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Outline

|Introduction. The heart (anatomy and function)
*Motivation.

*Description of the problem (atrial arrhythmias)
*Model abstraction and simplified models

*Project overview (link with others)

*Progress to date



The Heart is a...

Self-assembling,

Biochemically powered,

Electrically activated,

Electrically nonlinear,

Pressure- and

volume-regulated,

Two-stage,

Mechanical pump

With a mean time-to-failure

of approximately two to three billion cycles.



The Heart

 The adult human heart is about the
size of two clenched fists.

 In an average life time, the heart
pumps 1 million barrels of blood.

* In one year, the heart beats about 30
million times.

. The electrical signal produced by
the sinus node travels through the
entire heart in about ¥4 of a second.

» The heart pumps 5 quarts of blood
every minute though a network of
vessels that, laid end to end, is
60,000 miles long.
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Motivation

Heart disease Is one of the leading causes of death
In the world.

Ranks number one in industrialized countries.

In the USA alone:

 1/3 of total deaths are due to heart disease.

* 1 In 5 have some form of heart disease.

4.5 million do not die but are hospitalized every year.
« Economic impact: $214 billion a year.



CDC/ Statistics

National Vital Statistics Report, Vol.49, No.11, October 12, 2006
Deaths and percent of total deaths for the 10 leading causes of death:

United States

Rank Cause of death Total Deaths
Al CAUSES ..., 2,391,399
1 Diseases of Neart .......oovveevieeeee e 725,192
2 Malignant neoplasms .........cccooceeeeeiiiiiieen e, 549,838
3 Cerebrovascular diseases .........ccccccovvvvvvveeeeeriinnnne, 167,366
4 Chronic lower respiratory diseases ...........ccuvee.... 124,181
5 Accidents (unintentional INJuries)............cccoecvvvveee.. 97,860
6 Diabetes mellitus .........ccooeeeeiiiiee e, 68,399
7 Influenza and pneumonia .........ccccccoeevvcvineeeee e, 63,730
8 AlzZheimer’s dISEASE .....uvveniieeeieeeiee e eeeeeans 44,536
9 Nephritis, nephrotic syndrome and nephrosis ........ 35,525
YT o { [od=] o o - SR 30,680
All other causes ........cccccevvvieee e, 484,092

http://www.cdc.gov/nchs/data/nvsr/nvsrs57/nvsr57 _14.pdf

Percentage
100.0
30.3
23.0

7.0
5.2
4.1
2.9
2.1
1.9
1.5
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20.2



Main Types of Heart Disease

e Heart Disease Is a broad term that includes:

— Coronary heart disease (arteries to heart
blocked — heart attack).

— Stroke (arteries to brain blocked or burst).
— Congestive heart failure (weakened pumping).
— High blood pressure — all of the above.

— Arrhythmias (disorders of regular rhythmic
beating).



Types of Arrhythmias

Can occur in upper chambers (atria) or
lower chambers (ventricles) or both.

Heart rate may be increased or decreased.

May result from pacemaker dysfunction or
breakdown of electrical activity (reentry).

Some are genetic.

May be asymptomatic or immediately life-
threatening.



Atrial fibrillation:

Not immediately life-threatening.
Responsible for 15-20% of all strokes (clotting).

Most commonly diagnosed cardiac
arrhythmia (~2 million affected)
Risk increases with age: >20% for
people over 80 years old

10 million projected to have AF by
2050. Lifetime risks for development
of AFwould be 1in 4.

AF is responsible for 15-20% of all
strokes

Physician office visits: 2,312,000
(NHLB1 1999)

Hospitalizations: 384,000



Atrial fibrillation:

Not immediately life-threatening.
Responsible for 15-20% of all strokes (clotting).

Most Commonly c_llf_;\gnosed cardiac Mortality Statistics > Atrial fibrillation and flutter (most
arrhythmia (~2 million affected) recent) by country

RISk Increases Wlth age: >20% for VIEW DATA: Totals  Per capita Definition :;_ |"_'|::|— Ersion
people over 80 years old BarGraph  PieChart  Map
10 million projected to have AF by

2050. Lifetime risks for development
of AFwould be 1in 4.

AF is responsible for 15-20% of all e —
strokes
Physician office visits: 2,312,000

(NHLB1 1999)
Hospitalizations: 384,000

15 Argentina: 393 deaths
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What Is Atrial Fibrillation?

A better understanding of
AF - a better treatments
and preventions.
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Problems studying AF

« Complicated structure

Harrild and
Henriquez, 2000
+ coronary sinus

Pulmonary Veins
Superior Vena Cava

Left Atrial Appendage

Dimensions: L eft Atri
7.5cm x 7cm x 5.5cm _e t tr"_Jm
2.5 million nodes Right Atrium

Coronary Sinus
Bachmann’s Bundle



Problems studying AF

« Complicated structure

Canine heart (MRl @120 microns
resolution)

Canine heart (DOTMRI @ 250 microns
resolution)

Pittsburgh NMR Center for Biomedical Research
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Problems studying AF

« Complicated structure

» A few complex ionic cell models for atria dynamics.
They can be simulated in super computers
Too complex to extract useful information.



TABLE 4 Initial conditions (pacing protocol)

lyer et al
Human
cell model
(67 Variables)




For fine tuning of the optimal parameter set, the output of the annealing
algorithm is fed into a Neldar-Mead simplex search algorithm (in which only
dowrhill moves are accepted). This approach has been shown to be superior
in finding the absolute minimum of functions of several variables (Goffe,
19945,

Model equations and parameters

All mte constants are expressed in wnits of ms™" unless otherwise noted.
Similarly, all concentrations are e xpressed in mM unless otherwise noted.

Constants
See Tables 14,

Membrane currents

See Table 5.

Sodium current ly,

T = G (O + O ) [V — Eg, ).

dCoe

TR —(da + ) [ Coxa) + (B) (Cixa) +

(o) Clysaa) -

—(B+oea-a+3a)Ch) + (da){Coxa )

+(28)(Coa) + {5/ a)(Clhixa).

— 28+ c,-a" +2e)(Caa) + (32)(Cpa)

+(3B)(Caa) + (/@) Cho)-

— (38 + o, 4+ @) (Caa) + (2

dr P \
+ 4B Cosa) + erfa ) Clana)

dC 4y, . ‘o

L 4B +c.-a' +y+ 0){Cos)

dr
) Caa) + (8)(Ona) + (1) (Oza)
+lepfa Ol

d0 s

dr

— (6 +e+ 0a)(Oma) + (1) (Caa)
+ (@) (Ona) + (06) ().

TABLE 1 Physical constanis

Constant Symbal Value

Faraday's constant F D657 Chmmal
30K

R.315 Jmol <K
1 L
6.626 £ Jims

Temperature

Gas constant
Baoltamann's constant
Planck’s constant

TABLE 2 Cell geometry constants

Comstant Symbal Value

Cell capacitance Acap 153.4 pF

Myoplasm volume Vinya
Junctional SR volume Vs
Netwark SR volume
Subspace volume

016 E9 ul.
Viese 21 B ul
Vis 12 ™ pl

25,84 E° ulL

A0 ) . C R

2w+ 1) Opa) + (£)(Ona) + () Cara). (D)

di
dClawa . - I
T“ — {er + daa) (Cana) + (B/a)(Clia)

(10

+ 6} (Cora)

(B/a + 3aa +offa)(Clw ) + (dea) (Clias )

128/ a)(Clyg) + (c,a)(Cps ). (11

F (2B/a + 2aa+ r'{_.-"a: NClpea) + (B ) Clyey)
T
(38/a){Clixy) + (ot ) (Coxa) - (12)
dCh;y,
dr

Ja+wa+epfa’ ) (Clug) + (20a)(Clag)

(4B/ a)(Clasa) + (cot’) (Cana) - (13)

dClx . - . .

d—"\" (48 /a +yy + r'{_.-"a" NC e ) + (a ) Chis )

i
(88)(fya) + (€0 ) (Caa)-

d'\ —(88 + o5)(bsa) + (YY) (Claw) + (0a) (O

iy

See Table 6.

Rapidly-activating delayed rectifier K*
current k.

I = Gd ([K'],) (O )(V — Exc).

o=
o 7 K

(18)

dC 1k

(19)
d.l v )

—(0)(Cie) + (Bo) (Cae ).

dCog

(209
dr I

—(By ) Copr ) + (ot ) Crpe) + (A ) Cagee ) -

TABLE 3 Standard ionic concentrations
Symbaol

Permeant ion

A0y
Tar
d0y,
dr
dly
dr

—(By + ) [ O ) + (00 J{Coger ) + (B5) [T )
—(By + ) [ Oge) + (e {Cager) + (B ) (e ).

—(r + B k) + () (Cage ) + (06) (O ).

ifr - -
(e - ay)

See Tahle 7.

Slowly-activating delayed rectifier K* current i,

by = Go (O e + O ) [V — B ).

5

d:f‘ ~(@)(Cox) + (B)(Cux)-
dC g,
dr
0w,
dr

— B+ ¥ Ca) + () (Cogs ) + (8) (O pies) -

=8+ &) (Oga) + (¥ (Cigs) + (@) O ).

A0,

(@) (0x,) +

(e (0]
See Tahle B,

Transient outward K* current I,

Fast recovering component, Kv4.3

Trvas = Greas (Opu | (V — Exe ).

TABLE 5 Time-dependent current densities

Current Symbal Density

Sadium corment i
Delayed mectifier, mpid component iy
Delayed mectifier, slow companent s
Transient outward current, fast recovery 775

Transient outward current, slow ecovery

Ggyas
PK\'] 4

5632 mS/uF
(RS mS/uF
00035 mS/uF

F

4161 d % emfs

d I:TOK\'f
dt

dC gyt

di

AC e

di

TABLE 6

—(dee, + B ) Comar) + (B Ciiear ) + {8 ) Cliger ) -
(33)
(B, + 3ar, + 8. Clig) + (4o, ) (Cogeg)
(28,0 Caeur) + (o6 /00 ) Cl s )
(28, + 2o, + 3 Coar ) + {3002 ) (Ciiar)
(3B (Car) + (/b3 ) Clager ).
(3. +au +

- -]-B_.ll :lf:u(‘-{ )+ :‘L[,_."If?'\:l ET]".K\-{ 1.

£38; ) {Cagar ) + {2060 ) Cageat )

[i[

a1 — (4B, + 1.8 [ Oxar) + (002 ){ Caear )
Ar

+ (e by ) (O )-

—{bder, + & ) Claca ) + (B, /1) Chiger)

F (B Cogr )-

s rate constants

Rate constant

A :;.F’l-"'] parameter
+ ari 5
RT

AH, Jimol AS, mol <K

Cy

Scaling a

Q

114,007 224114
T08.146
520952
229.205
39295

1.510

287913
59,565

14004

1389

Sodium

Potassium

[Na*],
K]

Calcium [Ca* ],




TABLE 7 I, rate constantis

Rate constant Value
a < expli0.0330 V) ms '
Ba 7 exp(=0.0431 Vims™'
@ 206 - exp0.0262 V) ms™*
By exp(—0.0269 Vims™!
@ - expl.0057 V) ms~!
B, - exp(—0.0454 V) ms ™!
g B4 E7° . explf98 E7 Vims ™
ky 0.0261 ms™!
ky (L1483 ms™"
dCT g P ; PRy \
T’H — (B + bl /by o (b)) Clig)
+ (byder,) (Clag ) + (A28, /12)( Clyr )
+ B Cigur ) - (39
AC gy ; , . L\ \
d'K P 2B./F + ba2eay, /by + o4 /by ) Clagur )
7
+ (b3, (b ) (Cligw) + (238, /) (Clig)
+ (B ) Cogar ) (40
dC iy, . . . -
T“ — (R3BL/F + by, /by + 0 [by ) (Clayys)
+ (bs2a, [bs) (Clagear) + (48, ) (O g )
+ (B Caat ). (41)
A, . ; o p ,
de = A8, s+ o by ) (Olieas) + (Dot /D)

S Ol ) + (B (O ) (42)

Slowly recovering component, Kv 1.4

N A W—
i AVF? K .MP(\HJ - KL
JrKrJ.-l ‘f Kvl 4 K\'.iW—'\__ JrK\-l.-l..\':-

VI
expl =] — 1
»(7)

(43)

",

. . VI o e
2 [Na' c.x)(—J — [Na
o v N lexp| ar | - Na'l,
"rK\'J.-l..\'.\ 002-F K\-JJOK\:: Rl (l\"f"\'- |
expl — | —
P77 )
(44
TABLE 8 Iy, rate constants
Rate constant Value
@ 7.956 E " ms !
8 216 E°' - exp (—0L00002 V) ms ™
¥ 397 E ms !
& TE? . exp(—015 Vims™!

767 E7* . exp(0.087 V) ms™!
380 ET . expl—0L014 V) ms™?

E

ACks . . PO
—— = — (4o, + B Cages) + (B)(Criies)
dl’ B (K ,8 1K
+ 0 (Ol )« (45)
AC s ) . . .
ﬁ — (B, 4 3e.+ fi)(Cgas) + (det,)( Carenn)
+ (28, Cows) + et /by ) Cligews ) (46)

— (2B, +2

+ (Bt ) (Crges) + (38, (Cagus) + (0 /b2 ) (Clagas ).

(47
dC e ) O,
. 0 = — (3B, + e fiB)(Ces) + (200)(Coic)
1
+ (48, Carews) + (0B ) ( Clagus) - (48)
dOx _ ) o
G = (4B, +£iB.) (Oxn) + () (Cocer)
1
+ (o by ) Oy ). (49)
ACT e, ) o o e
d—"‘ — (bider, + @) Chgys) + (B, /) (Cliw )
A
(B ) Cagas - (50)
dCh ks L ) o
d—““ — (B.fi + b23en /by + o by ) (Clhiges)
(f

+ (Bydee, )(Clogs) + (A28, /12 ) (Clagys)
+ (B ) Crges ) - (51)

54 bi2ay /b + oy b ) (Clagy )

+(badan by ) Clige ) + (R385 ) Cls )

+ (2B N Comus )- (52)
AdC T, . . . ey
TK' — (R3B/ + bacea /by + 0 /b3 ) (Cligs)

+(bs2a, /by )( Cloy,, ) + (548, )06,

+ (B} (Caxvs ) (53)
A, . , o _ e

d.’K - — A8, + /b ) O ) + (bacea /b3 ) Clsgys)

+ (i) O (54)

See Table 9,

Time-independent K* current ik,

TABLE 9 |, rate constants TABLE 10 Sodium handling parameters

Rate constant Kvd3 current, ms™’ KEvl4 current, ms™" Parameter Value

N 0675425 - exp(0.0255 V) LB40024 - exp0.0077 V) Grap L0001 mSjuF
Ba 0.08B269 - exp(—0.0883 V) 0010817 - exp(—0.0779 V) Konva

a 0.109566 0.003058 Koes

A e 24936 £ Faae 0.2

fi 166120 n 0.35

fa 222463 Frare 2387 pAuF
5 195978 Kol 200 mM

fa Koka 1.5 mM

Calcium handling mechanisms

Sarcolemmal Ca®* pump cument Ty,

Ca”* background cument Tgap

feap = GeanlV — Eca). (65)

Ee (66)

See Table 11.

24
Sodium handling mechanisms L-type Ca™" current lca

NCX curmrent 1yaca

@ = 1.997"3V, (67)
1 1 1 0065V
Bowes = ks S— S . 0.0882¢ M8V (68)
e Ko+ Na'] Ko + [Ca ], 1+ fe™ V5 p
P e e . a' = oa. (69)
® [ €™ [Na'[;[Ca™], Ca” (39)
B ’:i (70)
Na™ background current 1 p, !
y = 0.0554]Ca" . (71)
ey = GV — Ey,) (60) dCa " - - )
Nab Nabl “xal- LbU) o —(da+ y)Cq + BCL + wCeun. (72)
+_ . dc i . - - @
Na™-K" pump cument Tnaic —d:]' —(3a+ B+ ya)Cy + daCy + 2BCy + 5 Ceanr-
(73)
. o iy dc, i o - - @ _
Tk = bax faax (61) df:l. —(2a+28 + ya)Ca + 3aCyy + 3:‘8(-'\1._?‘:-0&-
1}
(74)
1 dCs . 3 . . @
Srax oI = (62) - — = —(a+ 3B+ ya')Ca + 20Cq +4BCa + Lo
I +0.1245¢ "5 + 0.03650¢ ' dr b

(75)

- \ \ dC
7 ?(t ol J (63) d.u. —(f +4B + ya')Ca + aCx + g0y + ;.0—4(?0.;1.-
\ 4 r ?

See Table 10.



ica™t] . —ca),

L las — | ]
T = X

Tafer
TABLE 11 Membrane calcium exchangers, background TABLE 12 Iz, parameters r 1 P 1
—ct - - _ dHTRPNG] | dILTRPNG| (100,
F alue Sipn T T .
Paimmmer Value r 03 ms " AHTRPN
;!5"“:' 23;0 ?ep; e 4 me ! o al dj" == ko [Ca™ | ([HTRPN),,
) AL a = ) o )
g 7684 &= ms/uF b 2 . . . .
Gean Lalai— 2 e o gt — [HTRPNe,)) — k., [HTRPN,].  (101)
Pea 17283 d 7 emys [ AT
Pr 32018 4% emfs AILTRPNG, _ kL [Ca® ) (ILTRPN),,
doy Teapatt 0.265 pAJpF dr - e !
5, = 801+ fCu (77 — ILTRPNG]) — ko [LTRPNG].  (102)
dCam. (der’ c " c 78 dP, . o See Table 14.
dr 0T ©)Coa +B'Can *+ ¥Ca. %) T—k: [Ca™ [LPer — &, Pay — Ky [Ca™ oPay
% = (3a'+p + ‘:—)Ccm +da' Com, il Poy — & Pay +k_ Pea. on Intracellular ion concentrations and
\ b ;
B v . APoy 1o 2w - , membrane potential
2B Com. + yaCyy. (79 dr —H .Ca .mPﬂJ _thm' (92) dINa*1 A C
Na', ) Aaplx
dCeor s . w s daP —— = —(ba + oy + 3ace + 3k + lova)
= (2 + 287+ ) Com + 30 Conn PSP~k P 93) dr Vigel”
2 (103)
+ 3B Crpy +ya Cy. (80) Tt = vi(Pay + Poa)( .-Cﬂ“-_jsn _ .-ca2+-.ss]_ (94) .
d(;ja:a_ o (a +3g" _Ej)cm]— +2a'Cony .d.l" == — ke H i Flgws + Ignae o Hleax
b ’ AcnC
SERCA2a pum BT P e
+ 4B Cosa + 4 Ca. (81) pump ke + Tsm) Vb (104)
[Ca*] g ;
dCea , W . 4 . ( .i) ) (95) dica1.
Tar (4'8 - b_")c(w' ta'Coat W Ce (82 s K % =B ("rlh = = Fign — Uap — 2hacy + Iyica)
v 247 My
dye. Ve — ¥ Ca™" SR AL C
Vea Y= —) L (L s ) 96 capCiae -
o . (83) ry ( A (96) X—EV,,,,,GF . (1035)
0.82 Visetfs — Varmarls . O : 1 pFGTA
Yo = —=mx + 0.18. (84) Jop = K +htn ) (97 g1+ (CMDN, K, . _[EGTAL K,
e v ’ K™+ ()T (KT + (G
1 < See Table 13.
Ty = 000653 —— (85) (106)
0_7_\,}.”—0.0{]3129 ! . gV - T
B : ¢ . Intracellular Ca®* fluxes B.=|1+- -CMTEN“_" - S Egjﬁéa = S
i _Pa WVF 00015 — 034 1[Ca™), %6 o o “ (K™ ca™ )0 (k™ +ca )
(= T Co RT TR - (86) I = Ca” g — [Ca sk (98) (107)
- Te
fey = leayOy. (87)
e E L TABLE 13 SR parameters Calei _ . _
fox — ({,—Ky()]_ (% “K .ieﬂ' — .K l“) _ @3) o Value T:BLE 14 Icium buffering and diffusion o
-sC &T—1 KF 0.01215 M~ ms armeter fue
B K; 0.576 ms ! Tu 0.5747 ms
Py = L3 (89) K7 000405 M~ ms™" Tdes 26.7 ms
1+ Io K; 193 ms™! HTRPNt 140d " mM
- K¥ 0.3 ms! LTRPN e 7047 mM
' K, 00003 tos ! o 20 mM Lrn_la ’]
See Table 12, " LE my Kiirapn 0.066 d~* ms
K 0.000168 mM K ap 40mM ™ ms !
Nn, 1.2 Kirapn 40 473 ms™?
Ka 320 mM KON 238 dF mM
RyR channel N :} s 4 CsoN 0.8 mM
Venast y fms REGTA 1.5d* mM
dPey 24 - Vepser 003748 d mM/ms EGTA 0 mM "
@ —k, [Ca” [ P & Po. (90) Ken 12 2 TA g m

. 1
[CSON], K5
B = |1+ KNQ.\Q = - (108)
(K (G )
dica®) Visa Vago 0 AapCa
= == T — T — (lea) == ). (109
a Bﬁ( = e~ Ve ?,V“F) (109)
djCa™] .
— " Bl = ). (110)
diCa™ g, Voo, Vi
T g ome g TR 111
dr TVasn Vasn (b
dv .
E— - I:.I.\-.l - I(n - ICJ.K - IK: - IK« - IKJ _‘ixm - I.\'.ﬂ(
+dgvrs F lgwas F Lyesy Fleap + hap + I.‘Iim] . (112)
Iom = —100pA/pF. (113)
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Problems studying AF

Complicated structure

A few complex ionic cell models for atria dynamics.
They can be simulated in super computers

Too complex to extract useful information.

Not correct when simulated in tissue.



Model reduction

Adiabatic elimination
Asymptotic methods (Tikhonov, embedding)
Abstraction

surface membrane currents
I‘l.v $ ['l s [} 55,8 I~V s ‘P s IL s IN.xh'. I‘ abs I‘l.ll as I‘l.l? s I;' as :
o ca £ ca
£ \H ..\.1,.\!..w.w.u, Q‘U‘ ‘bv,w )
= v L=
= A\ 3INa* 2K+ =
: ’ | ~ -

NSR
J,
) e
’
Jh .
ISR




Abstraction and model reduction

3 total currents
have enough
structure to
reproduce AP
morphology and
dynamics




Abstraction and model reduction

3 total currents
have enough
structure to
reproduce AP
morphology and
dynamics

However it has
limitations
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Example: A simple 3 current phenomenological model
The model consists of 3 variables: V the membrane voltage,
a fast 1onic gate and w a slow ionic gate and 14 parameters.

They are used to produce 3 independent phenomenological
lonic currents.



Cell Model Equations

Example: A simple 3 current phenomenological model

The model consists of 3 variables: V the membrane voltage,
a fast ionic gate and w a slow ionic gate and 14 parameters.

They are used to produce 3 independent phenomenological
lonic currents.

-V p(V — Vc)(v - Vm)/Td
(V-V,) 1 -p)/1o+ p/7;

—w (1 +tanh [k(V - V*)]) /(274)



Cell Model Equations

The equations for the 3 variables are:

oV (%, t) V - (DVV) = Lion
O¢v(t) (1-p) A —=v)/75 (V) — pv/1y
Oy w(t) (1-p) (A —-w)/1y — pW/TS

v{V) = =g + q752

a1 iVET
WEI=V 0 iV <W,




Cell Model Equations

The equations for the 3 variables are:
HV(T,t) = V-(DVV)— Lion
av(t) = (A-p)A-Vv)/7g (V) —pv/7y
Ow(t) = (A-p(A—-w)/rg —pw/75
v (V) = (1-@)751 + 9732
itV >V, 1 itV >V,

0 itv<v, q:{o itV <V,

V.vand w

time (msec)




Cell Model Equations

The equations for the 3 variables are:

&V(T,t) = V-(DVV)— Iion
8 v (t) (1-p) (1 =v)/7y (V) — pv/7]
dw(t) = (1-p)(1-w)/rg —pw/7S
Can reproduce Y = (1—q)7 + q7o
adaptation to | . _{ 1 ifV >V,
pacing | WE A= 0 V<V,

V.vand w

time (msec)




Comparison to other models

The equations for the 3 variables are:

oV (%, t) V - (DVV) = Lion
O¢v(t) (1-p) A —=v)/75 (V) — pv/1y
Oy w(t) (1-p) (A —-w)/1y — pW/TS

v{V) = =g + q752

a1 iVET
WEI=V 0 iV <W,
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Comparison to other models

The equations for the 3 variables are:
aV(T,t) = V-(DVV)— Iion
A 4V version can (1—p) (1 —=v)/7y (V) — pv/7}
be fitted to other 1-p)A=w)/7y —pw/Tg
more complex 7)) = 0-a7m + a7,

models and © and q:{ 1 itV =V

_ 0 V<V,
experimental data

Beeler-Reuter  Courtemanche  Rabbit exp.
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Overview of Project

model reduction, hybretization and linearization
Atrial detail models €<—2> Minimal models <—-> Hybrid automata

Experimental data (normal and disease )

!

Characteristics with model checking

Specific Single cell: Tissue:
Criteria: | - Threshold for excitation

« dV/dt_max (upstroke) « Wave length

* Resting membrane potential - # of singularities

« APD_min and DI_min * Dominant frequency

* Adaptation to changes in Cycle length .| jfe time of singularities
(APD and CV restitution)
* AP Shape at all cycle lengths
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SBU+Cornell+CMU (Wiki)

model reduction, hybretization and linearization
Atrial detail models €<—2> Minimal models <—-> Hybrid automata

T I SBU+Cornell

Experimental data (normal and disease

!

Characteristics with model checking

Specific Single cell: - _
Criteria: @ - Threshold for excitatic SBU+Cornell+CMU+NYU+Pitt
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« dV/dt_max (upstroke) « Wave length
* Resting membrane potential - # of singularities
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(APD and CV restitution)
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» Obtained structural data
* Obtained electrophysiological data
(normal and disease)

* Analyzing the electrophysiological data

* Fitting mathematical models to data

» Created a hybrid model from the minimal model

» Curvature and curl calculations
(Cornell: 1 Grad student and two undergrads)
(SBU: 1 PostDoc, two undergrads)
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Optical Mapping
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Tissue bat

Di-4-ANEPPS (voltage sensitive dye)
Diodes 530 nm wavelength
Cascade cameras at 511 Hz
128x128 window view
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Fluorescence Imaging with di-4-anneps

ExciNation Emission
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Example of AP Recordings
INn Ventricular Tissue

T=500ms Ep

20mV l |

Optical mapping

-85mV

Microelectrode
recordings.

Better signal/noise
Discontinuous in space
Not for long times

Normalized Voltage

400 600 800 1000 1200 1400
Time (ms)




Obtain spatio-temporal AP signals at different
pacing cycle lengths

Electrical activity in the atria
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Obtain spatio-temporal AP signals at different
pacing cycle lengths




Model fitted to experimental data
4V model

—— LA Experiment

—— LA lonic model —— PV Experiment

—— PV lonic model

200 300 400 295 325

Time (ms) Time (ms)

e LA Experiment
LA lonic model

500 1000
Time (ms)
Time (ms)




- Spiral Wave Instabilities

From one spiral to multiple spirals



" Spiral Wave Instabilities




Atrial Structure

L i ~x 3 Nspy

LA /PV junction

PV sleeve



Atrial Structure
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Visualization of
Electrical Activity In the
Heart



Visualizing Electrical Activity

« Computer simulations.

— Mathematical models of cellular
electrophysiology.
* Optical mapping.
— Fluorescence recordings using voltage-
sensitive dyes.

— Intensity proportional to membrane
potential.



Normal Sinus Rhythm
Plane Waves (Optical Mapping)

Electrical
activity in the
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Normal Sinus Rhythm
Plane Waves (Optical Mapping)

Electrical Electrical
activity in the activity in the
atria ventricle



Experimental spiral waves

Circular core
Spiral wave

Cherry EM, Fenton FH. New Journal of Physics 2008; 10: 125016



Experimental spiral waves

Circular core
Spiral wave

Cherry EM, Fenton FH. New Journal of Physics 2008; 10: 125016



Experimental spiral waves

Circular core | inear core
Spiral wave Spiral wave

Cherry EM, Fenton FH. New Journal of Physics 2008; 10: 125016









Cardiac cells are about 100-150 um
In length, 10-20 ym in diameter.
The cell membrane: lipid bi-layer 10
nm thick, impermeable to ions
except through specialized proteinsEz=
(ion channels). =
lon concentration gradient and N
voltage drop across membrane.
Movement of ions across the
membrane produces an action
potential.

Active transport through pumps and
exchangers in the membrane
restores original concentrations.
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Cellular Electrophysiology

neurotransmitier
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Cellular action potential triggers contraction through
calcium processes.
Increased calcium current stimulates release of

Flechical-Coiiaaion.caupling

proteins.
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Modeling Cell Electrophysiology

The cell membrane is a it w7

lipid bilayer impermeable Bodeg Pt
to ions except through | |
specialized structures.




Cell Electrophysiology and Waves in Tissue
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Nonlinear parabolic reaction-diffusion equations
The cable equation for cardiac tissue

Consider cylindrical cells where current
flows along and across the membrane




Nonlinear parabolic reaction-diffusion equations
The cable equation for cardiac tissue

Consider cylindrical cells where current
flows along and across the membrane

Charge conservation: membrane current = change In axial current

f]'nj' mrl = [fﬂ{"l"- + 1) — Iru{ X F]"'j': =~ — { ‘—Fl | lr?

-




Nonlinear parabolic reaction-diffusion equations
The cable equation for cardiac tissue

Consider cylindrical cells where current
flows along and across the membrane

Charge conservation: membrane current = change In axial current

f].”j. mrl = [fﬂ{_‘l{ + [y — fu{ X II]'r}: ~ _ { % .I. li?

The flow of current along the cable
Is proportional to the voltage gradient
(Ohm’s law)
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and a capacitive current | from the dielectric membrane

Combining Eqg. 1-3 we obtain the equation used to describe voltage
Propagation along a 1D cable.
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Nonlinear parabolic reaction-diffusion equations:

Cmatv (t1 X) =V- (D(X)VV) g Iion (\/’ m) P Istim (t’ X)

8,m(t, x) =f(V,m)

e 1 1GIT ITWVANGALTL I VIGALLI INVII1T1WALWILIWWAIL 1 VINWVGNGIANDI

V(t,x) membrane potential D(x) conductivity tensor
m(t,X) gating variables, ionic |. total ionic current across

[olg

concentrations the membrane of the cell
C, membrane capacitance | . external stimulus current

Neumann boundary conditions on potential V:
n-vv=0



Nonlinear parabolic reaction-diffusion equations:

Cmatv (t1 X) =V- (D(X)VV) g Iion (\/’ m) P Istim (t’ X)

8,m(t, x) =f(V,m)

- U1

ITGER EGAAL D I VIGALLI INVII1T1WALWILIWWAIL 1 VINWVGNGIANDI

Examples:

Ventricular: Atrial:

< Courtemanche. 19v

’.‘LUO'RUdy d (LRd) 20v <+ Nygren. 29V

s+ Fox et al. 13v
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Anatomically Realistic Model of
Human Atria

Dimensions: Harrild and
7.5cm x 7cm X Henriquez, 2000
9.5cm + coronary sinus

2.5 million nodes

Bachmann’s Bundle _ Pulmonary Veins
Superior Vena Cava

oy Left Atrial Appendage
¢ ¥ O Left Atrium
Right Atrium
Coronary Sinus
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Bundle Conductivities

Healthy atria

Fast CV: 150 cm/s
Bulk CV: 60 cm/s
Slow CV: 35 cm/s

Fossa Ovalis
Left Atrium

Intercaval Bundle

Superior Vena Cava—
Right Atrium
Pectinate Muscle

rista Terminalis
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Reentry in the Atrial Model

Atrial Tachycardia Atrial Fibrillation
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Reentry In the Atrial Model
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Reentry in the Atrial Model

Atrial Tachycardia Atrial Fibrillation

How to terminate reentrant arrhythmias?



Modeling AF Ablation

Left atrial lines only Left + right lines



Modeling AF Ablation

Left atrial lines only Left + right lines




Modeling AF Ablation

Left atrial lines only Left + right lines




Spiral waves
simulation and optical mapping

Cherry EM, Fenton FH. New Journal of Physics 2008; 10: 125016
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Spiral waves
simulation and optical mapping

Circular core Spiral wave

Linear core Spiral wave

Cherry EM, Fenton FH. New Journal of Physics 2008; 10: 125016
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Modeling AF defibrillation

 Electrical therapies

1 Ideker RE, Zhou X, Knisley SB.

Pacing Clin Electrophysiol 1995;18:512-525.
2 Santini et al. J Interv Card Electrophysiol 1999;3:45-51.
3 Koster et al. Am Heart J 2004;147:e20-e26.
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* Resting membrane potential - # of singularities

* APD_min and DI_min « Dominant frequency

* Adaptation to changes in Cycle length .| jfe time of singularities
(APD and CV restitution)
* AP Shape at all cycle lengths
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Overview of Project

S Smolka, R Grosu, J. Glimm, R. Gilmour, F. Fenton
Year 3-4

Quantification of AF initiation and of differences
between Normal and disease models.

Parameter optimization for low voltage FF-AFP



Future Directions

* Apply our expertise in cell modeling to
Incorporate spatial variability in human
ventricular and atrial electrophysiology.
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Future Directions

* Apply optical mapping techniques to quantify the
properties of arrhythmias in human hearts.



Future Directions

* Apply optical mapping techniques to quantify the
prooerties of arrhvthmias in human hearts.
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http://TheVirtualHeart.org

Support: NSF #0824399 (EMC) and #0800793 (FHF and EMC)

NIH HLO075515-S03,-S04 (FHF)
EU FP7 (FHF and SL)



