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No disclosure



Physical definition of strain

• Strain is a dimensionless number, describing the relative length
change of an object within a certain direction. With Lagrangian
strain, the length change is described relative to its initial
length. Natural strain represents the instantaneous length
change relative to the object length at the immediately
preceding time instance.

• The rate by which a deformation occurs is named strain rate
and it is expressed in seconds

Voigt JU et al. JACC Cardiovasc imaging 2019



• TDI based strain rate is commonly given as natural strain rate, 
while strain is frequently converted into Lagrangian strain.

• Feature tracking software in CMR and echocardiography use 
commonly Lagrangian strain and strain rate.

Voigt JU et al. JACC Cardiovasc imaging 2019



In a two-dimensional (2D) object, deformation 

can be described by two normal (orthogonal) 

strains. In addition, deforming forces which 

act antiparallel in different layers result in a 

shear of the object. The complete description 

of a three-dimensional (3D) deformation 

requires 3 normal strains and up to 6 shear 

strain components (xy, xz, yx, yz, zx and zy).

Voigt JU et al. JACC Cardiovasc imaging 2019



Icon or Image

Not a new technique: 1988

First  strain was an MRI technique

And Ten years later…..



JASE 1998
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Strain weaknesses

• Multiple vendors, multiple softwares

• Values variety between vendors

• Manual ROI and correction still frequently needed

• Specific weaknesses of each technique





Deep Learning Synthetic 

Strain (DLSS) 





Deep Learning Synthetic Strain (DLSS) MRI



Zero click strain values powered by AI

Automated analysis of : 

• Radial & Circumferential Strain
• Radial & Circumferential Strain Rate
• Time to Peak Radial & Circumferential
• Myocardial Velocity

Image

Strain AI
Powered by 4D Flow 



Deep Learning Synthetic Strain (DLSS) MRI
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Deep-Learning Left Ventricular Mechanical 
Analysis – Sensing Bi-Ventricular Dysfunction in 
Tetralogy of Fallot
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Repaired tetralogy of Fallot (rTOF) patients develop both RV 
and LV dysfunction

Tetralogy of Fallot
• Frequently develop RV dysfunction secondary to 

pulmonary valvular regurgitation
• Followed with cardiac MRI

Right Ventricular Pulmonary Valve Replacement Criteria
• RV volumes, pulmonary regurgitation fraction, RV 

ejection fraction, symptoms:  …still debating…

Left Ventricular dysfunction occurs in ~20% of patients



LV dysfunction in rTOF is assessed with LV ejection fraction

Left Ventricular Pulmonary Valve Replacement Criteria
• LV dysfunction is commonly evaluated with LV ejection fraction (%)
• LVEF < 55% is a criteria for PVR

Limitations of Ejection Fraction:
• LVEF is insensitive and only decreases after years of adverse ventricular remodeling.
• Fails to account for regional variations and biventricular interactions



Hypothesis
Regional measures of LV strain and dyssynchrony may sensitively detect LV 
dysfunction in repaired tetralogy of Fallot



Deep learning synthetic strain (DLSS) provides automated 
measurements of strain and dyssynchrony



CMR exams for patients with rTOF were retrospectively 
collected from five international institutions

Institution Patients

UC San Diego Health, San Diego, CA 34

Rady Children’s Hospital, San Diego, CA 79

Necker-Enfants Malades Hospital, Paris, France 39

Hospital Clínic de Barcelona, Barcelona, Spain 19

Inova Fairfax Hospital, Fairfax, Virginia 27

Total 198



Figure 2: Hierarchical clustering of tetralogy of Fallot and normal cohorts into strain phenotypes using normalized 
segmental DLSS measurements. We discovered multiple distinct phenotypes from the regional measures of 
contraction strength and timing. 



Figure 2: Hierarchical clustering of tetralogy of Fallot and normal cohorts into strain phenotypes using 
normalized segmental DLSS measurements. Patient phonetic IDs are shown on the x-axis with color codes 
used to distinguish each phenotypic cluster. We discovered multiple distinct phenotypes from the regional 
measures of contraction strength and timing. 



Cluster 3 Cluster 1 Cluster 2

Patients exhibit multiple distinct phenotypes of regional LV 
mechanics



Phenotypic Cluster Characteristics: 

Segmental DLSS Metrics



Figure 3a: AHA 17-segment bulls-eye plots of the mean peak radial strain for phenotypic cluster one, two, three, and 
normal patients. Relative to the normal patients, cluster one demonstrates significantly decreased strains in the 
anteroseptal and inferoseptal segments, with compensation in the lateral wall. In contrast, cluster three demonstrates 
decreased septal and anterior radial strains without adequate compensation in the lateral wall. Cluster two demonstrates 
well compensated TOF patients with moderately decreased septal strains with adequate compensation in the lateral 
segments. 

Cluster One Cluster Three Cluster Two Normal Patients



Cluster 1 Cluster 2 Cluster 3

Segmental Peak Radial Strain (%) Per Phenotypic Cluster



P-values are calculated using a two-sided t-test. *** = p<0.001; NS = not statistically significant. 

Cluster 1 is characterized by increased LV dyssynchrony



Figure 3b: Segmental TTP measurements for each strain phenotypic cluster. Consistent with right ventricular volume 
overload and accompanying septal dyssynchrony, cluster 1 demonstrates statistically significant increases in TTP 
measurements in the inferoseptal and anteroseptal segments. Although there are outliers, clusters 2 and 3 demonstrate no 
evidence of dyssynchrony in the septal segments. * = p<0.05; ** = p<0.01; *** = p<0.001; NS = not statistically significant. 





Cluster 1

(n=39)

Cluster 2

(n=130)

Cluster 3

(n=29)
p-value

Demographics
Age (years) 22.0 ± 10.9 20.9 ± 11.7 30.5 ± 13.4 <0.01
Weight (kg) 117.7 ± 45.5 115.5 ± 50.8 101.4 ± 41.5 0.40
Height (cm) 103.9 ± 61.1 104.3 ± 54.3 135.9 ± 58.6 0.05
BSA (m2) 1.6 ± 0.5 1.6 ± 0.3 1.8 ± 0.3 0.07
Time Since Repair 19.9 ± 10.3 18.5 ± 10.2 26.4 ± 12.7 <0.01
Prior PVR (n) 2 (5.1%) 26 (20.0%) 9 (31.0%) 0.02
Time Since PVR 4.5 ± 4.5 6.6 ± 5.5 5.1 ± 5.6 0.74

Volume and Function
RVEDVi (mL/m2) 153.0 ± 33.9 124.5 ± 31.1 130.5 ± 37.4 <0.001
RVESVi (mL/m2) 73.2 ± 19.1 62.9 ± 20.0 71.8 ± 26.5 0.02
RVSVi (mL/m2) 73.3 ± 15.9 62.3 ± 18.7 58.8 ± 15.9 <0.01
LVEDVi (mL/m2) 69.0 ± 27.3 58.4 ± 28.7 70.8 ± 26.8 0.03
LVESVi (mL/m2) 38.6 ± 8.7 37.0 ± 8.9 45.1 ± 15.1 <0.01
LVSVi (mL/m2) 42.7 ± 12.1 45.4 ± 11.8 37.5 ± 11.9 0.02
RVEF (%) 49.3 ± 6.2 51.1 ± 8.7 45.7 ± 7.2 0.01
LVEF (%) 56.0 ± 5.6 59.8 ± 5.9 52.6 ± 10.2 <0.001

Flow and Regurgitation
Pulmonary RF (%) 38.8 ± 14.4 31.2 ± 19.1 24.6 ± 17.2 0.03

Note – Data is reported as the mean and standard deviation. P-values are calculated using a one-way ANOVA for continuous variables 

and a Pearson’s chi-squared test for categorical variables.  Significant values (p<0.05) are bolded. 



Future directions

• Robustness and reproducibility

• Correlation to outcome

• Clinical application and validation of DLSS



DLSS released today! 



Merci pour votre attention…




