Harvard-MIT Division of Health Sciences and Technology
HST.542J: Quantitative Physiology: Organ Transport Systems
Instructors: Roger Mark and Jose Venegas

MASSACHUSETTSINSTITUTE OF TECHNOLOGY

Departments of Electrical Engineering, Mechanical Engfimgy, and the Harvard-MIT Division
of Health Sciences and Technology

6.022J/2.792J/BEH.371J/HST542J: Quantitative Phygiol®rgan Transport Systems

PROBLEM SET 3

SOLUTIONS
February 26, 2004



Problem 1

A microelectrode is inserted into a cardiac pacemakeraedl the (schematized) potential recorded

is shown in Figure 1. The intra-cellular and extra-cell@ancentrations of sodium and potassium
are shown in Table 1.
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Table 1:
[K™] [Na’]
Inside 100 7
Outside 5 140
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Questions:

A. Assume that the membrane potential is determovdglby the concentrations of Nand K
and the membrane conductances to these BRgandGgk. Show a simple electrical model
of the membrane, neglecting membrane capacitance. Labefuttg, including polarity
conventions and the inside and the outside of the membraxge&sVy,, the membrance
potential, in terms of Nernst potentialgy|5, V) and membrane conductances.

G G
Vim X Vk + Na

= V assumin =0
Gr + Cna Grat Cx Na ( g )

| outside

B. What are the equilibrium potentials for sodium and patas8 Assume

RT
Floge

~ 60 mV

Vna = 60 Iog(%) =60 Iog(l%"o) = 60log 20= (60)(1.3) = +78mV
n

_ [Klout) 5\ _ _ P
Vg = 60 Iog( Kl ) = 60Iog(100> = 6010g.05= (60)(—1.3) = —78mV

C. Leta be the ratio of conductances of the membrane to potassiureaghadm.

Gk
Qo= —
GNa

Express the membrane potenti@| in terms ofw.

a__
GNa
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G 1 1+«
Gk + GNna = GK+7K=GK<1+E>=( " )
Gk
Gk Sk
Vi = Vk + & VNa
(£2) Gk (£2) 6
o 1
— Vi + v
Ata) " A+ @

= (2 78 1 s
= (m)(— )+(1+—a>( )

78 1-—
- 1—a) = 7859
Y 1+
D. Sketchy vs. time for the cell.
Solve fora in terms of V.
1—-a)
Vin = 78
" (1+a)
(Vm + 78« (78— Vm)
78 — Vm
o =
78+ Vi
784+ 60 138
Vm = —60 = = = 7.67
m = *“=78°60 18
784+40 118
m = *=78_-40 38
78—20 58
Vi = +20 = = — =059
m=+e) = =00 98

See sketch.
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Problem 2

A. Based on your understanding of the simple dipole modelexfteocardiography, predict the

effect of the following interventions on the QRS complexarted from the standard lead |
electrode connection.

Dipole Model: Recall that the surface potential is

= o2 00%©

() Increasing the radius of the torso by a factor of 2.

Measured potential will decrease by a factor of 4.

(i) Decreasing the conductivity of the tissue within thesimby a factor of 2.
Measured potential increases by a factor of 2.

(i) Changing the mean electrical axis of the heart from d@® degrees. (You may use a
sketch if you wish).

When the mean QRS axisl6 deg the QRS vector is nearly parallel to Lead |. The
QRS will be predominately positive in Lead I. When the QRS ia¥0 deg the QRS
vector is perpendicular to the Lead I. The QRS in lead | wiv&aqually weighted
positive and negative deflections, and usually will be senatl amplitude.

Lead |

QRS axis 10° QRY axis 90°

(iv) Triggering a ventricular depolarization via a pacemiag&lectrode in the RV, instead of
via the normal conduction system.

This will generate a wide ventricular depolarization coewp(like a PVC) with a pre-
dominately positive deflection in lead I.
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Lead |

Tl

Approx. 120 msec.

B. From the horizontal plane VCG shown in the figure, skete@hdkpected scalar lead V-6
electrocardiogram. Use the axes provided. (The labeleatpon the top indicate time in
seconds following the onset of depolarization.)
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Problem 3

Figures A through F show six scalar electrocardiogramsureg 1 through 6 showontal plane

vectorcardiograms from the same six patients, but arranmgeghdom order. Please unscramble

them, and indicate the correct matches.
For each ECG also estimate timean electrical axig the frontal plane (in degrees).
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ECG VCG AXis
A. 3 —-130C
B. 5 80° Thisis RBBB
C. 1 —80° (Long QRS duration, probably LBBB)
D. 6 95°
E. 2 —-30° (LBBB)
F. 4 0°
RBBB = right bundle branch block
LBBB = left bundle branch block



Image removed for copyright reasons.
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Image removed for copyright reasons.
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Image removed for copyright reasons.
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Note: The number in parentheses indicates total QRS darakiee numbers on the VCG loops
indicate the time (in msec.) after the onset of QRS.
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Problem 4

A new life-form has been discovered with an unusual cardiatamy shown in the attached figure.
The creature has an ideal spherical torso in the center @haflocated an interesting tubular heart
with a helical shape. Depolarization begins at the top otwweturn clockwise helix of radiuf
and pitche. The action potential propagates at a constant velagiglong the tube until it reaches
the outlet valve. The action potential is of long enough tlarethat repolarization does not begin
until depolarization is complete. The action potentialgers a peristaltic contraction of the tube,
which results in forward blood propulsion.

Figure 2: The creature, showing location of the helical hear
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Figure 4: The heart during depolarization. Velocity of wénmnt propogation is.

and
Cons‘fr\'d'bd

Wave &owf o“
dtpol&rt'bqhov\

A. Based on your understanding of the dipole theory of eteetrdiography, sketch the ex-
pected ECG waveforms along the lead | axis, the aVF axis, lathird perpendicular axis
projecting out of the chest (V2). Consider only the depak#tion waveform.

The heart dipole will begin by pointing directly anteriorignd then the locus of the tip of
the dipole will inscribe two complete circles of constanfditnde when viewed from above

(the horizontal VCG projection):

\ / left

anterior

If the magnitude of the heart vector is A, then the magnitudibe vector projected into
the horizontal plane is Bosx. The heart vector will point downward at an angle a so the
frontal plane VCG would be as follows:
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m > left
R G . s

Y

inferior

Thus, the projection on Lead | (which is directed from righbslder to left shoulder) would

be sinusoidal:
Vi A
Acoso- - — —/‘\ /-\
T > 1
—A cos O- o >~
N— g
"z

full depolarization

The projection of the heart vector on lead avF would be cantdiar the duration of depo-
larization, and of value Asina.

aVl A

A sin O

>

The projection on an axis projecting out of the chest woust d&le sinusoidal, as for the lead
| projection, and initially at full positive amplitude.
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Wy, A

A

—Acoso- - -

The duration of the complex, T, would be approximadelyR/v.
A more precise calculation of duration includes the pitch.

4R

L = total heartlength

47 R
cosy = ——
L
A7 R
L = TR
COSw
L 47 R
T = — =
V v COSw

B. What would be the change in the amplitude of the ECG if:
The body surface potentials are given by

3M|
¢ (@)surface= Iro R2 coy

(i) The radius of the torso were doubled?

If the torso radius, R, is doubled, the ECG amplitude walddreaséy a factor of 4.
(i) The electrical conductivity of the torso were doubled?

If the conductivityg, is doubled, ECG amplitude wouttecreaséy a factor of 2.

C. Estimate the peak-to-peak amplitude (in mV) of the “QR&hplex recorded in lead |. Base

your estimate on the following considerations, and use #meesassumptions presented in
the class notes.
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The outer diameter of the tubular heart is 0.5 cm., and theridrameter is 0.3 cm.
(The radius of the helixR, is 2 cm.)

The turns of the relaxed heart tube are touching one another.

Individual myocardial cells are oriented longitudinallgiag the tube and have a diam-
eter of 10 microns.

The internal resistance per unit length of the cells,is 1 ohms/cm. The external
resistancer,p, is much smaller, and may be neglected.

The action potential morphology is similar to that of humamtvicular cells, and has
a phase 0 amplitude of 100 mV and a rise-time of 1 msec.

The velocity of propagation is 100 cm/sec.
The torso radius is 10 cm and its conductivity is 1.0~2 mho/cm.

The peak-to-peak amplitude would be twice the maximumgirofeof the heart vector on
lead I.

First, how many individual heart dipoles contribute to thet heart current dipole?

(cross-sectional area of the tube) At
(cross-sectional area of individual cell) Ac

3 3
Ar = %(dg - d) ~ (05 - 0.3) = 7 (0.16) = 0.12¢n?

d2 3 3
Ac = ”T ~ 2(10x 10742 = 21(10—6) — 0.75 x 108 cn?
(0.12
N = ———~2 _ —016x1°=16x 10°
(0.75 x 10-9) x x
current in one cell:
. 1 1 i '
= 2 aVin(x. Dt where c is t_he velocity
(ri+rg) ¢c of propagation
> ro, ri =10°Q/cm
¢ = 100cm/sec
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derivative of v: oV — 100mV
ot 10-3 sec

3
_ 100x107°V . hovisec
103 sec

gcm sec 100V
Q2 100cm sec

V
= 10—85 =108A

currentthroughonecell: i = 10

length of depolarized region=|
| = 100cm/secx 1 x 102 sec=0.1cm
- m=Ixi=108Ax01cm=10°2Acm

m is the dipole for each cell; the total dipole

M=NmMm=16x10P° x102Acm=16x 10%Acm

V=3¢ po—Pra= (I\7I ol)= IM|-2cosx-|OA| (twice the amplitude for peak to peak)

2nR = 4w cm
o
0.5 cm
tan 0.5 1
o = —_— = —
4 8r
1
= tan ! —
* (&r)
3
|IOA = —
4o R?

Thus,

_ 4 (1 i) 1 ~
V=16x10"Acm (2 cos[tan (871)]) <4n %ﬂ(lo " ~ 0.7 mV
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D. An ectopic beat originates in the exact middle of the hesrexactly one turn in from the
top and from the bottom. Sketch the expected ECG waveforsdtiieg from the ectopic
beat along the same three axes used in part a (I, aVF, V2).

The ectopic beat will result in two depolarizing wavefromgsselling in opposite directions
around the helix. The 2 waveforms move in the same directitireasame time when pro-
jected on the lead | axis, resulting in twice the normal atojle for one cycle.

ix

2Acos Ol - + — —

1/2

—2A cos O -

The two wavefronts move in opposite directions at the sam®when projected on the aVF
lead, so there is no net heart dipole projected on the aVF.lead

VaVF A
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Similarly, there is no amplitude on the \éad.

Vv, A
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