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Objectives

• Briefly review electromechanical dyssynchrony in EA

• Previous insights on RV-LV interactions in EA

• Present our current work using ML

• Show how surgical intervention changes R-L interactions



Anderson, Mayo Clin Proc. 1979; 54: 174–180 Attenhofer, Circulation. 115, 2007, 277-285Holst and Dearani



Ebstein anomaly



Neonatal Ebstein circle of death



Severe Ebstein anomaly



11-year-old girl, pre-natal dx, doing well never had intervention



Conduction abnormalities in Ebstein anomaly

• Delayed intraatrial conduction

• Accessory pathways, ventricular 
preexcitation, SVT

• RBBB and variable QRS morphologies

• Electromechanical dyssynchrony

• Atrial and ventricular tachycardias





Akazawa, J Am Soc Echocardiogr 2023



Ebstein anomaly is a myopathy: RV dysfunction and LV non-compaction



Biallelic loss-of-function variants in PLD1 cause congenital right-sided cardiac 
valve defects and neonatal cardiomyopathy

J Clin Invest. 2021;131(5):e142148. https://doi.org/10.1172/JCI142148



PLD1 and Ebstein anomaly with RV-LV interaction



Good RV function, but adverse RV-LV interactions

Adverse ventricular–ventricular interactions mediated by abnormal septal 
kinetics and decreased RV output impede LV filling and function in 

association with reduced exercise capacity.

JACC Cardiovasc Imaging. 2019;12:925-927



Aortic and pulmonary outflows

Aortic outflow Pulmonary outflow
NControl = 63
NEbstein = 61



Outflow Doppler summary

Timing

NControl = 63
NEbstein = 61



MKL on raw traces + timing information
Distribution of Ebstein and controls along different dimensions of the simplified data representation

Ebstein positive risk map 
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Interpretation of the simplified data representation



Only Ebstein cases – N = 48

- Aortic and pulmonary waveforms + timing
- LV / RV Septum M-mode waveform + timing (HR, end-diastole, end-systole)

Interventricular interactions



LV Septal M-ModeRV Septal M-Mode

Summary of septal motion



Mitral inflow in Ebstein Anomaly



Machine learning
Dimension 1

Septal flash

Atrial pre-
excitation

Right – Left Heart Interaction



Machine learning
Dimension 2

Increased 
pulmonary 
resistance

Increased RV pressure



Machine learning 
Dimension 3

Myocardial dysfunction



Identifying risk groups



RV dysfunction pre and post-Cone procedure
PRE-CONE

POST-CONE



So why does the Cone procedure work?

Ibrahim, JTCVS 2015;149:1144-50

Holst , Ann Thorac Surg. 2018;105:160
Beroukhim, JCMR, 2018;20:32



Severe Ebstein –Starnes procedure

Pre-Starnes Post-Starnes



Starnes procedure: Excluding the RV 

Bitterman Y, Friedberg MK. JASE 2024;37:255-258

Pre

Post



Pathophysiology of Ventricular Interdependence

Friedberg, JACC:CVI, 2018

measured through the VTI of pulmonary out fl ow ,

al t hough t his measure has w el l -know n defi ciencies.

In pulmonary hypertension, VTI is low , and the area

encapsulated in the pulmonary Doppler spect ral en-

velope is smal l (Figures 3A and 3B); t his t ran slat es in to

low m i t ral in fl ow VTI (Figure 3C). Addi t ional ly,

because of delayed LV fi l l ing, the m i t ral in fl ow

Doppler can have reversed E and A veloci t ies t ypical

of delayed LV relaxat ion (Figure 3C). Af ter resect ion of

pulm onary throm boembol ism , pulm onary venous

and m i t ral in fl ow Doppler demonst rate improved

pulmonary venous and LV fi l l ing (Figure 3D) (17).

We expanded on these concepts in pulmonary

hypertension using M-m ode echocard iography t o

measure t ransverse RV shortening f ract ion t o

refl ect RV dysfunct ion and inef fi ciency (18). RV

free-w al l cont ract ion shi f t s the septum lef tw ard,

reducing i ts ef fect iv e st roke volume, w hich

further reduces LV preload and di rect ly com-

presses the LV. Thus, t he m ore dist ended and

dysfunct ional t he RV becom es, and the low er i t s

t ransverse shorten ing because of lef tw ard systol ic

septal shi f t , the m ore compressed t he LV

(Figures 4A t o 4C) (18).
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Increased RV pressure load

Reduced & Prolonged RV

cont ract ion 

Reduced RV eject ion

Prolonged left  septal shif t

Increased LV f lling pressures

Increased RV isovolumic t imes RV dilatat ion

RV ischemia RV dyssynchrony

Reduced RV f lling

Reduced LV preload

Reduced LV cont ract ion

Friedberg, M.K. J Am Coll Cardiol Img. 2018;11(5):755–71.

Increased right ventricular (RV) pressure loading and pulmonary hypertension lead to a sequence of events including RV dilatat ion, reduced eject ion, and prolonged

systolic durat ion. Within the constraints of the relat ively nondistensible pericardium, these lead to left ventricular (LV) compression and reduced LV filling, in part

mediated by leftward septal shift . Increased RV wall stress leads to RV ischemia, which itself can cause similar ventricular-ventricular interact ions. Worsening RV

funct ion and dilatat ion from ischemia further worsen RV-LV interact ions from reduced RV output and hence LV preload, as well as direct interact ions from left septal

shift . Prolonged RV systole impairs RV filling and output, as well as that of the LV. LV dysfunct ion, with increased filling pressures from increased pulmonary

vascular resistance and reduced contract ion caused by impaired filling, further worsens RV funct ion, because RV developed pressure and output are significant ly

dependent on LV funct ion through common myocardial t racts. Physiological respiratory variat ions in RV and LV filling can be crit ically exaggerated in constrict ive

pericardium, which affects physiology through enhanced ventricular-ventricular interact ions. Likewise, RV electromechanical dyssynchrony can lead to similar

adverse interact ions, because the normally highly aligned cardiac events are disrupted and the septum no longer acts as a stable structure against which the

free walls contract .

J A CC : CA RD I O V A SCU L A R I M A GI N G, V O L . 11, N O . 5 , 2 0 18 Friedberg

M A Y 2 0 18 : 7 5 5 – 7 1 Interventricular Interact ions
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Conclusions

• Ebstein anomaly is a disease of the TV and RV 

• Pulmonary antegrade flow, LV filling and RV-LV interactions may be as or 
more important than RV function per se

• RV-LV interactions are comprised of:
• prolonged RV contraction

• Elevated PVR

• Reduced LV preload

• Leftward septal motion in early LV diastole

• RBBB electromechanical dyssynchrony

• Possible atrial pre-excitation

• Surgical interventions in part act via improving RV-LV interactions



Thank you





GOS score



Echo assessment of Ebstein anomaly

• Apical displacement of the septal leaflet (≥8mm/m2 ).

• Tricuspid valve size (Z-score) and Morphology
• dysplastic thickened and rolled leaflets, fenestrations, multiple orifices, shortened chordae, 

underdeveloped papillary muscles, restricted mobility/tethering, or stenosis. 

• Tricuspid regurgitation and stenosis 
• difficult to quantify given compliance of the atrialized RV and multiple regurgitation jets. 

• Pulmonary stenosis/ atresia
• Presence of PR can differentiate “functional” from true pulmonary atresia. Direction of PDA 

flow can help determine adequacy of pulmonary valve antegrade flow. 

• Presence and direction of flow across an atrial septal defect or PFO. 

• Circular shunt physiology (severe TR, ASD, PDA and PR).

• RV size and function 
• Including effects on LV size and function. 

• Assess anatomic severity:
• Chamber Area Ratio (end diastole in apical 4 ch-view):   (RA + aRV)/(RV + LA + LV); ratio of ≥1 

in neonate can indicate a poor prognosis



Sickkids outcomes in extreme neonatal EA



Machine learning risk factors



Machine learning risk factors



Machine learning risk factors
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