42.2%).

Isomerismo atrial izquierdo

83,4% de anomalias cardiacas 36,7% presentan arritmia Anomalia extracardiaca 55,4%
asociadas 26,5% BAVC Excluyendo gastrointestinal 16%

Isomerismo atrial derecho

97,8% de anomalias cardiacas

: 1,3% presentan arritmia Anomalia extracardiaca 62,9%
asociadas

Buca, D.I.P et al. Outcome of prenatally diagnosed fetal heterotaxy: systematic review and meta-analisis. Ultrasound Obstet Gynecol 2018.



Anomalias cardiacas y extra cardiacas asociadas

Table 3 Pooled proportions (PP) for prevalence of associated intracardiac anomalies in fetuses diagnosed prenatally with left (LAI) or right
(RAI) atrial isomerism

LAI RAI
Intracardiac Studies Fetuses PP (95% Cl) 12 Studies Fetuses PP (95% ClI) I?
anomaly (n) (n/N) (%) (%) (n) (n/N) (%) (%)
AVSD 15 205/386 59.28 (44.0-73.7) 85.5 13 180/246 72.86 (60.4-83.7) 70.3
VSD 13 27/233 10.99 (3.1-22.9) Tl 12 4/193 2.65 (0.9-5.3) 0
ASD 13 22/233 19.61 (6.8-37.0) 85.2 12 36/193 21.49 (2.8-50.9) 94.0
Single ventricle 13 56/347 13.76 (6.5-23.3) 71.8 12 104/238 37.84 (18.1-60.0) 89.9
LVOTO 15 35/386 8.17 (3.7-14.2) 594 13 18/246 6.91 (3.5-11.3) 21.8
CoA 15 18/386 457 (1.4-94) 58.8 13 5/246 3.01(1.3-5.5) 0
RVOTO 15 108/386 35.49 (21.4-51.0) 86.3 13 173/246 67.43 (56.2-77.8 61.3
Conotruncal anomaly 15 75/386 21.23 (16.0-27.0) 26.0 13 109/246 40.06 (28.0-52.8) 68.2
TGA 15 36/386 10.98 (5.0-18.8) 70.1 13 42/246 21.33 (10.9-54.1) 74.8
PLSVC 13 109/341 28.49 (17.0-41.6) 77.8 12 100/221 41.80 (28.9-55.3) 67.2
Interrupted IVC 15 336/386 89.15 (80.5-95.5) 75.4 13 11/246 4.86 (2.6-7.8) 0
Juxtaposition Ao/IVC 15 2/386 1.19 (0.3-2.5) 0 9 127/173 81.50(59.2-96.2) 89.1
TAPVR 15 30/381 9.85 (5.4-15.5) 48.4 13 102/234 41.87 (28.4-56.0) 72.9
Dextrocardia 11 65/262 25.87 (13.3-40.9) 77.6 12 57/239 24.25 (10.4-41.6) 85.1
Arrhythmia 13 123/378 36.73 (26.9-47.2) 66.9 10 2/218 1.30 (0.2-3.2) 0

Ao, aorta; ASD, atrial septal defect; AVSD, atrioventricular septal defect; CoA, coarctation of aorta; IVC, inferior vena cava; LVOTO, left
ventricular outflow tract obstruction; PLSVC; persistent left superior vena cava; RVOTO, right ventricular outflow tract obstruction;
TAPVR, total anomalous pulmonary venous return; TGA, transposition of the great arteries; VSD, ventricular septal defect.

Buca, D.I.P et al. Outcome of prenatally diagnosed fetal heterotaxy: systematic review and meta-analisis. Ultrasound Obstet Gynecol 2018.



Anomalias cardiacas y extra cardiacas asociadas

Table 5 Pooled proportions (PP) for prevalence of associated extracardiac anomalies in fetuses diagnosed prenatally with left (LAI) or right CERPO
(RAI) atrial isomerism

LAI RAI
Extracardiac Studies Fetuses PP (95% CI) 2 Studies Fetuses PP (95% CI) I2
anomaly (n) (n/N) (%) (%) (n) (n/N) (%) (%)
Polysplenia 10 134/236 |56.63 (48.1-65.0) | 65.3 9 2/159 2.03(04-418) 0
Asplenia 9 14/226 7.14 (2.1-14.9) 60 9 138/159 87.59 (75.5-96.0 69.4
Abnormal stomach position 8 37165 59.39 (38.1-79.0) 58.7 7 44/76 34.53 (38.5-70.1 36.8
Abnormal liver position 6 24/53 32.54(11.9-57.6) 68.5 7 50/76 45.89 (11.3-83.0) 90.1
Abnormal hepatobiliary tract 9 17/278 8.02 (3.5-14.3) 46.7 9 5179 3.75 (0.5-9.8) 54.6
Intestinal malrotation 9 46/278 TF.2T (Z.5-33.1) 90.2 9 471179 27.12 (7.9-52.0) 90.5
Gastrointestinal obstruction 9 12/278 491 0 7-77) 0 9 6/179 3.97 (1.6-7.3) 0
Hydrops 11 45/258 |11.76 (2.9-25.6) 83.4 10 6/180 3.67 (1.4-6.8) 0
Central nervous system anomaly 9 4/249 2.43(0.9-4.7) 0 9 3/143 2.77 (0.7-6.0) 0
Facial anomaly 9 3/249 1.57 (0.3-3.9) 10 8 1/120 1.45 (0.1-4.3) 0
Thoracic anomaly 9 2/249 1.10 (0.2-2.7) 0 8 1/120 1.92 (0.3-5.1) 0
Abdominal wall defect 9 1/249 0.97 (0.1-2.5) 0 8 2/120 2.38 (0.4-5.8) 0
Limb anomaly 9 0/249 0 (0-1.8) 0 8 2/120 2.44 (0.2-7.2) 0
Kidney anomaly 5 7/249 3.24 (0.6-7.8) 37.8 8 3/120 3.43 (1.0-7.3) 0
Spine anomaly 9 2/249 1.10 (0.2-2.7) 0 8 0/120 0(0-3.7) 0

Buca, D.I.P et al. Outcome of prenatally diagnosed fetal heterotaxy: systematic review and meta-analisis. Ultrasound Obstet Gynecol 2018.



Anomalias geneticas asociadas

Anomalias cromosémicas

Aneuploidias tienen poca asociacion con heterotaxia 3-4%

Buca, et al 2018 Akalin, et al 2021 Yi T, el al 2022

LAI 3% RAI 4%
(IC 95% 1,2 — (IC 95% 0,8 —
5,6%) 9,6%)

33 pacientes se sometieron a

pruebas genéticas 72 fetos con estudio completo

Trisomia 18 (3%) Trisomia 21 (1,3%)

Buca, D.I.P et al. Outcome of prenatally diagnosed fetal heterotaxy: systematic review and meta-analisis. Ultrasound Obstet Gynecol 2018.
Akalin, M. Heterotaxy sindrome: prenatal diagnosis, concomitant malformations and outcomes. Prenatal Diagnosis 2021.
Yi T, Sun H, Fu Y, et al. Genetic and Clinical Features of Heterotaxy in a Prenatal Cohort. Front Genet. 2022



Anomalias geneticas asociadas

Recetved: 14 February 2020 Revisea 21 Septemder 2020 l Accepted. 2 October 2020

DOL: 10,1002/ vamu 24132

e HGVS| wiLey

RESEARCH ARTICLE

52 casos (65%) tenian heterotaxia asociada a CC.
Next-generation sequencing in a series of 80 fetuses with
complex cardiac malformations and/or heterotaxy Se encontrd variante patogénica en 10/80 casos, 8/10
(8/52) tenian heterotaxia (15%)

Hui Liu' | Anna-Gaélle Giguet-Valard®> | Thomas Simonet® |

20% de variantes patogénicas tenian antecedente de

Serie de 80 fetos con CC complejas y/o heterotaxia consanguinidad
sin anomalias citogenéticas.

Aplicacion de panel genético.
1 1
Panel incluia genes asociados a CC, aortopatias y
disquinesia ciliar primaria.

75 genes (2013) a 485 genes (2018 N N oA ®
g ( ) g ( ) 66 1'0 d\v\ ‘331' ‘{& ‘;\\\ /\'9

Z
=

Se detectaron 39% de VUS en heterotaxia.

Recessive Dominant

Liu, H. Next-generation sequencing in a series of 80 fetuses with complex cardiac malformations and/or heterotaxy. Human mutation. 2020



Anomalias geneticas asociadas

Serie de 72 fetos con heterotaxia sin 135 fetuses with heterotaxy were
anomalias citogenéticas. R e

Refuse genetic testing 8 chose to continue pregnancy

25% LAI y 75% RAI 49 chose to terminate their pregnancies

78 chose to terminate their pregnancies

and accept genetic testin ] oitive re : s entire coho
nd accept genetic testing exclusive the 6 cases with incomplete Positive result in the entire cohort

Refuse genetic testing phenotype and genetic results ancuploidy 1(1.4%)

Estudio con CNV-seq y WES en trio.

A copy number variations | 2(2.8%)

3 excluded:
| aneuploidy | single-gene defects 11(15.3%)

72 fetus undergoing CNV-seq analysis ="

15,3% tuvieron un resultado positivo [ Seag e
2 copy number variations
Total 14(19.4%)
., . 69 fetus undergoing WES analysis
La deteccion de variantes fue mayor en RAI (p = T
0.04) [ 1 [ 1
3 otras anomall’as: T21 (1) y 22q112 (2) 5 pathogenic 3 likely pathogenic | candidate 60 negative

FIGURE 1 | Flowchart summarizing detection of genetic variants by CNV-Seq and WES performed n 72 prenatal samples with heterotaxy. CNV, copy number
variation; WES, whole-exome sequencing.

Aumento de capacidad diagnostica 11,1%

La mayoria de las variantes asociadas a Disquinesia ciliar primaria.
Genes: CCDC40, CCDC114, DNAH5, DNAH11, ARMCA4.

Yi et al. Genetic and clinical features of heterotaxy in a prenatal cohort. Frontiers in genetics. 2022



GASTRULA

LRO patterning/formation
canonical WNT (RAPGEF5)
FGF signaling (FGFR4)

3-5%

Outer dynein arm

DNAHS, DNAHS, DNAI1 and DNAI2
Inner dynein arm

DNAHE

Nexin link

B - Microtubule

~ FLUID FLOW
omgms 9 — A - Microtubule
N Central pair microtubule
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nucleoporins (NUFP188) "
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| LPM v 15-10% Dynein assembly factor
BMP W"""géﬁ*’s;f{;f'; DNAAF3
midiine barrier (LEFTY1)
v FIGURE 3 | Motile cilia ultrastructure. Motile cilia are microtubule based

structures, dynein arms powers the sliding motion of microtubules which in
turn generates ciliary movement. Outer dynein arm-docking complex helps in

ASYMMETRIC the attachment of dynein arms to A-microtubule. Dynein assembly factor
ORGANOGENESIS isimportant for the assembly of both outer and inner dynein arms. Mutations in
central pair and radial spoke genes does not cause laterality defect, adapted
from (Antony et al., 2021). Proteins encoded by genes identified in this study
are indicated in red.

Current Opirdon in Genetics & Development |

Antony D, Gulec Yilmaz E, Gezdirici A, et al. Spectrum of Genetic Variants in a Cohort of 37 Laterality Defect Cases. Front Genet. 2022



Disquinesia Ciliar Primaria

* Sindrome clinica y genéticamente heterogéneo
e Alteracién de la funcién de cilios moétiles (9+2)
* Prevalencia 1:10.000

e Cuadro clinico.

* Distress respiratorio neonatal

* Tos productiva diaria, infecciones recurrentes, rinosinusitis
perenne, otitis media con efusién y bronquiectasias

* |[nfertilidad

* Aproximadamente el 50% de los pacientes tienen
alteraciones de la lateralidad (Situs Inversus + frecuente:
Sindrome de Kartagener).

50 genes asociados

La mayoria codifica involucradas en el motor
axonémico.

Herencia: AR, AD, Ligada a X

Horani A, Ferkol TW. Understanding Primary Ciliary Dyskinesia and Other Ciliopathies. J Pediatr. 2021

7 Normal ultrastructure
: @———— ODA structural protein: DNAH11, DNAHS, DNAH1, LRRCS6, GAS2L2
b @5 v~ 79— IDA structural protein: CFAP57
*(~e=—=~—— Central apparatus protein: HYDIN, STK36, CFAP221
g “;;,_/'- ‘o~ Nexin-ink protein: CCDC164, CCDCE5, GASS
@ s Radial spoke protein: RSPH4A, RSPHS, RSPH1, RSPH3, DNAJB13

Cilia kinase: NEK10

_ Outer dynein arm defect
! et ODA structural proteins: DNAHS, DNAI1, DNAI2Z, DNAL1, NMES
1~ )+—{e»—+— Docking protein: CCDC114, CCDC151, ARMC4, TTC25

/e

\ S
.

O 2 Attachment factor: CCDC103

‘Outer and inner dynein arm defects

( ) Cytoplasmic pre-assembly factors: DNAAF1, DNAAF2, DNAAF3, HEATR2
'*;\H.-’- | ZMYND10, DYX1C1, SPAG1, PIH1D3 CFAP300, CFAP298, LRRCS

\
/

Inner dynein arm defect and axonemal disorganization
& -+ Nexin-dynein regulatory complex: CCDC39, CCDC40

Oligocilia
Ciliary biogenesis: CCNO, MCIDAS

Figure 4.
Classification of ultrastructural defects of the motile ciliary axoneme and genes associated
with primary ciliary dyskinesia. [DA: inner dynein arm; ODA: outer dynein arm.




Desenlace perinatal y en la infancia

Table 6 Pooled proportions (PP) for prevalence of abnormal perinatal outcome in fetuses diagnosed prenatally with left (LAI) or right (RAI)
atrial isomerism
LAl RAI
Perinatal Studies Fetuses PP (95% CI) 2 Studies Fetuses PP (95% CI) [2
outcome (n) (n/N) (%) (%) (n) (n/N) (%) (%)
Termination of pregnancy 15 99/380 24.79 (14.9-36.2) 76.2 13 771238 33.46 (22.6-45.3) 63.3
Intrauterine death 15 25/380 6.73 (3.9-10.2) 19.4 13 9/238 4.32 (2.1-7.3) 1.7
Neonatal death 14 34/668 11.12 (6.1-17.3) 50.1 11 36/232 17.55 (8.7-28.7) 69.4
Late death 13 21/365 6.24 (4.0-8.9) 0 11 37/232 14.69 (7.9-23.1) 54.3
Table 7 Pooled proportions (PP) for prevalence of abnormal surgical outcome in fetuses diagnosed prenatally with left (LAI) or right (RAI)
atrial isomerism
LAI RAI
Surgical Studies Fetuses PP (95% CI) [? Studies Fetuses PP (95% CI) 2
outcome (n) (n/N) (%) (%) (n) (n/N) (%) (%)
Need for surgery 3 82/109 73.43 (44.4-94.3) 82.9 3 41/62 70.06 (20.7-99.6) 93.1
Biventricular repair 2 64/80 78.16 (64.3-89.4) 34.6 2 3/39 7.42 (0.5-33.7) 79.3
Univentricular repair 2 13/80 17.03 (9.7-25.9) 0 2 36/39 92.60 (66.3-99.5) 79.3
Deaths during or after surgery 3 11/82 26.80 (4.6-58.7) 78.3 3 11/41 27.81 (15.5-42.1) 27.0

MEDICINA

SEETAL Buca, D.I.P et al. Outcome of prenatally diagnosed fetal heterotaxy: systematic review and meta-andlisis. Ultrasound Obstet Gynecol 2018.




Conclusiones finales

La sospecha prenatal de heterotaxia es relativamente facil al evaluar de forma sistematica
organos abdominales y toracicos.

Pensar en LAI si interrupcion de VCI con continuacion de acigos y RAI en caso de yuxtaposicion
de Aoy VCI.

La asociacion con cardiopatias congenitas es muy alta y encontrar una cardiopatia compleja
debe hacernos buscar heterotaxia en forma dirigida.

Las anomalias cromosomicas no son frecuentes, pero si las condiciones monogeénicas.

El diagndstico genético molecular en heterotaxia aumenta la capacidad diagnostica en 11-15%

El desenlace perinatal, neonatal y en la infancia es malo por su alta mortalidad.




