Understand

what is going on • Statistical approaches don't work for short ECGs • Statistical approaches don't give insight • Alternative?

Outline

Large variety of different approaches possible

Mostly based on statistical approaches of RR-intervals:

• Fourier transforms AFlu AFib

The Noble model [Noble, D. 1962 Journal of Physiology] • ODEs model action potential based on Hodgkin-Huxley equations [Nobel Prize 1963] • The electrical potential V across the membrane changes due to ionic currents

• Sodium current in channels m and h, potassium current n

dV dt = - i Na + i K + i Leak Cm = - (4 • 10 5 m 3 h + 140)(V -E Na ) Cm - ( 1200e 
-V-90 50 + 15e V+90 60 (V -E K ) + 1200n 4 (V -E K ) + 75(V -E An ) Cm dm dt = 100(-V -48) exp((-V -48)/15) -1 (1 -m) - 120(V + 8) exp((V + 8)/5) -1 m dh dt = 170 exp( -V -90 20 )(1 -h) - 1000 1 + exp((-V -42)/10) h dn dt = 0.1(-V -50) exp((-V -50)/10) -1 (1 -n) -exp( -V -90 80 )n
Simulation of Noble model [Noble, D. 1962 Journal of Physiology]

• Successfully predicted several (unknown) phenomena • One extension: calcium ion channels • Tough optimization problems [Lebiedz & Sager, Physical Review Letters, 2005] Calcium concentration in cells, [U. Kummer et al., 2002] • State: a activated G-proteins Understand what is going on Understand what is going on

• Single cell level

• Survey [D. Noble, 2012]: ≈ 100 models with significant contributions • Electrical action potential well understood

• Cell compounds (Heart Rhythm has impact factor 5.2)

• Regard the inputs to simulation as optimization variables

• Regular signal ∆α i = ∆α in atrium • Number n lvl and type π j of levels • transit data τ j con , τ j inc and refrac time τ j ref for all levels

• Minimize deviation of forward simulation from ventricular data

• Verify / falsify hypothesis "atrial flutter":

• Objective small ⇒ indication for atrial flutter • Dynamic Programming looks promising?
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• "Controls" ∆α, π j , τ j con , τ j inc , τ j ref independent of i. Enumeration! • Dynamic Programming looks promising?

• "Controls" ∆α, π j , τ j con , τ j inc , τ j • Work on (adaptive) grid as in enumeration • Remove subtrees with unphysical behavior • Remove subtrees which lead to "missing" ventricular signal

• evaluate simulations on nodes • thus not really "all-at-once" (simulation and optimization) so far Conducted? x j i + τ j con ≥ r j i-1 ⇔ δ j i = 1 π j δ j i (x j i + τ j conr j i-1 ) ≥ 0, i ∈ I, j ∈ J π j (1δ j i )(x j i + τ j conr j i-1 + ε)≤ 0, i ∈ I, j ∈ J Quiescent? r j i changes ⇔ δ j i = 1 r j 0 = 0, j ∈ J (1δ j i )(r j i-1r j i ) = 0, i ∈ V, j ∈ J π j δ j i (x j+1 i + τ j refr j i ) = 0, i ∈ V, j ∈ J Set time x j i π j (δ j i (x j i + τ j con )x j+1 i ) = 0, i ∈ I, j ∈ J subject to Wenckebach block π j = 0

j i ∈ N i ∈ I, j ∈ J Wenckebach Counter δ j i ∈ {0, 1} i ∈ I, j ∈ J Signal i arriving at level j? φ k,i ∈ {0, 1} k ∈ V, i ∈ I Permutation matrix MINLP formulation min x 0 i ,x j i ,r j i ,τ j ref ,τ j con ,τ j inc ,∆α,π j ,y j i ,δ j i ,φ k,i k∈V i∈I φ k,i x n lvl i -x v
Conducted? τ j con + y j i-1 τ j inc ≤ τ j ref ⇔ δ j i = 1 (1π j )δ j i (τ j con + y j i-1 τ j incτ j ref ) ≤ 0, i ∈ I, j ∈ J

(1π j )(1δ j i )(τ j con + y j i-1 τ j incτ j refε)≥ 0, i ∈ I, j ∈ J Increase Wenckebach counter y j i ⇔ δ j i = 1 y j 0 = 0, j ∈ J δ j i (y j i -(y j i-1 + 1)) = 0, i ∈ V, j ∈ J

(1δ j i )y j i = 0, i ∈ V, j ∈ J Avoid overtaking of signals

δ j i (x j+1 k -x j+1 i + ε) ≤ 0, k > i ∈ I, j ∈ J Set time x j i
(1π j )(δ j i (x j i + τ j con + y j i-1 τ j inc )x j+1 i ) = 0, i ∈ I, j ∈ J

  0 ) = y 0 , w(t) ∈ {1, w max }, y(t) = (a, b, c, d) T

•

  Electrical potential is spatial phenomenon -excitation by neighbor • Can use PDE models • Can use cellular automata: very simple setting (2d, homogeneous cells) show wave propagation patterns depending on probabilities of excitation by neighboring cells [M. Small, Dynamics of Biological Systems, CRC, 2012] • But: personalized medicine impossible (geometry etc.difficult to distinguish between fibrillation and flutter • Exiting approaches have shortcomings, not real-time feasible • Idea: let us look at simpler phenomenological models • Well known in medicine: different kinds of AV blocks Type Mobitz I Type Mobitz II (Wenckebach) Linear prolongation of intervals Simulation of Mobitz block Input : n α incoming time points α i , transit data τ con Output: n β time points β j after Mobitz-type block begin j := 1, r := 0 for i = 1 . . . n α do / * Signal can be processed * / if α i + τ con ≥ r then β j = α i + τ con r = β j + τ ref j = j + 1 n β = j -1 end Multilevel approach • Idea: consider sequential filters of this simple type! • 1912: Detection of ventricular arrhythmia for atrial flutter • 1950: Implication of two block levels • 1975: first EPU indicating localisation of block (= AV node!) • 1976: Called "Multilevel AV-Block" [Kosowsky et al. 1976 Circulation] • 1982: last high-impact paper on this topicBasic idea of our approach • Published in[Scholz, E.P., Kehrle, F., Vossel, S., Hess, A., Zitron, E., Katus, H.A., Sager, S., Discriminating atrial flutter from atrial fibrillation using a multilevel model of atrioventricular conduction, HeartRhythm, 2014, 11(5), 877-884] (Heart Rhythm has impact factor 5.2)• Regard the inputs to simulation as optimization variables• Regular signal ∆α i = ∆α in atrium • Number n lvl and type π j of levels • transit data τ j con , τ j inc and refrac time τ j ref for all levels• Minimize deviation of forward simulation from ventricular data Basic idea of our approach • Published in [Scholz, E.P., Kehrle, F., Vossel, S., Hess, A., Zitron, E., Katus, H.A., Sager, S., Discriminating atrial flutter from atrial fibrillation using a multilevel model of atrioventricular conduction,Heart Rhythm, 2014, 11(5), 877-884] 

  ref independent of i. Enumeration! • Maybe rotate problem? Now dependent on j! • But few levels compared to signals, curse of dimensionality Tailored branching algorithm [Florian Kehrle] • Work on (adaptive) grid as in enumeration • Intelligent tree search, forward in time, like in [Jung, Reinelt, Sager, 2014 OMS] • Remove subtrees with unphysical behavior • Remove subtrees which lead to "missing" ventricular signal Tailored branching algorithm [Florian Kehrle]

  i+1 = x 0 i + ∆α, i ∈ {1, . . . , n α -1} • Permutation matrix φ k,i makes sense • Signal x n lvl i is result of forward simulation subject to Mobitz block: π j = 1

  

  

  

  

  

  

use cellular automata: very simple setting (2d, homogeneous cells) show wave propagation patterns depending on probabilities

  of excitation by neighboring cells [M. Small, Dynamics of Biological Systems, CRC, 2012]

	• Single cell level
	• Survey [D. Noble, 2012]: ≈ 100 models with significant contributions
	• Electrical action potential well understood
	• Cell compounds

• Electrical potential is spatial phenomenon -excitation by neighbor • Can use PDE models • Can

  Merge upper and lower Mobitz block" into neighbor level by clever modification of variables
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	V	1 . . . n β	Time signals ventricle (input)
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Simulation of Wenckebach block

Input : n α incoming signal α i , transit data τ con , τ inc , refrac time τ ref Output: n β time points β j after Wenckebach-type block begin j := 1, c := 0 for i = 1 . . . n α do / * Signal can be processed

Visualizing example of our approach Challenges in MINLP modeling

• What are the (state) variables? Dimensions? Depend on ∆α! • Logical equivalences
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Challenges in MINLP modeling

• What are the (state) variables? Dimensions? Depend on ∆α! • Logical equivalences x j i + τ j con ≥ r j i-1 ⇔ δ j i = 1 • How to model inner for loop with unknown length?

• How to model objective function? Least-squares? l 1 ? Huber?

• How to penalize wrong number of signals compared to data?

• How to make sure signal i is compared to correct data j?

Permutation matrix e.g., 2:1 Mobitz φ = 0 1 0 0 0 0 0 0 1 0 Signal conducted? Only possible if at parent level Discrimination Examples [Scholz et al., Heart Rhythm, 2014] Discrimination Results [Scholz et al., Heart Rhythm, 2014] • Based on ECG data of ≈ 100 patients in Heidelberg