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Birth of Digital Twin concept: US Apollo 13 mission in 1970
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Guo et al. Multimedia Tools and Applications (2022)



Source: Atif Masood @fetchcfd.com

Digital twin prototype (DTP)



…existed before its digital models/twins
...pumps ~7,500 liters of blood a day

…beats ~100,000 times a day

The heart …



Biophysical modeling in a nutshell …
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source: www.SPECKLEPEDIA.com

OBSERVATIONS

quantification
integration
interpretation

𝒚 = 𝒇 𝒙, 𝒕

EFFECTS (𝒚) CAUSES (𝒙)

Ohm, Laplace, Bernoulli, Fick, …

Cardiovascular physiology is complex, dynamic and non-linear
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Niederer S, Lumens J, and Trayanova NA. Nature Rev Cardiol 16:100-111, 2019
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www.circadapt.orgArts T et al. Am J Physiol 2005; Lumens J et al. Ann Biomed Eng 2009; Walmsley J et al. PLoS Comp Biol 2015
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electrical activation of the normal heart

ECG



ECG

Left Bundle-Branch Block (LBBB)

electrical activation disturbed in the failing heart
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pacemaker

heart failure

Cardiac Resynchronization
Therapy (CRT)

right atrium

left atrium

left ventricle

SA node

right ventricle

CRT success rate: 50-70% of the patients benefits
…one in three patient does not benefit from CRT



time

pumping fillingDeformation of the 
left ventricular wall

shortening lengthening

1 cardiac cycle

echocardiography



Global pump function of the left ventricle is the
result of regional deformation patterns

time

Deformation of the 
septum and free wall

shortening lengthening

1 cardiac cycle
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Septal deformation patterns reveal underlying disease substrates

CRT Response: LV EF (%) +13±9*§Ɨ +8±7*§Ɨ +3±7*§Ɨ

LV ESV (%) -37±20§ -24±24Ɨ -5±20§Ɨ

132 heart failure patients with LBBB

n = 28 n = 34 n = 70
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LVRV

decreasing response to CRT

Leenders GE, Lumens J, et al. Circ Heart Fail 2012;5:87-96
Lumens J, Leenders GE, et al. Circ Cardiovasc Imaging 2012;5:491-499



Conclusion I

Biophysical models of the human heart and circulation can improve our

understanding of (imaging-derived) phenotypic characteristics of the failing

heart. Models can be used for hypothesis generation / evaluation.

FORWARD

Fancy stuff, but how can the individual patient 
benefit from this technology?
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In silico trial: virtual cardiac resynchronization therapy (CRT)
in Digital Twins of heart failure patients
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Koopsen et al., Europace, 2024;26(1):euae009

45 CRT
candidates

Age (years) 66 ± 10

Male gender (%, n) 62%, 28

QRS duration (ms) 171 ± 21

LBBB morphology
a

(%, n) 84%, 38

CRT Class I indication (%, n) 82%, 37

Atrial fibrillation (%, n) 11%, 5

Ischaemic heart disease (%, n) 33%, 15

LVEDV (mL) 217 ± 83

LVESV (mL) 172 ± 81

LVEF (%) 23 ± 9

ACE-inhibitor/AT2 (%, n) 93%, 42

Beta-blocker (%, n) 67%, 30

Diuretics (%, n) 96%, 43

Spironolactone/eplerenone (%, n) 51%, 23

Table 1: Baseline characteristics (n=45). 
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Van Osta et al. Phil Trans R Soc (2020), Koopsen et al. Biomed Eng Online (2024)

GLOBAL
❖ Cardiac output
❖ AV delay
❖ Activation duration

REGIONAL (18 segments)
❖ Activation time
❖ Active stress (1 par)
❖ Passive stress (2 pars)
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Digital Twins enable CRT response prediction: 
a reflection on guidelines
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ESC 2013
Brignole et al. Eur Heart J, 2013

Koopsen et al., Europace, 2024;26(1):euae009
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ESC 2021
Glikson et al, Eur Heart J, 2021
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Conclusion II

Biophysical models of the human heart and circulation can improve our

understanding of (imaging-derived) phenotypic characteristics of the failing

heart. Models can be used for hypothesis generation / evaluation.

FORWARD

Integration of imaging-based diagnostic information in a personalised

biophysical model (Digital Twin) can expose ‘hidden’ disease substrates

that would remain concealed otherwise and predict therapy outcome.

INVERSE

The patient’s virtual heart is coming to life



H2 H3 H4 H5 H6



H2 H3 H4 H5 H6

ventricular function
atrial function

valvular function
electrical function
vascular function

etc.

virtual therapyvirtual stress test

Source: Pink Floyd, The Dark Side of the Moon

in silico phenotyping
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