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Supplied Equations and Tables

Table 3.3. Faraday’s Constant F and the Gas Constant R

Constant Value

F 96.487 Coulombs/mole

R 8.314 Joules/degree K-mole

RT/F 8.314 x.300/96487 =258 mV at 27 °C

Fick’s law of diffusion:

7= —DVC (3.1)

Ohm'’s law of drift:

_ YA
Je = —up—L-CpVd (3.2)
| Zp
Einstein’s equation:
upRT
p= o (3.3)
| Zp| F
Nernst-Planck equation (ion flux):
_ ZpCpF
» = —D, (VC b= VCD) 3.5
Jp p ( p T+ RT (3.5)
Nernst-Planck equation (electric current density):
_ ZpCypF

YA
p
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Nernst equation:

Vil = &; — de = — Rl |n<[Cp]i) (3.21)
ZpF [Cpl,

Passive membrane response to current step of I, from rest:

Vi (t) = IoR (1 — €77 + Viest

Passive membrane return to rest from initial membrane potential of v, (t=0):

Vin(t) = [Vin(0) — Viest] e /T + Viest

Passive membrane response to new steady state potential V, (t - «) from initial
value V, (t,) attime t>t,:

Vin(t) = (Vin(t = 00) = Vin(to)) (L —e~ 70/ ™) +-Vin(t0) ,

Boltzmann function for fraction of open channels:

[open] 1
[opend-closed] w299 Vim (4.5)
l—kexp( o )
Macroscopic channel kinetics:

Ne < No (4.7)

d N,
& :/BNO_OéNC (48)

dt

d N,
dtO — CYNC — ﬁNO (49)
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Single channel probabilities:

No
p = <N> (4.15)
N
q = <NC> (4.16)
Mean number of open channels:
(No) = Np (4.22)
Mean macroscopic conductance:
(Gk) = Npk (4.29)

Gating particle kinetics for constant «, and g, :

n(t) = noo — (Noo — No) et/ (4.36)
(Noo — No) [1 — e_t/Tn] + no

1
Mg = —21 (4.37)

ozn—l—ﬁn’ Oén‘l‘ﬁn

T™n —

GHK transmembrane potential equation:

— RTln PK[K]6+PNa[Na]e+PC|[C|]i
F | Pc[K];+ Pna[Na];+ Pc[Cl]

Vim ] (5.1)
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Hodgkin—Huxley potassium channel model:

g (t,vm) = gn*(t, vm) (5.18)

UL~ (om) (1) — Baom) m (5.19)
or

d”(g’:m) — ”O‘;’:n (5.22)
an(vm) = 5)(‘221(011:@;)”?)1 (5.24)
Bn(vm) = 0.125 exp(%) (5.25)

Continued on page 9
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Hodgkin—Huxley sodium channel model:

gNa(t7Um) — §Nam3(t7vm) h(t,’Um) (526)
dm(t,vm) oy o N
di = am(vm) (1 ) — Bm(vm) (5.27)
dh(gtvm) = ap(vm) (1—h) — Bp(vm) h (5.28)
oo (o) = 0.1(25 —vm)
s exp(25f0”m) —1
Bm(vm) = 4exp(_1é”> (5.36)

an(vm) = 0.07 exp(%) :

By, (vm) = {exp(301—0vm> + 1}_1 (5.37)

Temperature scaling of HH ion channel gating rates:

Q = 37 (5.64)

T —6.3
P = (5.65)
10
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Temperature scaling of HH ion channel gating rates (cont.):

dn
— = Qan(l—n) — QBnn
dt
dm
— = Qam(l-m) — QBmm
dt
dh
d— = Qap(1—-h) — QBRh

t

Sodium pump efflux:
d|?4Nat|
dt 1

= [24Na+]i = Aexp (—kt)

Sodium pump stoichiometry:
ATP + z [Na], +y [K], —
ADP + P; 4+ z [Na], + y [K];

Calcium channel model:

Ica =4

Pc,VinF? ([Ca],—[Ca]; e2VmI/RT

Continued on page 11
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Frankenhaeuser—Huxley potassium channel model:

V22 K], —[K] eVmF/RT
I = P2 9 L 12.27
K KR < [ oVmF/RT ( )
Px = Pxn? (12.28)

35—uvm —1

’Um—lo

—1
Bn = 0.05 (10—vm) <1—e 10 ) (12.31)

Cable equation intracellular axial resistance per unit length:
R;
2

Q/cm (2.55')

r; —
™a

Cable equation membrane resistance times unit length:

Q cm (2.56")
2ma

m

Cable equation membrane capacitance per unit length:

Cable equation extra- and intra-cellular axial electric potential gradients:
oP
axe = —Iere (6.1)
0P,
8; = —I;r; (6.2)
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Cable equation intra- and extra-cellular axial current gradients:

ol;
0l
—a; — 'Lm —|— 'z:p (64)

Cable equation total axial current:

I=1+1I (6.5)

Cable equation transmembrane current vs. membrane potential and applied
current:

1 0°Vin
_(ri—l—fre) A2

im

Cable equation transmembrane current vs. intracellular potential:
2.4,
_ 197
r; Ox2

im

(6.13)

Cable equation intra- and extra-cellular potentials in source-free region:

¢i($7 t) 1

———vm(x, t) (6.23)

it Te

e(z,t) = ———vm(z,t) (6.24)

7"z'+7"e
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Hodgkin-Huxley cable equation:
OV 1 1 02V
ot Cm | 2ma(r;+1e) Ox2

_7"67;29> —Iion (=, t)]

Iion(xat) — gK(xat) [Vm(m7t)_EK]
+ gna(z,t) [Vin(z, t) — ENnal
+ g1 [Vm(x,t) — Ef] (6.28)

Wave equation for temporal waveform:

Vin(z,t) = Vin (t _ %) (6.64)
Wave equation for spatial waveform:
Hodgkin-Huxley propagating action potential equation:
a d?Vp dVim
= Cmp—— Vin—FE
+ gna(Vim— ENa)
+ 9, (Vm—E7) (6.68)
Isopotential membrane patch response to an intracellular current step:
vm = IoR (1 - e—t/T) (7.3)
= S(1-e"7) (7.4)

Continued on page 14
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Strength-duration relationship for intracellular stimulation:

Ith=1Ig/(1—e1/7)

Chronaxie for intracellular stimulation:

Te =7INn2 = 0.6937

Linear cable equation for extracellular current injection:

)\2 aQ'Um B T@'Um

o2 ot

— Um — Te)\QZp

Space constant and time constant:

and T — I'mCm

(7.8)

(7.11)

(7.14)

(7.15)

Steady-state solution to homogeneous infinite linear cable equation:

Vm = Ae /A + Be®/A

(7.18)

Steady-state solution to infinite linear cable equation with extracellular current

injection at the spatial origin:

_TeMo ja|/x
2

VUm —

Continued on page 15
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General time-varying solution to infinite linear cable equation with intracellular
current step at the spatial origin:

om(X,T) = ”ZIO {e—|X| [1 —erf <%—ﬁ>]

- ehieerr( v} e

Extracellular field potential for applied monopole point current source:

I
b = —2— (7.55)
Amoer

Initial transmembrane response to an applied extracellular field:

avm . 1 82¢e

r; = (7.59)
© ot Cm 022
Extracellular field produced by a fiber:
1 1
D (P) = / dx (8.11)
Aroe JL T
Approximate extracellular field produced by a cylindrical fiber:
2 2 2
a<o; [ 0“Vmy/Ox
b, = ’/ m/0x” | (8.12)
40-6 T
Monopole source density for a cylindrical fiber:
02V,
Iy = ralo;—an (8.19)
2
ox

Continued on page 16
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Lumped monopole strength for a cylindrical fiber:

zy 92V,
M = 7Ta,20',L'/ ’ " dz
r, Ox2
5 <8Vm OV )

Extracellular field potential for idealized dipole source:

1 1\ _
ou=to(2) s

4o T

Dipole source density for a cylindrical fiber:

> OV _

Ty = —ma“o; ar ~ l;ay

X

Lumped dipole strength for a cylindrical fiber:

T2 JV,
D = —waQJi/ 2—md:z:

1 ox

7ra20i [Vin(z1) — Vim(x2)]

Heart vector/dipole:
A= / T dv

Lead voltage:

V,=H-1

Continued on page 17

(8.21)

(2.29)

(8.41)

(8.46)

(9.83)

(9.87)
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Standard lead voltages:

VI = PLa— Pra (9.74)
Vit = ¢ — Pra (9.75)
Vim = P — PLa (9.76)

Binomial probability distribution:

n!

f(z) = p " (10.1)
x!'(n—x)!
Poisson probability distribution:
e Mm?
f(z) = 0 (10.6)

END OF SUPPLIED EQUATIONS AND TABLES
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