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Size of the heart chamber
at specific time points
(ED, ES)

Ejection Fraction (EF)

Mechanics
Deformation
Strain

Cardiovascular Diseases
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Multi-Slice cine Cardiac magnetic resonance (CMR) images

Gold standard to gather
mass, deformation and 
function

highly 
anisotropic 

voxels

ACDC-Challenge: Bernard, O., …, Engelhardt, S.,  et al., IEEE TMI 2018, Deep Learning Techniques for Automatic MRI Cardiac Multi-structures
Segmentation and Diagnosis: Is the Problem Solved?
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Multistructure
Segmentation

Classification
(5 groups)

Normal Subjects

Myocardial Infarction

Dilated Cardiomyopathy

Hypertrophic Cardiomyopathy

Abnormal Right Ventricle

Right Ventricle

Myocardium

Automated Cardiac Diagnosis Challenge (MICCAI 2017)

Left Ventricle

150 patient data with a high variance (resolution, 
pathologies, image sequences, MR devices, etc.)
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Database: Tetralogy of Fallot

14 German hospitals

Random 
examples
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TETRALOGY OF 
FALLOT (TOF)

1.151 corrective surgeries in 2012 - 2017

Four defects:  

• ventricular septal defect

• pulmonary stenosis

• overriding aorta

• thickened right ventricle

Source: wikipedia.com
4
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Surgical repair in 
the first year of life

Pulmonary valve 
insufficiency

Optimal timing for 
pulmonary valve 

replacement?

Remodelling of heart?

Adverse Events?

5

Source: Medscape.com
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Adverse Events?

• We aimed to determine novel remodelling patterns associated 
with adverse events in patients with ToF using shape and function 
analysis.

• Biventricular shape and function were studied in 192 patients with ToF
(176 / 16 adverse outcome). 

• Statistical Shape Modelling - LDA and PCA were used to identify shape 
differences between patients with and without adverse events. 

Mîra, A., Lamata, P., Young, A., …, Engelhardt, S., Hussain, T., J Cardiovasc Magn Reson. Le Cœur en Sabot: shape associations with 

adverse events in repaired tetralogy of Fallot.
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Outcome prediction based on Shape

Shape characteristics associated with adverse outcomes (death, arrhythmias and cardiac arrest with median follow-up of 10 years) after 
pulmonary valve implantation in TOF
modes

Mîra, A., Lamata, P., Young, A., …, Engelhardt, S., Hussain, T., J Cardiovasc Magn Reson. Le Cœur en Sabot: shape associations with 

adverse events in repaired tetralogy of Fallot.

a more
circular LV

a dilated
LV base

increased 
RV apical 
sphericity,

decreased 
RV basal 
sphericity,
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Mîra, A., Lamata, P., Young, A., …, Engelhardt, S., Hussain, T., J Cardiovasc Magn Reson. Le Cœur en Sabot: shape associations with 

adverse events in repaired tetralogy of Fallot.

Association between geometrical 
features and the shape modes

Box-plots—score distribution across 
the studied population for 
adverse outcomes (AO) and 
no adverse outcomes (NAO) 
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Outcome prediction based on Motion

t=0 t=1 t=2 t=n-2

…

t=n-1 t=n

Deformation fields between phases

One cardiac cycle
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Motion modelling

t=0 t=1 t=2 t=n-2

…

t=n-1 t=n

„sequential“
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Motion modelling

t=0 t=1 t=2 t=n-2

…

t=n-1 t=n

„keyphase to keyphase“ (k2k)

ED ES
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Traditional Image Registration: Pairwise optimization

Moving
Image 𝑚

field 𝜙

Fixed
Image 𝑓

෠𝜙𝑚,𝑓=argmin
𝜙

ℒsim 𝑚 ∘ 𝜙, 𝑓 + 𝜆ℒreg 𝜙

optimized
deformation field

image similarity

warping

smooth 
deformation field

Balakrishnan, …, Dalca, 2018 IEEE/CVPR. An Unsupervised Learning Model for Deformable Medical Image Registration. 

𝑡 𝑡 + 1
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Unsupervised learning-based Registration

deformation

ℒ(𝜃; data)= σ𝑖,𝑗 ℒsim 𝑚𝑖 ∘ 𝑔𝜃 𝑚𝑖 , 𝑓𝑖 , 𝑓𝑗 + 𝜆ℒreg 𝑔𝜃(𝑚𝑖 , 𝑓𝑖)

𝜙𝑖𝑗 𝜙𝑖𝑗

Moving
Image 𝑚

Fixed
Image 𝑓 Network 𝑔𝜃

Network parameters 𝜃

spatial
transform

Balakrishnan, …, Dalca, 2018 IEEE/CVPR. An Unsupervised Learning Model for Deformable Medical Image Registration. 

https://github.com/voxelmorph/

𝑚 ∘ 𝜙

image similarity
smooth 
deformation field
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Sequence

Differences in ….

• CMR sequence length
• Temporal resolution
• Cardiac cycle length
• Length of cardiac sub-

sequences

Cardiac cycle

mid-

systole

peak

flow
mid-

distole

end-

distole
end-

systole
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Sequential Deformation field

Deformation over time

• Self-supervised
• Sequential
• Focus crop

Cardiac cycle
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Sequential Deformation field

Deformation over time

• Self-supervised
• Sequential
• Focus crop

taverage over volume
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Identification of cardiac region
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Applied to two cohorts

Koehler, …, Engelhardt, MICCAI STACOM 22: Self-supervised motion descriptor for cardiac phase detection in 4D CMR 
based on discrete vector field estimations

ED MS ES PF MD

TOF

ACDC

ED MS ES PF MD
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Analysis of subsequences

subsequence

Koehler, …, Engelhardt, MICCAI STACOM 22: Self-supervised motion descriptor for cardiac phase detection in 4D CMR 
based on discrete vector field estimations

Ejection fraction
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Reduction of Contrast Agents

• Cohort: Duchenne Muscle Dystrophy,  
57 male cases (mean age 14.1±3.5)

AHA-segments with myocardial
scar in Late-Enhancement MRI 

(LGE)

SSFP-cine
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Cardiac Strain

S =
𝐿1−𝐿0

𝐿0

𝐿1𝐿0

Enddiastole Endsystole

Longi-
tudinal

Circumferencial

Radial
• Mostly feature-tracking 

based
• Reproducibility issues

discrete
vector field

Network

spatial
transform

𝑚 ∘ 𝜙
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Cardiac Strain Myocardial scar in Late-Enhancement MRI (LGE)

Temporal Mapping𝑆𝑡𝑟𝑎𝑖𝑛 =
𝐿1−𝐿0

𝐿0

𝐿1

𝐿0

L
o
n
gi
tu
d
in
al

Diastole

Systole

Identification?

Spatial Mapping (AHA)
Dense voxel-based
representation Right ventricular 

insertion points

Koehler, …Engelhardt., BVM 2022, Comparison of evaluation metrics for landmark detection in CMR images . 

Bulls Eye Plot
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ED MS ES PF MD ED

Deformation vectors between key phases

+16% accuracy
+12% recall

… in identification of 
abnormal dyskinetic 
segments

Kuhm, …, Engelhardt, DGK 2022: Artificial intelligence-based automatic prediction of myocardial segments with abnormal motion (Best Poster Award) 
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→ Next: Automatic prediction of the outcome after 

valve replacement in patients with 

tetralogy of fallot. 

Major issue to address:

• standardized definition of outcome

• different follow-up times

• #PositiveCases ≫ #CasesAdverseEvents How can we get more data?
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• Single clinic has rarely sufficiently large data sets
to train a deep learning model

• Data privacy laws

• MICCAI Federated Tumor Segmentation 
Challenge 2022 (FeTS), Racoon, Joint Imaging 
Platform (JIP),
Intel OpenFL, Kaapana

Federated learning: data remains in the institutions, while the algorithm „travels“.

Federated Learning
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Federated Learning – FLOTO a national consortium

Quelle: Siemens

Seidler, Tölle, …, Engelhardt, DGK 2022: Federated Learning of TAVI Outcomes (FLOTO) - A Collaborative Multi-Center Deep Learning Initiative.

Tölle, …, Engelhardt, MICCAI DeCaF 2022: Content-Aware Differential Privacy with Conditional Invertible Neural Networks

DZHK Project Group AI/ML
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Technical issues
• Hospital firewalls
• Privacy regulations
• Heterogenous IT 

infrastructure

FL is not enough…
• Differential privacy
• Secure Aggregation with 

secure multi-party 
communication

Kaissis GA et al. 2020 Nature machine intelligence 2:305-311

Hospitals 
with data

Data 
Scientist

Inter and intra-hospital data 
heterogeneity

Networks

Physicians          Data Scientists

Secure 
AI

Algorithm 
protection

Secure multi-party communication

Send encrypted model
for training

Attacks
• Theft
• Adversarial 

manipulation

Homomorphic 
Encryption

Attacks
• Theft
• Feature 

recon.

Private 
AI

Data 
protection

Anonymization/
Pseudonymization

Differential Privacy
Retrieve privately 

trained model

Federated Learning Infrastructure

Seidler, Tölle, …, Engelhardt, DGK 2022: Federated Learning of TAVI Outcomes (FLOTO) - A Collaborative Multi-Center Deep Learning Initiative.

Tölle, …, Engelhardt, MICCAI DeCaF 2022: Content-Aware Differential Privacy with Conditional Invertible Neural Networks
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https

Transport Layer Security Algorithmic Security

Differential Privacy

Secure Multi-Party 
Communication

Data ScientistNetworkData Owner

Architecture



Heidelberg University Hospital | Oct 20th, 2022 | Jun. Prof. Dr. Sandy Engelhardt | AICM lab | Page 60

CT for planning

OPS- CODES

Transcathether aortic valve implantation
(TAVI)

Identification of 
anatomical prosthesis-
specific predictors of 
pacemaker 
dependency

Joergensen TH et al.,
Eurointervention 2022

First Use Case

Seidler, Tölle, …, Engelhardt, DGK 2022: Federated Learning of TAVI Outcomes (FLOTO) - A Collaborative Multi-Center Deep Learning Initiative.
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Identification of anatomical 
prosthesis-specific 
predictors of pacemaker 
dependency in pre-TAVI CT 
imaging.

First goal:

Joergensen TH Eurointervention 2022 17:161–1069
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Summary

a more
circular LV

a dilated
LV base

decreased 
RV basal 
sphericity,

self-supervised

temporal
(motion) 

geometric 
(shape modelling)

Cardiac key phases
Pathology-specific curves

Dyskinetic 
Segments

Classification

𝐿1

L
o
n
gi
tu
d
in
al
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Thanks to the team and for your attention!
Artificial Intelligence in Cardiovascular Medicine (AICM) Group 

University Hospital Heidelberg
sandy.engelhardt@med.uni-heidelberg.de

https://ukhd.de/aicm

Julian 

Kuhm

Sven 

Koehler

Malte 

Toelle


