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Introduction — Action Potential (AP) model

AP model is to simulate the transmembrane potential of cardiac cell

Generally controlled by the two simplified equations below:

o dv(t) .
= ;1,-(11,5), I; = gioi(v — V?)’

 s:gate variables Ef:“a
* g;. maximum conductance cglm
* I;: gate open probability g ,:‘L
- I o
- For every different I; we have different parameter g; oo
NaK,
9- IKr
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Introduction — Action Potential (AP) model

« Some parameters are insensitive: if we slightly change them, the sum of currents
or AP does not change much.

 For example, If we perturb conductance of background Na.
* gona = (1 4+ €)gpna O _ 5

I; = gioi(v — V?):

PR
......
ony,
T
.

Perturbed gpng

.................... Default gpn g




Introduction — Action Potential (AP) model

* This paper tried to find insensitive conductance parameters.
* |t can be single one: g;
+ Or a combination: {g;, g; g}

* It used Singular Value Decomposition (SVD) to find them.



Method — Matrix representation

Before applying SVD, it first stored the currents for each time step into a matrix A
o I
A= : :
J[r_-l'lﬁf . I:rf
* where I}‘ means current [ for ion j at time t;,, = kAt.

« A€ RMN
* M = # of time steps; N = # of ion currents
Then in unperturbed case, we have:
o It =lorq = Au, where u = (1,1,...,1)" and u € RN1

For perturbed case
c 91> (A +e)gs,theng=1+¢1,.., 1)

The total current is given by: (r;]

I;

M
I



Method — SVD

 Singular Value Decomposition can decompose any matrix into three matrix.
« VAERMN A =UzVT

u;: left singular vectors
.. singular values
 v;: right singular vectors

&

Q

« Some properties of SVD

* O'i=0ifi>7"
® AF{=O’1'E{, i=1,...,7"

« Av;=0,i=r+1,..,N
* Where r is the rank of matrix A

* {v1,V,,..., vy} is an orthonormal basis.



Method — Perturbation effect on currents

Now consider a specific perturbation it = u + ev;
A € RMN U € RMM T € RMN

IT — A,U, I_T= Aﬁ,AF{ — O-iﬁi)

I';' — IT = AM — A_,Ei = _EAVI' = —EO;U;

A =1 U2 U3 Ugq Us U

It — It||> = (r — I, It — Ir) = 82052(1{5,14:‘) = SECT,'Z

« where (u;, u;) is the inner product of u;, and is one

Finally: ||I; — I|| = eo;

Meaning if we have a small singular value o;, that perturbing direction is insensitive.

V € RNN




Method — Perturbation effect on currents

Finally: ||I; — I7]| = eq;

But this perturbation only lies on certain direction v;

T
For example, If v; = (\/—_ 75 0,0, 0) , we only perturbed g4, g, by %

So, what if we want to discuss all possible perturbations of {g;}?



Method — Perturbation effect on currents

 So, what if we want to discuss all possible perturbations of {g;}?

 Since {v4, v,, ..., vy} IS @an orthonormal basis.
- Now consider any perturbation i = u + Y, €;v;, N = # of ion currents

N

Iy — j'r =Ap —ApL=— Z £i0;U;,
i=1

N r

3 112 2 2 2 2

I — I7||” = 23555 = Z‘gi a; .
i=1 i=1

* O'iZOifi>T

« In other words, if perturbation can be expressed using only the singular vectors {v;}} .., ||IT — TT|| =0,
such a perturbation will not lead to changes in the total membrane current.

« Or we can say perturbation in span{v,.4, ..., vy} is unidentifiable



Method — Identifiability index (current)

Perturbation in span{v, 4, ..., vy} is unidentifiable

Can we quantify the sensitiveness/identifiability of the perturbation unit vector?

Consider any perturbation unit vector e:

_,"\.‘
e = Z{e, Vi)V,
i=1

And the projection of e onto span{v, .4, ..., Uy }:

N

Pye = Z (e, v;)v;.

i=r+1

Identifiability index of a vector to be given by:

k(e) = |le — Pyell.



Method — Identifiability index (current)

N
Perturbation in N = span{v, 1, ..., vy} is unidentifiable  Pye= > (e, v)v.

i=r+1

Identifiability index of a vector to be given by:

k(e) = ||le — Pyel|.
If k(e) = 1:

« Pye = 0, meaning part of the vector that cannot be identified = 0
 Perturbation in direction e is identifiable

If k(e) = 0:
« Pye =1, meaning e is in span{v,,q, ..., Uy}
* Perturbation in direction e is unidentifiable



Method — Identifiability index (AP)

* The |dent|f|ab|I|ty Index Is got by transmembrane current.

I —Ir|)* = Za —ZS o?
i=1

 This paper also calculates another identifiability index based on measuring the
difference between the computed AP in the default version and a perturbed version
of the model

* It defines H to measure the perturbation effect on AP
H(e,v) = Y Hy(e,v),

q=1



Method — Identifiability index (AP)

* It defines H to measure the perturbation effect on AP

APD3o(v*) — APDso(¥(e - v; N |
H,(e,v;) = | 30(V7) jD(V(E v])|= H(e,v,) = ZHq{E:V;)-
|APD3o (v¥)| g=1
APD *) — APDsy(v(e - v
Hy(e, ;) = 2200 (e vl
|ﬂPD50(V )l
Hi(e,v;) = |APDygo (v") — APDgo (¥(¢ - i)
R |APDgo (v*)| > § = span{v;} for i such that _ max H(e,v;) < 6} .
‘(ﬁ) . (di{s-vr-}) ‘
Hy(e,v;) = 2/ max dt ) max
4 » Vil — Ayt ]
(G ) s
Hs(e,v;) = v — v(e - vl

(i



Method — Identifiability index (AP)

It defines H to measure the perturbation effect on AP

H(e,v)) = Y Hy(&,v),

q=1

Perturbation in S is unidentifiable (6 = 0.25, is the threshold value)

S = span{v;} for i such that { max H(e,v;) < 5} .

—0.5==0.5

k(e) = |le — Psel,

If k(e) = 1:
* Pye = 0, meaning part of the vector that cannot be identified =0
« Perturbation in direction e is identifiable

If k(e) = 0:
* Pye =1, meaningeisin span{v,,q, ..., vy}
» Perturbation in direction e is unidentifiable



Result - Tusscher model

e Tusscher model:
dV Lyt L
dr C,
L,= Iy + I + 1, + I + Iy + oy + Taca + Inax
+ Lo + L + Toca + Ina

* |t perturbed the model by singular vectors
» Record currents every At = 0.1ms



Currents
(identifiability)

a:ly, (1)

Result - Tusscher model (Iy,) e o
«1 o6
» Perturbation by v; = (1,0, ...,0)7 1o (0.32)

* Meaning Iy, Is multiplied by a factor 1 + 1€ . ::CEE?’S)

* Orwe cansay gy, = (1 +€)gna I = gioi(v —?), lgy  (0.16)
jl o, (0.06)
_ kil o (0.057)
o, =420.2615 Singular vector or 1, (0.02)
1 Perturb vector

0
1 AP (e = —0.5)
abcdefghijk.| AP (g = —-0.2) We can see gy, or Iy, is
W max = 0.52 AP (¢ =02) quite identifiable
AP (£ = 0.5)
Perturbeffect H 0.5 Y | et | ... AP (e =0)
0 _——- H(E:ﬂi)
-0.5

€ t (ms)



Result - Tusscher model (Iy,)

* You may wonder why for Iy, has a large H but almost same AP for different
perturbation e

 That is because fast sodium current I, actives mainly during upstroke of AP

* Where H mainly comes from H,
* It measures the maximal upstroke velocity

o, = 420.2615

AP (e = —0.5)
AP (2= -0.2)
AP (¢ =0.2)
AP (2 = 0.5)
AP (e =10)
H(z,v;)

100 200 300 400 500

(a‘v*) _ (dv(s‘v,-)) |
dt dt
max max

Hy(e,v;) =

v (mV)

100 101 102 103
t (ms)



Result - Tusscher model
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Result - Tusscher model (I,¢q, Inna)

- . . ] ) 042 =0.0063 (ldgll:lr;l:'l‘:llslty)
| 1
 For increasing g, decreasing g,y, cOmbination, ————— T
- - - - . ® 0 & & & 0 0 0 0 ® - (088)
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Result - Grandi model

o4 =412.9719 o, =66.7094 o, =33.7316

;
-
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Result - O’Hara model

o4 = 282.9062 o, = 54.3809 o4 =31.5050
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Result - Time step effect (Tusscher)

« When it tried to record the current, a default L - Iy
time step At = 0.1ms was used. A=

1
« But what if we have a different time step.
. . At (ms) 0.01 0.1 1 2

* When increasing At .
an 0.02 0.0063 0.0018 0.0012 )
 Largest and smallest singular value decrease e et

« But their ratio remains L dss o o oms

. . Tear 0.88 0.88 0.88 0.88

« Identify index for Iy, decrease a lot - -

* This is because the upstroke is less than 2 ms, so 50 Pl 02 o ot

At~0(1ms) cannot record it properly s o oca 018 0.18 0.19 0.19

E Iy, 0.16 0.16 0.15 0.15

> 5 Lica 0.06 0.06 0.06 0.06

Ioca 0.06 0.06 0.06 0.06

Thna 0.02 0.02 0.02 0.02

100 101 102 103
t(ms)




Result - Time step effect (Grandi and O’Hara)

Grandi O’Hara
At (ms) 0.01 0.1 1 2 At (ms) 001 0.1 | "
o) 1333.8 413.0 330.3 15.0
o 894.5 282.9 88.9 88.7
o1 0023 00072 00018 0-00021 o 0.00098 0.00031 87 x 107" 1.9 x 107%
015/ 0 1.7 x 107 1.7x10°% 53x10°% 14 x10°% 13 SR e o o
T o13/0 1.1 x 10 1.1 x 10 9.8 x 10 2.1 x 10
Identifiability index
Ina 1.00 1.00 1.00 0.97 ldentiﬁability index
Lo 0.99 0.99 0.99 0.99 In, 1.00 1.00 1.00 1.00
Tcar 0.99 0.99 0.99 0.99 I 0.91 0.91 0.91 0.91
La 0.93 0.93 0.93 0.93 Iea 0.78 0.78 0.78 0.77
I 0.93 0.93 0.93 0.93 I, 0.67 0.67 0.68 0.68
Inaca 0.88 0.88 0.88 0.87 Inu 0.20 0.20 0.20 0.20
Inak 0.42 0.42 0.42 0.42 Inaca 0.19 0.19 0.19 0.19
Ioica 0.33 0.33 0.34 0.34 0.14 0.14 0.14 0.14
jfms g-gg g-z; ggé ggg Lk 0.08 0.08 0.08 0.08
Ih'f P o1 o1 018 InaL 0.07 0.07 0.07 0.07
Ib':ﬁ 015 015 014 015 Ik 0.07 0.07 0.07 0.07
bMNa . e . 3
Lca 0.07 0.07 0.07 0.07 Tbna 0.01 0.01 0.01 0.01
I, 0.01 0.01 0.01 0.02 Ihca 0.01 0.01 0.01 0.01
Ik 0.01 0.01 0.01 0.22 Lca 0.0003 0.0003 0.0003 0.0003




Result — Drug effect

- b
Tusscher Grandi O’Hara
No drug Verapamil Cisapride No drug Verapamil Cisapride No drug Verapamil Cisapride
D 5 . g(__ L D 75 . g[\_r D 5 A g[\_r 0.5 -gCaL> 0.75 -gK[ 0.5 'gK[ 0.5 'gCab 0_75 . gKr 0_5 'gKr
. “als Y. .
Identifiability index {dendfabiliyindex Identifiability index
Ine 1.00 1.00 1.00 Iy, 1.00 1.00 1.00
I 1.00 1.00 1.00 Lo 0.99 0.99 0.99
| 0.99 0.99 0.99 Ixe 0.91 0.97 0.90
I, 0.95 0.98 0.95 Cal. - : :
I 0.93 0.90 0.98 Icar 0.78 0.97 0.92
I 0.88 0.92 0.88 bal : : :

Cal : . : I, 0.93 0.89 1.00 Iy, 0.67 1.00 0.90
I 0.83 0.85 0.87 Tneca 0.88 0.89 Ik 0.20 0.26 0.32
L 0.62 0.21 0.64 jam 0.42 0.39 Inaca 0.19 0.22 0.27
Tnak 0.32 0.35 0.32 Icica 0.33 0.05 039 I, 0.14
I 0.30 0.43 0.14 Tios 0.32 0.17 0.37 Ik 0.08 0.17 0.15
Inaca 0.18 0.16 0.14 jK g'fg g}; g'ﬁ j. 0.07 0.12 0.10
I 0.16 0.28 0.15 13? 0.15 0.14 0.35 Ixs 0.07 0.10 0.20
Ihca 0.06 0.10 0.05 L, 0.07 0.06 0.07 Iona 0.01 0.02 0.01
Icq 0.06 0.04 0.06 Iis 0.01 0.006 0.02 Ihca 0.01 0.02 0.01

Tyna 0.02 0.03 0.02 Ik 0.01 0.005 0.01 Lica 0.0003 0.0003 0.0004




Result — Random stimulation protocol

« Random stimulation protocol is applied to increase the identifiability index.

* Instead of recording one stimulus of AP, here it records several additional stimulus

(35.7 ms, 634.9 ms, 1392.5 ms, 2108.8 ms, 2426.9 ms, 2734.4 ms, 3161.8 ms, 3398.7 ms, 4073.6 ms and
4529.0 ms).

0 500

t (ms) 0 1000 2000 3000 4000 5000

t (ms)



Result - Random stimulation (Tusscher)
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For reason of space, this paper does not show all singular values here

5000

We can see that the
perturbation effect H and

identify index are increased
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Result - Random stimulation (Grandi)
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Result - Random stimulation (O’Hara)

=852.7931 =175.5726 T40 = 1.8857 o3 = 0.0027
0_ _ ° 1117 W . 11 . IR BEEEREBEE! I .
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Conclusion

* It has developed a method for investigating the identifiability of the maximum conductance of ion
channels in a model.

» Large singular values are associated with large perturbation effects along their corresponding
singular vectors, while small singular values are associated with small perturbation effects.

« H is defined to measure perturbation effects on potential, which is especially useful when AP
seemed to be visually identical.

» The identifiability index is made to measure the difference between the unit vector of the current
and the projection of the unit vector to the unidentifiable space.

 Effect of time step: for the ten Tusscher model, the identifiability index of the I, current dropped
 Effect of drugs: few current identifiability index in Grandi and O’Hara model are affected.
 Effect of stimulation: random stimulation protocol can increase identifiability index



Conclusion

* This method is useful in the sense that it indicates how well blocking of individual
currents can be identified using the model.

* For instance, that the AP model is very sensitive to changes in the sodium current.
Then, if a sodium blocker is applied, such changes will be observed.

 But not all currents are identifiable, which indicates redundancy in the model in
their ability to produce a single paced action potential (but not for random
stimulus protocol).

» S0, we might need model reduction to make it simpler in the future work.
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