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ABSTRACT 

A Study of the Phase Sensitivity Between 
Pacemaker Response and Vagal Stimulation 

Edward Carl Greco, Jr. 

This study investigates the importance of the phase relation 

"between vagal activity and the resulting chronotropic effect 

on the heart’s pacemaker. Both the transient nature of the 

pacemaker response to a single vagal burst of activity, pre¬ 

ceded and followed by silence, and the steady-state pacemaker 

response to a continuous periodic vagal activity are examined. 

The response to transient vagal activity has two salient char¬ 

acteristics; 1) vagal activity which occurs sufficiently late 

in a pacemaker period will have no effect on that period; 

however, the following periods will be altered. 2) the first 

period in which the stimulus occurs will be either increased 

or remain unchanged (as stated in 1); the second and third 

periods may be decreased below the control period, depending 

upon the phase relation between vagal and pacemaker activity 

and the intensity of the vagal activity; the fourth, fifth, 

and etc. periods are greater than the control period and decay 

exponentially to the control period as the time from stimulus 

increases. This information is presented in the form of the 

Inhibition Curve. The pacemaker response to vagal activity 

becomes locked (entrained) to the steady-state vagal activity 

at the fundamental, ie., one occurrence of vagal activity 

during each pacemaker period, and at higher and subharmonics 

of the vagal activity rate. This entrainment phenomena was 

evident in the constant phase relation between the pacemaker 



and vagal activity. During entrainment an increase in the 

rate of vagal activity would cause a paradoxical increase in 

the pacemaker rate; however, over the entire spectrum of vagal 

activity rate, the trend was the expected decrease in pacemaker 

rate with increased vagal activity rate. A mathematical 

model has been developed to mimic pacemaker response to vagal 

activity. The model is composed of a relaxation oscillator 

with an unforced rate corresponding to the denervated pace¬ 

maker rate. The neuro-chemical transmitter and its effect on 

the pacemaker is modeled with a linear filter and nonlinear 

gain. The vagal stimulus is represented by an impulse in the 

model. Data has been obtained from the dog where vagal activity 

was initiated by supramaximal burst stimulation of the vagus 

nerve (1 msec pulses with 11 msec intraburst period) of 1,3* 

or 5 pulses/burst. Propranolol was administered (1 mg/kg) to 

block all sympathetic activity, and atrial activity, via a 

bipolar electrode in the atrium, was used as an indication 

of the pacemaker activation. The model parameters were chosen 

such that the model responded to transient activation as did 

the data. The model was then shown to exhibit entrainment to 

continuous periodic input as does the data. 
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Chapter 1 

Introduction and Selected Review of Previous Studies 

Cardiac contraction In man is initiated by the self¬ 

regenerating electric potential of the sino-atrial (SA), 

sometimes called the pacemaker, node located in the right 

atrium of the heart. Figure 1.1. The deviation of heart 

rate about some nominal value for this pacemaker activity 

has been known, for some time, to be dependent on the acti¬ 

vity in the autonomic nervous system which innervates the 

heart. Rosenblueth and Simeone (193*0 were the first inves¬ 

tigators to obtain quantitative results on this control 

mechanism (1). Since that time, many other investigators 

have studied the neural control of heart rate and many models 

have been developed to explain the behavior of this system 

(1, 9» 13» 14, 20, 22, 23. 24). These models differ greatly 

in their treatment of the input and output from the system 

and in the very nature of the cardiac sub-system Itself. The 

input is generally taken as the cervical vagus (pre-ganglionic 

parasympathetic) and the ansae subclaviae (post-ganglionic 

sympathetic) (1, 7). Some investigators (9. 11. 12, 13, 14, 

15, 16, 17, 18, 20, 22, 23, 24, 25.) have chosen to treat 

only the vagal input case. One investigator (22) chose the 

pressure fluxation in the arterial system as an input. 

Inputs into the system have been presented in several diffe¬ 

rent ways; a constant stimulus frequency, a single pulse or 

burst of closely spaced spulses, and a frequency modulation 

of vagal stimulation about a mean stimulus frequency. The 
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Figure 1.1: Conduction system of the heart. (29) 

output of the system is obviously heart rate or more precisely 

change in heart rate about a control rate. Some investigators 

took the interval time between successive E-waves of the EKG 

as the heart period; others chose the P-wave, or at least 

atrial activity obtained from an atrial electrode. The out¬ 

put of the models used by most of these investigators was a 

continuous function of continuous time, where the actual sys¬ 

tem had an output which was a discrete function of discrete 

time (discrete function because the Intervals were measured 

with discrete techniques and discrete time because the P or 

R-waves occurred at discrete times)• In defining the model 

output as a continuous function of time the cardiac sub-sys¬ 

tem of the model predicted heart rate/period as a function of 

neural stimulus frequency for all time. Two models will be 

discussed where the outputs of the cardiac sub-system are 

analogs of the transmembrane potential of a typical cell in the 

nodal region (9# 20). The heart period of these two models 
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Figure 1.2: Hodel Block Diagram 

Is defined only at a single time during each cycle, as Is the 

actual system. 

The present study Is concerned with the development of 

a model capable of responding to both transient (single 

burst) and steady-state (tonic) parasympathetic stimuli. 

Figure 1.2. The model's output is restricted to be heart 

period defined only at atrial electrical activity, and the 

input is restricted to be right parasympathetic (vagus) 

neural stimulation, where only the parasympathetic fibers 

in the vagus are functional. The model is verified by ex¬ 

perimental data obtained in our laboratory on the dog. 

1.1 Physiological Background 

A. Anatomy of the nodal regions 

The origin of the regenerative or pacemaker potential 

is the sinus node located on the right atrium at the base of 

the superior vena cava, Figure 1.1. This node contains 

two distinct cell types (2); the first, the P cells are 

grape-like in shape and cluster about the centrally located 

sinus artery. They contain few myofibrils or mitochondria 

and their sacroplasmic reticulum is not well developed. Inter¬ 

connections between cells is by direct apposition of their 



plasma membranes; there are few desmosomes and no inter¬ 

calated discs. The transitional cells are the second type 

of cells found in the sinus node. These cells contain myo¬ 

fibrils longitudinally oriented with mitochondria arranged 

between them as in ordinary myocardium. Whereas P cells 

connect with other P cells or transitional cells the transi¬ 

tional cells connect the sinus node With the internodal (to 

the AV node (3) ) and interatrial (primarily to the left 

atrium) pathways. These pathways are formed by specialized 

conduction tissue, where Purkinje-type cells are the major 

components. Three internodal and one interatrial pathway 

have thus far been discovered, (3)• Junctions between 

transitional cells and between transitional cells and inter¬ 

nodal pathways cells resemble intercalated discs. The loca¬ 

tion and large size of the centrally located sinus artery 

have caused investigators (4) to suspect that it is related 

to an auto-regulating mechanism and indeed controlled pres¬ 

sure changes in the sinus artery greatly effected* .the sinus 

rate (5). Interwoven in the sinus node is a collagen frame¬ 

work connecting both the sinus nodal artery and basement 

membrane of the nodal cells and acting to separate small 

groups of cells from each other (5). 

B. Neural innervation of the heart 

The SA node is innervated by both the sympathetic and 

parasympathetic (vagus) nerves. The modulating input 

received from these nerves are the major controlling force 

resulting in long lasting heart rate changes. The efferent 
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(or motor) pathways of both sympathetic and vagus nerves 

have a central and peripheral neuron with the central neuron 

located in the spinal cord. The sympathetic pathway leaves 

the upper five thoracic roots of the spinal cord with pre¬ 

ganglionic fibers synapsing in the paravertebral chain. The 

postganglionic fibers travel by way of the cardiac nerve to 

the heart. The preganglionic parasympathetic fibers leave 

the medulla and travel to the heart in the vagus nerve 

synapsing in the cardiac ganglia. The postganglionic fibers 

from both the sympathetic and parasympathetic nerves are 

distributed to the conduction system, myocardium, coronary 

arteries, and connecting tissue including the endocardium 

and valvular structures (6). These neural junctions are not 

the typical myoneural end-plate junction found elsewherè in 

the body (5)• The unmyelinated nerve endings arborize and 

terminate in close proximity to but not directly on the cell 

membrane• 

Ganglia of the parasympathetic system are concentrated 

at the anterior and posterior margin of the SA node. Choli¬ 

nesterase staining of the SA node reveals uniform concentra¬ 

tion distributed in both the P-cells and transitional cells 

of the node b^t absent in the smooth muscle of the central 

nodal artery, (5)• The concentration of cholinesterase 

indicates the presence of cholinergic fiber junctions. 

The functional significance of both sympathetic and 

parasympathetic inputs to the heart is to control heart 

rate and myocardial contractility to maintain an adequate 
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blood supply. Basically, the sympathetic Input causes 

increased heart rate and contractility where the parasympa¬ 

thetic input causes decreased heart rate and, to some extent 

contractility. Each controlling input is divided into a 

left and right branch. The sympathetic control has been 

investigated by Levy (7) in an isovolumetric preparation. 

This preparation provides a constant arterial and venous 

pressure for the heart thus reducing any effect these pres¬ 

sure changes might have on the resulting heart rate. Levy 

found, with a maintained arterial pressure, the heart rate 

increase was greater with right sympathetic stimulation as 

compared to left. With a maintained constant heart rate 

left sympathetic stimulation increased left ventricular sys¬ 

tolic pressure greater than right sympathetic stimulation. 

In the parasympathetic control the right vagal nerve plays 

the dominant role in slowing heart rate and increasing atrio 

ventricular conduction (8). 

It has been established (10) that the effect of acetyl¬ 

choline (Ach), neurotransmitter released by the parasympa¬ 

thetic nerves at the post-ganglionic synapse, on the sinus 

nodal cell potential is to cause a more negative potential 

than normal following activation and also to decrease the 

slope of the depolarization (Figure 1.3. dashed line vs. 

solid)• Levy (8) found that the closer the arrival of the 

vagal action potential at the SA node coincided with the 

beginning of depolarization of the SA node potential the 
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longer that cardiac cycle would he extended. If the arri¬ 

val of the vagal action potentials occurs late in the cycle 

such that activation of the following cycle has occurred 

then no increase will occur to the cardiac cycle until acti¬ 

vation is complete. The delay between initial activation of 

the SA node potential and the occurrence of the P-wave is the 

no-effect period (11), where the P-wave denotes cardiac 

cycle boundaries. Arrival of vagal action potentials at 

the SA node during this period will not cause an increase 

in the present cardiac cycle. Later it will be seen that 

still other factors affect this no-effect time. Now we will 

consider the effects of Ach on the SA node potential. The 

earlier in the cycle, following the beginning of depolariza¬ 

tion, the vagal action potentials arrive at the node; the 

earlier the decrease in slope of the depolarization of the 

SA node potential occurs and the greater the effect it has 

on lengthening the cardiac cycle(8)• The decrease in poten¬ 

tial associated with Ach, exclusive of the slope change, 

would have an equal effect on the length of the cardiac cycle 

irregardless of when in the cycle this decrease in potential 

occurred. Thus Levy concluded (8) the dominant effect of 

vagal stimulation must be the change in slope. 

1.2 Selected Bevlew of Previous Models 

Numerous models of neural control of the electrical 

activity of the heart have been developed. However, they 

are not all suited for an arbitrary input pattern of neural 
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(d) P-Wave 
Indicator 

(e) R-Wave 
Indicator 

Figure 1,3: Temporal Relationships of Events of a 
Cardiac Cycle with Recording Indicators 
(9)* Dashed SA Potential Result of Ach 

stimulation. A review of some of the more pertinent studies 

organized on the basis of synchronous or asynchronous 

stimulation patterns will be presented. Synchronous stimu¬ 

lation is defined to be burst stimulation with a constant 

intra-burst frequency and with the burst synchronized to 

the heart period. These bursts may occur as frequently as 

once per cardiac cycle or, as is the case in this investiga- 
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tion, once every 30 or 40 cardiac cycles. This is sufficient 

time to allow the heart rate to return to a control value. 

Thus the synchronous stimulation elicits a transient res¬ 

ponse. Asynchronous stimulation occurs in bursts with con¬ 

stant intra-burst and inter-burst frequencies. The inter¬ 

burst frequencies vary between one-third and three times the 

control heart rate and elicits a steady state response. 

The intent in presenting these studies is to state in suffi¬ 

cient detail the contributions of each research effort and 

to connect and compare results wherever possible. 

1.2.1. Asynchronous, steady-state models. 

A) Rosenblueth and Simeone (193*0 made the first quantita¬ 

tive contribution in the area of heart rate control (1). 

Neural input to both sympathetic and parasympathetic nerves 

was provided as an asynchronous, constant frequency stimula¬ 

tion with pulse intensity and duration set to give maximal 

results. The resulting heart rate was recorded with step- 

wise variations of the frequency of stimulation after tran¬ 

sients had decayed. With this data a model for the steady- 

state heart rate relation to neural stimulation was developed. 

Rosenblueth and Simeone performed four separate experi¬ 

ments; in the first two they looked at the steady-state 

heart rate only, and in the latter two they considered tran¬ 

sient effects. In the first experiment the left vagus was 

stimulated with a step change in vagal frequency, fv, record¬ 

ing steady state heart rate at each step, Hy Q. The same 
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*-H 
v,s 

fT—-frequency of vagal stimulation 
fg frequency of sympathetic stimulation 

Hv s~heart rate due to vagal (v) and sympathetic 
* (s) stimulation, ie., vagal stimulation 

against a sympathetic heart rate or vice 
versa 

H —heart rate due to only vagal stimulation 
HQS—heart rate due to only sympathetic stimula- 
* tion 

HQ 0=H0—control heart rate 

Figure 1.4: Basic Heart Bate Control Block Diagram 

experiment was repeated against a sympathetic background 

stimulation of frequency, fg. Several levels of f were 

used for each range of vagal frequencies the resulting heart 

rate, H,, _, was obtained. It was noted that the percent 

decrease in heart rate, at each level of vagal stimulation, 

from the established control value was the same for the case 

with sympathetic as well as without sympathetic background. 

This result can be expressed in terms of the heart rate 

variables as 

Hc-HVf0 
Ho,s”Hv,s 

\ ‘ (1-1) 

The reverse experiment, in which percent heart rate changes 

to sympathetic stimulation with vagal background, was not 

performed in the extensive manner the first experiment was 
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because decay times were longer. However, sufficient data 

was obtained to lead the authors to a result similar to that 

found in experiment 1, in terms of the heart rate variables. 

H -H 
o,s c 

H -H v,s v,o 

¥ 
c H v,o (1.2) 

The results of these two experiments, as expressed in equa¬ 

tion (1.1) and (1.2), imply vagal and sympathetic stimulation 

act independently on the resultant heart rate. This indepen¬ 

dence is expressed as the following: 

Hv,s “ Hv,o * Ho,s 

(1.3) 

which is obtained from equations (1.1) or (1.2). 

Tko non-negative functions (F and G) were postulated 

to define the relationship between heart rate and vagal 

or sympathetic stimulation. 

P(fv) 
Hv>0 = ( 1* - )Hc = nHc, oén^l (1.4) 

and 
G(fs) 

Ho.s * ( 1 + -5-=- )HC - ^c* (1*5) ac 

These functions, (F and G), were found to be rectangular 

hyperbolas, le., 

F(fv) = fy 
C^C2tr (1.6) 

and 

G(fg) 
= ^s 

k1+k2fg (1.7) 
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Thus from equation (1.3) 

Hv,s = (1- fv  ) (1+  fs 

VWr* H0(k1+kzfa) 

or In terms of heart period 

>Hc 

(1.8) 

V.s H 
= (1+ Fl(V) 

v, s 

) (1- Gl(S) 
)P, 

(1.9) 

where 

Fl(V) = po 
CiV+C2-Pc 

and 

G1(S) 
k1S+k2+Pc 

(1.10) 

(1.11) 

Typical values for the constants were obtained from curves 

plotted by the authors as reported by Glaze and Dong (9). 

They are 

Ho = 2.375 beats/sec or P0 = 420msec 
cj = 1.99 dimensionless 
c2 

53 0.479 sec/beat 
kf = 0.302 dimensionless 
k2 as 0.514 sec/beat 

The second two experiments looked at the on and off 

response to tonic neural stimulation. The results were 

similar to the first two experiments; when the percent 

change in heart rate with background stimulation was com¬ 

pared with the percent change without the background stimu¬ 

lation; they were the same. This result, with sympathetic 

background, is expressed as 
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H - H (t) H - H / (t) o v,ov ' _ o,s nv/sxv/ 

o,s 

or 

Vs(t> - Sgi • 
H
T.O(‘) (1.12) 

where Hv/S(t) is the heart rate response due to vagal 

stimulation with an established sympathetic background. 

The converse of the previous result was also performed. 

It is expressed mathematically as 

Hs/v(t) - Ht>0 H0,s(t> - H0 

or 

Hs/V(t) = . Ho.s(t) 

Hc (1.13) 

The authors postulated from equations (1.3)» (1.12), and 

(1.13) that the time varying response of vagal and sympathe¬ 

tic stimulation were independent or 

Hv,s(t> - VsW - HsA(t) 

H v,o (t).H0>s(t) 

H, 
(1.14) 

However, the experiment to verify equation (1.14) was not 

performed. 

B) Warner and Cox (13) developed another approach to 

modeling the effects of vagal and sympathetic modulation of 

heart rate; in this model heart rate is considered as a 

continuous function of time. The model describes the release 



and destruction of the neurochemical transmitters (Ach for 

vagal and norepinephrine for the sympathetic input) and 

their resultant effects on heart rate. These relations are 

described by several nonlinear, coupled differential equa¬ 

tions, equations (1.15)-(1.19) and (1.28)-(I.30). The 

inputs are treated as continuous functions in time with a 

magnitude in proportion to the frequency of nerve action 

potentials arriving at the nodal junction. The assumption 

that the sympathetic and parasympathetic controls on heart 

rate act independently are basic to the development of this 

model• 

The sympathetic system is depicted in Figure 1*5 and 

the equation describing the concentration of chemical trans¬ 

mitters and the resulting heart rate are as follows: 

f s A. + B 
K5 

A —concentration of norepinephrine in blood 
A?—concentration of norepinephrine in extracellu¬ 

lar fluid 
Ap—concentration of norepinephrine at SA nodal 
* site 

B —substance combining with norepinephrine to 
cause a change in heart rate 

fg—frequency of sympathetic action potentials 

Figure 1.5s Sympathetic Heart Rate Control, Block 
Diagram 
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dAi 

it = ( (klnfs + k2<Ao"Al) + k3(A2-Ai) )/Vx 

dAo 
~— = (k3(Ai-A2) - dAB/dt )/V2 

B + AB * constant 

= k4(A2) (B) - k5AB 

HB = HR0 + k^AB 

Where 
n—number of nerve fibers 
V^-volume of extracellular compartment 
V2-volume of intracellular compartment 

Defining XJ=AJ, x2=A2» X3=AB, X4=B (where x=dx/dt) the 

tlons become: 

*1 15 C1fg(t) + C2(AQ-X1) + C3(x2-x1) 

*2 * 
C3C4(X1-X2) - 0413 

X3 + X4 = c3 

*3 " 
c6xz% - C7X3 

*o,aW " Hc + C8X3 

In the steady state, x^ = x2 = X3 = 0 and fg(t) = fs 

solving for ±3, 

x (s.8.) - AOC2C5C6 » ClC5C6fs 
3 # * C2c7 + AQC2C6 + C^fg 

(1.15) 

(1.16) 

(1.17) 

(1.18) 

(1.19) 

equa- 

(1.20) 

(1.21) 

(1.22) 

(1.23) 

(1.24) 

constant, 

(1.25) 

which must be zero for f = 0 in order that rt(t) = H 
S 0,0' ' c 
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in equation (1.24). The only constant which can be chosen 

to be zero without changing the dynamics is AQ, implying 

blood concentration of norepinephrine does not effect heart 

rate. Thus equation (1.25) becomes 

x3(S.S.) - 
C1C5C6^S  J

 C2C7 + CiC^fg (1.26) 

which is the rectangular hyperbolic form assumed by Rosen- 

blueth and Simeone, equation (1*7). The steady state heart 

rate H- _ is given by the equation 
OfO 

H = H + ClC5C6c8fs 
°'S ° C2C7 + clc6fs (1.27) 

The vagal input is depicted in Figure 1.6, and the 

equations describing vagal neural frequency and its 

v2c2 P 

fv - frequency of action potential on the vagus 
nerve 

N - number of vesicles containing Ach for imme¬ 
diate discharge 

N - maximum number of vesicles containing Ach 
C? - concentration of Ach in each vesicle 
ct “ concentration of Ach at the node 
V2 - volume of nodal compartment 
P - resulting heart period 

Figurd 1.6: Vagal Heart Rate Control, Block Diagram 
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relation to heart period are as follows: 

dN 

dt “ yv-N) - w (1.28) 

dC2 

dt = (nk8NCifv-k9C2)/V2 (1.29) 

P * f po + k10C2 for c2 - a 

C oo for C2 > a (1.30) 

Defining y1=N, b=Nm, y2=fvN, y3=C2 the equations become 

yx = d^b-y^ - d2y2 (1.3D 

y2 - Vi (1.32) 

h " d3y2 ' V3 
(1.33) 

PVf0(t) = ( Pc + d^, for jj ézj0 

( oo , for y3>4 (1.34) 

The steady state solution for vagal stimulation constant 

can be written as 

/ djd3d3bfv 
Pv,o ( Pc + d4(dl+d2fv) , for 

\oo . for y3 > A (1*35) 

Note the similarity between the steady state relation, 

equation (1.35) to the relation found by Rosenblueth and 

Simeone, equations (1.9) and (1,10). It is exactly the same 

form (rectangular hyperbolic); however, the curve of heart 

period verses vagal stimulation period, V « l/fv, given by 
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Warner does not match Rosenblueth*s curve* The stimulation 

of the left vagus by Rosenblueth and the right by Warner 

may be one reason for this difference. 

The sympathetic and vagal models were combined by 

Warner and Russell (14) where, as in Rosenblueth*s model, 

Hvf0<t). *s the heart rate due to vagal stimulation only 

and HQ^s(t) is the heart rate due to the effect of sympa¬ 

thetic stimulation alone. The combined stimulus equation for 

heart rate was given as 

fiv,s^ = H v,o (t) + 
(By.ott) - V 

(B0 * Hm) 
(“o.sf*) * Ho) 

(1.36) 

where HL is the rate with no stimulation and H is the c in 

minimum rate achieved just before arrest occurs. The 

value of Hm is between 25 and 30 bpm. Since HQ Q is by 

definition Hc, equation (1*36) reduces to Hv#0(t) for no 

sympathetic stimulation and HQ^s(t) for no vagal stimulation. 

The significance of equation (1.36) is that heart rate due 

to vagal stimulation dominates the equation implying vagal 

dominates sympathetic stimulation. It is interesting to 

compare the combined result here with Rosenblueth and 

Simeone*s Multiplicative rule. From equation (1.14) 

“v.aW = 
*Y'oW “O.SW 

ÏÏ1 

HQ s(t) - Hc 
ss H (t) +  1 E„ n(t) 

V.O' ' rr **V,0' W 

(1.37) 
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Warner and Russell noted that Increased vagal stimulation 

reduced the effect sympathetic stimulation had on the com¬ 

bined heart rate. This effect can be induced into equation 

(1.37) by weighting the factor (H0jS(t) - Hc) with a func¬ 

tion of Hv>0(t) such that the function approaches zero 

faster than does Hy^0(t). The resulting equation must also 

satisfy the boundary conditions} thus requiring the denomi¬ 

nator of equation (1.37) to adjusted appropriately. The 

resulting equation is 

o.s 
H„ „(t) = (H (t) - HJ * 

(t) - H, 

T,S' nr H - H 
c m 

+ HTf0(t) 

(1.38) 

which is the same equation as determined by Warner and 

Russell, equation (1*36). This relation between these two 

research efforts was presented by Glaze. 

1.2.2. Synchronous Stimulation Studies 

A) In 193^ Brown and Eccles published two papers investi¬ 

gating the effects of single vagal stimulation on the heart 

period (11, 12). Their data was presented in terms of inhi¬ 

bition curves which diagrams the effect a single stimulus 

has on the heart period in which it falls as well as sub¬ 

sequent heart periods until the effect of the stimulus decays 

and heart rate returns to normal, Figure 1.8. Heart period, 

p(t) , is defined as the lapsed time between occurrence of 

two adjacent P waves of the recorded EKG. The effect of 

a single vagal stimulation on heart period response is 
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shown in Figure 1.7. 

v(t) 

p(t) 

-H <P H- 

[*~Po Pi P2—-| 

Figure 1.7: Single Vagal Stimulation, v(t), and 
P Wave Occurrance, p(t). 

To construct an inhibition curve, the sequence of frac¬ 

tional Increases in heart period y^, defined by 

yJ = (Pj-po)/po J = It 2, ... (1.39) 

are plotted verses time. From one trial the ordinate value 

given by equation (1.39) is plotted at time tj, where 

t< » ( £ Pk) -</> Ù = 1. 2,... (1.40) 
J k=l 

Thus the abscissa is chosen to coincide with the occurrance 

of the vagal stimulus. From a single trial ( 4> - constant) 

a series of points (tj, y^) can be plotted. Varying 

Figure 1.8: Inhibition Curves, Type a) Single, 
b) Double; reported by Brown and Ecoles (11) 
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produces the inhibition curves of Figure 1.8 which are gene¬ 

rally of two types, single and double wave. The value fl 

in Figure 1.8 is the no-effect time; that is, if the stimu¬ 

lus occurs sufficiently late in the cardiac cycle, ie., 

4» Pô"/0» then the effect of stimulation will not be appa¬ 

rent until the following cardiac cycle. The no-effect time 

is thought to be composed of a pure delay for vagus nerve 

propagation, ganglionic synaptic delay, acetylcholine 

liberation, diffusion and utilization time, and the refrac¬ 

tory period of the node (as described in Section 1.1B). It 

ranged from 100 to 160msec in all experiments and was very 

slightly effected by continuous stimulation of the sympathe- 

tics or the vagus nerve while a single stimulus was supplied 

the opposite vagus (11). The value is the largest abscissa 

value for the first heart period, ie., t^. Thus Si ** t^ 

when cf> = 0. Thus as <j> decreases from pQ to zero the inhi¬ 

bition curve primary wave increase from zero to a peak then 

decrease slightly. The extension of the inhibition curve 

from tj = Jt to larger tj is determined from the second, 

third, succeeding cycles following the first cycle, the 

cycle in which the stimulus occurs. 

Several characteristics of inhibition curves were 

reported by Brown and Eccles. It was noted that the primary 

wave was always of a larger magnitude than the secondary 

wave when the secondary wave was present. With background 

stimulation of the sympathetics the double wave Inhibition 

curve lost its double wave appearance and became more like 



22 

a single wave inhibition curve. Figure 1.8a. Conversely, 

when the sympathetic nerves supplying the heart were severed 

the single wave response became a double wave response. 

With background tonic stimulation of one vagus nerve, while 

the other was stimulated in the normal manner to produce an 

inhibition curve, the double wave appearance was lost to the 

single wave. Intravenous injection of eserine and atropine 

were also investigated to determine their effects on the 

inhibition curve. With 25 micrograms of eserine , a choli¬ 

nesterase inhibitor, the magnitude of both primary and secon¬ 

dary was was increased; however, the secondary was was in¬ 

creased to a lessor extent. With very small injection of 

atropine, 5 micrograms, both primary and secondary waves 

were diminished in magnitude; however, the primary was re¬ 

duced to a greater extent than the secondary. This relative¬ 

ly smaller decrease in the secondary as compared to the pri¬ 

mary wave was seen in both submaximal as compared to maximal 

stimulation and left verses right vagal stimulation. 

Brown and Eccles also asserted the maximum positive 

slope obtainable by the inhibition curve's primary peak was 

infinity. The investigation into the character of the inhi¬ 

bition curve (in Appendix A) indicates a ninety degree slope 

on the ascending portion of the primary peak can not be 

obtained. The range for this ascending slope was found to be 

in the range fo, l] (where both abscissa and ordinate of the 

I.C. have been normalized to the control heart period, PQ)• 

Some other aspects of the nature of inhibition curves are 
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as follows: 

The ordinate and abscissa values are discrete and the 

continuous curves are simply approximation to this discrete 

point distribution. The reason the inhibition curve values 

are discrete is not simply because the stimulus interval, cf> , 

occurs at discrete values; theoretically <fi could be a con¬ 

tinuous function over the interval (0, P0)• The discrete 

nature of the inhibition curve variables is derived from the 

method by which the heart period is defined, ie., the heart 

period is the interval between two consecutive P-waves and 

is only defined at the boundaries of the heart cycle. Both 

the ordinate and abscissa are function of this discrete 

heart cycle measurement and are themselves discrete. 

The no-effect periodyO , was not appreciably effected 

by reducing the stimulus intensity below maximal or stimula¬ 

ting the left verses right vagus nerve. However, tonic 

sympathetic stimulation decreased the no-effect period slight¬ 

ly where as tonic stimulation of the opposite vagus nerve, 

from the nerve supplied the transient stimulus, increased 

the no-effect period slightly. 

As the stimulus intensity was increased from a sub- 

maximal value the ascending slope of the primary peak 

increased. The maximum slope obtainable, as discussed 

previously is one where both ordinate and abscissa values 

are normalized. 

The inhibition curves derived from left vagal maximal 

stimulation could be reproduced with essentially no detectable 
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differences by submaximal stimulation of the right vagus. 

The authors concluded, from the results described here, 

that the inhibition curve was a response curve for the effect 

Ach has on the pacemaker activity. Where, in the case of the 

double wave inhibition curve, the decay of the secondary 

wave, approximated by a single exponential, was almost 

totally descriptive of the destruction of Ach by esterase. 

(However the action of atropine on the inhibition curve 

reduced the primary greater than the secondary wave.) The 

trough between the primary and secondary waves was concluded 

to be a disassociation of the inhibitory effect on the node 

for a short duration. Further, it was concluded that the 

SA node could be described as a relaxation oscillator with 

two state variables: excitation, E(t), and threshold, L(t). 

Thus when E(t) L(t) the node was activated. 

B) The response to transient vagal stimulation was also 

investigated by Thelma Iano, M.N. Levy, and M.H. Lee 

(1973) (15) where single or burst stimuli of supermaximal 

intensity were supplied to either left, right, or both 

vagus nerves. Data was presented in the form of an inhibi¬ 

tion curve with a somewhat different definition for the 

abscissa than defined by Brown and Eccles. Here the abscissa 

is defined to be 

tj = <P]-0)/2 

tol PJ ^ 
t. = P]ç + 2“ -j = 2, 3.• •• 

k=l 
(1.41) 
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The occurrence of the stimulus is considered as the 

origin, as before, and the midpoint of the last heart period 

is the time of occurrence for that heart period. The ordi¬ 

nate value is the same as previously defined, ie., equation 

(1.39)* This inhibition curve is essentially the same as the 

one defined by Brown and Eccles but shifted slightly, and 

the analysis provided in Appendix A can also be applied to 

this inhibition curve with similar results. 

The basic assumption which this work wishes to substan¬ 

tiate is that vagal stimulation has both a positive and nega¬ 

tive chronotropic effect on heart rate where the negative 

effect dominates the positive in both magnitude and duration. 

The positive effect is by definition not initiated until the 

negative peak is reached (ie., the primary peak of a double 

wave inhibition curve) and this positive effect decays to 

zero at the peak of the secondary wave. Thus the inhibition 

curve is composed of two curves: the negative curve with the 

single exponential decay projected back to the primary peak, 

and the positive curve which is delayed with respect to the 

negative curve and is of shorter duration. When the positive 

curve is subtracted temporarily from the negative curve the 

result is the original inhibition curve. This method of des¬ 

cribing the two effects requires the peak of the primary 

wave to lie on the projection of the single exponential of 

the slow decay. This was always the case for the single or 

burst stimulus data presented by these authors. However, 

other data has been obtained to indicate that the primary 
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peak and the slow decay are not described by a single expo¬ 

nential; see Chapter 5* 

An important mechanism investigated by these authors 

was the effect of the vagosympathetic fibers on the response 

to cervical vagal stimulation. Administration of phentola- 

mine, an alpha-adrenergic blocking agent, before cervical 

vagal stimulation, produced no observable difference in the 

inhibition curve from the control value. However, with 

propranolol, beta-adrenergic blocking agent, administered 

before vagal stimulation, the resulting response had an 

accentuated positive chronotropic effect as compared to the 

control, ie.# the dip between the primary and secondary 

wave of the inhibition curve became deeper and in most 

cases became negative. It was hypothesized that the adren¬ 

ergic mechanism was masking the cholinergic mechanism of Ach. 

Two experiments were performed to substantiate this hypothesis. 

First, both right and left ansae subclaviae were ligated to 

eliminate essentially all cardiac sympathetics. The res¬ 

ponses to vagal stimulation before and after propranolol 

administration had no detectable differences. Next, 

norepinephrine was Infused intravenously at a significant 

reduction to the positive chronotropic effect. Thus from 

these results it could be concluded the positive effect was 

totally mediated by the cholinergic mechanism in the vagus 

nerve• 

Now to Investigate the effect previous prolonged car- 
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diao cycles have on the positive chronotropic response to 

transient vagal stimulation, the heart was paced at a rate 

slightly greater than the control value. This was accom¬ 

plished toy attaching electrodes on the right atrium near the 

SA node. When the response to vagal stimulation during 

pacing was compared to the response without pacing tooth 

responses were the same in the positive region which dipped 

toelow the axis. Obviously the primary peak was completely 

blocked toy the pacing. Apparently the prolonged cardiac 

cycles have no effect on the positive response. 

Stimulation of the vagus with a constant frequency 

stimulus will entrain the heart rate in a one-to-one response 

over a certain range of frequencies. Over this range of 

frequencies a given frequency will entrain the heart period 

with the stimulus occurring at a fixed phase with respect 

to the heart period, ie., P-wave to stimulus, P-ST, interval 

will toe constant. As the frequency varies over the range of 

entraining frequencies the phase relation between stimulus 

and heart period will change. Thus an inhibition curve 

can be generated from a repetitive stimulus protocol 

where the last stimulus is considered as the origin and 

the decay of the change in heart period from the control, 

ie., same ordinate previously defined, is described as 

a function of the time since the last stimulus. A typi¬ 

cal response of this type is given in Figure 1.9 (from (15 )* 

upper. The lower response is the response to a single 

stimulus. Two characteristics of these responses are 
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Figure 1.9: Inhibition Curves (upper) Repetitive 
Stimulus, (lower) Single Stimulus 

important to note. First the approximations of the final 

decay by a single exponential for both the single and repe¬ 

titive stimulus have the same slope, ie., same time con¬ 

stant. Second, the projection ofthis exponential approxi¬ 

mation back to the origin intersects the primary peak in 

the single stimulus case; however, in the repetitive stimu¬ 

lus case the primary peak lies below the projection of the 

single exponential decay. From this information it was 

concluded that during the repetitive stimulation accumula¬ 

tion of the positive response results and after stimulation 

ceases the positive effect encroaches on the negative effect 

to reduce the primary peak below its expected value. Of 

course, other explanations might be offered since there is 

no experimental evidence on which to base any conclusions. 

For instance, suppose there is a magnitude saturation effect 

on the Increase in heart period which attenuates large 

primary peaks greater than the dips. This would also have 

the desired effect. 
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In this investigation the authors have not specified 

the origin of the positive chronotropic effect; however, 

they have presented evidence in attempt to preclude several. 

First, pacemaker shift was ruled out, even though this 

phenomenon commonly occurs during vagal stimulation, because 

a shift to another pacemaker would be a shift to a pacemaker 

with a slower rate since the fastest pacemaker tends to 

dominate all other pacemaker sites. Second, the preceding 

long cardiac cycle was ruled out as a cause for the follow¬ 

ing shortened cycle by the results of the pacing experiment 

previously discussed. If a previous prolonged cycle was 

necessary for the following cycle to be shortened then 

during pacing there would not have been any response below 

the axis of the inhibition curve. The matching of the dip 

below the axis of the paced and non-paced experiment indi¬ 

cates that the previously prolonged cycle has no effect on 

this positive chronotropic effect. Third, the diminished 

action potential duration, which accompanies vagal stimula¬ 

tion, was discarded as not being able to supply a sufficient 

contribution to the repolarization phase, to produce the 

observed reduction in cardiac period following the stimulus 

period. Fourth, and last, atrial echoes have been discarded 

by observing the form of the P-wave, from a bipolar electrode 

inserted into the atrium through the external Jugular, during 

vagal stimulation and during induced atrial re-excitation by 

electrical stimulation of the ventricles. The resulting form 

of the P-wave differed significantly in the two cases and 
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this distinction was used to determine if atrial echoes were 

a possible cause of the positive chronotropic effect in 

several cases. This cause was possible in only one out of 

seven experiments. Another type of re-excitation, in which 

SA nodal impulses travel through the right atrium and re¬ 

excites a part of the SA node which has repolarized, travel¬ 

ling slowly through the node to re-excite the atrium after it 

has repolarized, was also ruled out. This circuitous type of 

re-excitation would produce a much shorter period than is 

found in the positive chronotropic region. 

C.) Brown and Eccles* single stimulation studies describe 

a phasic dependence between the stimulus and the resulting 

heart periods. These results have led later investigators 

to apply synchronous stimulation to the severed vagus nerves. 

Dong (16) presented synchronous supramaximal stimulation in 

burst to the right vagus nerve. Propranolol was given 

(lmg/kg, iv) as a beta-receptor blocking agent. The burst 

included 1, 3* and 5 pulses of two msec duration and sepa¬ 

rated by ten msec. After each burst the resulting heart 

period was recorded and allowed to decay to control before 

the next stimulus was applied. The heart period is defined 

as the time between consecutive P-waves. The results were 

presented as pacemaker curves. Figure 1.10, where the posi¬ 

tive abscissa P-ST Interval, is the time from the beginning 

of the Cycle in which the stimulus occurred to the stimulus 

occurrence, and the negative abscissa is the time from the 

stimulus to the end of the period in which the stimulus 

occurs. See Figure 1.7 where =P-ST interval. The 
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Figure 1*10: Pacemaker Curves from (16, Figure 2) 

ordinate value, for positive abscissa* is the period length 

of the cardiac cycle in which the stimulus occurred and for 

negative abscissa values, the ordinate is the length of the 

cardiac period following the cycle in which the stimulus 

occurred. The nature of all pacemaker curves (of the first 

and second cardiac cycle) increase monotonically to some 

peak value then decays to the contol heart period. Unless 

the heart periods are increased prior to stimulation, ie., by 

preconditioning stimulation, the maximum magnitude for the 

abscissa will be the control heart perild. Appendix A dis¬ 

cusses the relation between the pacemaker curve and the first 
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part of the inhibition. For convenience, the pacemaker 

curve ordinate is described as the change in heart period 

from the control period and both ordinate and abscissa are 

normalized to the control heart period. If the positive 

slope of the pacemaker curve does not exceed one, the inhibi¬ 

tion curve will be a single valued function; if, however, the 

slope exceeds one, the inhibition curve will be multivalued. 

The slope exceeds one (Figure 1.10) for 5 pulses/burst at 

approximately a 250msec P-ST interval, or just before the 

slope becomes negative. 

Levy (17) studied the synchronous stimulation response 

to repetitive bursts of vagal stimulation, one burst deliver¬ 

ed per cardiac cycle, to the right vagus nerve. Propranolol 

was given (lmg/kg, iv) as a beta-adrenergic blocking agent. 

The pulses delivered per burst were supramaximal intensity, 

10V, and 1msec duration separated by 2msec from other intra¬ 

burst pulses. The stimulus protocol was to present a burst 

of stimulation at a P-ST interval of zero for approximately 

10 seconds. Then the P-ST interval was increased, by a 

fixed incremental amount, for each successive cardiac cycle 

until the complete cycle had been covered. This protocol 

was repeated for a different number of pulses/burst for 

values between 1 and 10 pulses/burst. The procedure was 

repeated starting with a P-ST interval of the maximum possible 

value then decreased in increments to a zero Incremental 

value. The resulting P-P intervals were plotted as a func¬ 

tion of the P-ST interval and were similar to a typical 
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Figure 1.11: Pacemaker Curve from Repetitive Stimu¬ 
lation (Levy (17. Figure 1) ) 

pacemaker curve. ((The responses were not significantly 

different for increasing or decreasing the P-ST interval.) 

Figure 1.11 is a diagram of these results for 1, 2, 3. and 

10 pulses/burst. They differ from the single stimulus pace¬ 

maker curves of Dong, Figure 1.10, in the region beyond the 

negative slope portion. The repetitive stimulus curves have 

a more sinusoidal shape than do the single stimulus curves. 

The missing section of Figure 1.11 for 10 pulses/burst was 

purposely left out. During this region of the P-ST inter¬ 

vals the response became very erratic; P-P Intervals oscil¬ 

lated with magnitudes as great or greater than the maximum 

change in P-P interval over the well behaved portion of the 

P-ST interval region. This erratic behavior occurred for 

stimuli of 5 pulses/burst or greater but only over the nega¬ 

tive slope part of the pacemaker curve. An experiment in 

which the P-ST interval was held constant and the number 
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of pulses/burst increased from 1 to 10 was performed for a 

single P-ST interval. The authors claim a much greater 

Increase in P-P interval from this experiment than obtained 

from the pacemaker curve of Figure 1.11. The experiment 

in which the P-ST interval was held constant for several 

cardiac cycles, Instead of increasing or decreasing the 

P-ST interval with each successive cardiac cycle, was not 

performed. 

When these burst stimulations were not synchronized 

to the cardiac cycle, asynchronous stimulation, a frequency 

entrainment phenomenon was detected. Frequency entrainment 

occurs when the heart period becomes locked to the stimulus 

period. This entrainment phenomenon, as first noted by 

Levy (18), occurs over a region of stimulus frequencies 

(inter-burst frequencies) and over the region an increased 

stimulus frequency will cause an increased heart rate, or as 

Levy termed (18), a paradoxical effect. Dong (17) applied 

asynchronous stimulation to the right vagus for stimuli 

between 1 and 5 pulses/burst. The frequency of stimulation 

was held constant over a two minute range; the mean P-P 

interval, stimulus frequency, and whether or not entrainment 

was present was recorded. The frequency of stimulation was 

varied between 0.5 and 4Hz, all at a fixed number of pulses/ 

burst. The. resulting mean P-P intervals were displayed 

graphically versus the corresponding stimulus frequencies. 

Figure 1.12. Unfortunately, a sufficient number of data 

points were not taken to define the zone boundaries for 
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Figure 1*12: Asynchronous Response Curve, 
Dong, (17. Figure 3) 

entrainment, especially at 1:2 and 2:1 entrainment. Levy 

(17) studied the phenomenon of frequency entrainment with 

asynchronous stimulation delivered at a continuously 

increasing (inter-burst) frequencies. The frequency of 

stimulation Increased at a rate of approximately 0.011 

bursts/sec/sec. The results were similar to Dong's results, 

Figure 1.12; Increasing stimulus frequency caused a general 

decline in heart rate. As the number of pulses/burst were 

increased the zones over which entrainment occurred were 

Increased and there was a greater tendency for the boundaries 
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between two consecutive zones to coincide. The approximate 

means for the lengths of these zones are given in Table 1.1 

Table 1.1: Mean Values for Entrainment Zone Widths 
(17, Figure 8) 

Entrainment Ratio 

1:2 1:1 2:1 3:1 

1 Pulse/Burst 125(msec)125 75 -- 

3 Pulses/Burst 325 320 125 80 

5 Pulses/Burst 360 370 175 115 

10 Pulses/Burst 510 500 250 145 

where the entrainment ratios are (Stimulus frequency: P-wave 

frequency)• The models presented by Rosenblueth and Simeone 

(1) and Warner and Cox (13) to the heart rate response to 

asynchronous, steady state stimulation did not, and in fact 

could not, predict entrainment phenomenon. 

1.2.3* Models Sensitive to the Phase of Vagal Stimulation 

Two models will be discussed in this section which are 

sensitive to the phase of the input stimulus versus the out¬ 

put period. This phase sensitivity is a necessary charac¬ 

teristic of a model for the SA node, as has been shown by 

Dong and Levy in the previous section. These two models, 

in order to exhibit this phase sensitivity, must have an 

oscillator as a subsystem of the model. This oscillator must 

be non-linear if the system is to display entrainment 
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phenomenon, (19» pg 285)• Thus the output for these systems 

will be interval times between events and is thus a 

function of discrete time. 

A) A model was developed by Glaze (17) to represent the 

result of supramaximal stimuli on the right vagus nerve. 

The model takes the form as shown in the block diagram. 

Figure 1.13* Block Diagram of Glaze's Model 

The input, v(t), is the time^which vagal stimulation begins 

and can be represented as a sequence of delta function. The 

nonlinear filter converts vagal impulses into neurotrans- 

mitter concentration, y(t), which acts on the relaxation 

oscillator, the regenerative cells of the SA node. The 

result is a change in the period of the oscillator. The 

author made several assumptions with this model: 1) the 

filter's state is not effected by the state of the oscilla¬ 

tor; 2)the oscillator has a portion of its period during 

which its state can not be externally changed; 3) the 

oscillator's period is strictly a function of the oscilla¬ 

tor's relaxation time; 4) the delay associated with neural 

transmission of vagal pulses, with SA nodal potential and 

P-wave occurrence, and with the unforced oscillation period 

of the SA oscillator were not measurable and thus assumed 
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to be zero; and finally 5) the no-effect period,^# , is a 

function of a) the control heart period, b) number of vagal 

pulses per heart cycle, and c) the frequency of these vagal 

pulses. (17» PP» 165-166) 

The relaxation oscillator model, in the unforced state, 

is a first-order, ordinary, linear differential equation 

with constant input. As the solution of this equation 

crosses some predetermined level X , the system is reset to 

an initial value. The time between two successive level 

crossings is the oscillation instantaneous period. The 

relaxation oscillator receives a forcing function, y(t), 

representing the neurotransmitter effect on the SA node. 

The oscillator, with forcing function, is represented in the 

following equation: 

r,f(T) = -r(D + k - y(t) 

oérépj-/) (1.42) 

where the state variable of the oscillator, r(T), repre¬ 

sents membrane voltage for the jth cycle; X^, k, and 7< are 

constants and r(o)=0. The independent variable, T , is the 

relative time for the jth oscillation period where the 

absolute time is t, (equation 1.45), and p is the no-effect 

zone. The solution to equation (1.42) in the unforced 

„ J_1 r=t-g.Pl (1.43) 
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fk(l - Sz/tl) 0£zZ±p,-/> 
r(r) = 5 ^ ° r 

( 0 Pr/>< t < Pj (1.44) 

Thus the unforced oscillatory period, q, is determined by 

the time for T{V) to reach the level A plus the no-effect 

zone,p , le. 

q « ^ In (1 - 2 A)"1 (1*45) 

The model was Implemented digitally where equation (1.43) 

was transformed into the difference equation 

('c1r(m-l) + c-(k-y(n) 0£mT£p.-/> 
r(m) - < 1 2 «J ' 
(0 Pr/>-niT<Pj 

where c^ * tJ/( îj + T), c2 = T/( £j + T), and T = sampling 

interval of 5msec. The index, m, is the cyclic index, 

m * “C/T, and n is the system index, n = t/T. Thus from 

equation (1.43) becomes 

m = n 
(1.47) 

where p^ is some integral multiple of T. 

The nonlinear filter was developed in a progression 

from linear to finàl nonlinear model. Output from this 

filter, y(n), must represent the effect of not only the 

temporal spacing of the stimulus in the cardiac cycle, cp , 

but also the number of vagal pulses per cycle. The first 
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choice is a linear exponential function with a gain constant 

OC (N) which increases with the number of pulses per cycle, N, 

y(n) = oUNjexpf-fn-nq-n^T/tgJutn-n^-n^) (1,48) 

where nqT « q, n^T = 0 , and u(*) is the sampled unit 

step function. The second generation filter is a linear 

filter with a variable gain as described by the following 

equations. 

y(n) = a1y(n-l) + a2(N)V(n) n > 0 (1.49) 

and 

N-l 
V ( n) - ^ £( n-nq-n^- Jrip ) (1.50) 

where n^T = D = duration between vagal pulses (10msec). 

The time constant corresponds to a^ and a2(N) approxi¬ 

mately equalled o((N)/N. However, neither (1.48) or (1.49) 

yield a saturation effect on |y(n)j as, N, the number 1 * max 

of vagal pulses was increased. The final nonlinear filter 

takes into account this saturation effect 

y(n-l) + bjV(n) 
y(n) =   n>0 (1.51) 

b2 + b^v(n) 

where V(n) is given in equation (1.50). All three of these 

filters were utilized in modeling the experimental data. 

The directly measurable parameters, the no-effect 

periodtp , and the control heart period, q, were taken as 

average values from the experimental data. The upper level 
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on the solution of r(T) was set at an arbitrary value, 

=10. The two remaining oscillator parameters Tt and k 

are related by equation (1.45). The first filter equation 

(1.48) was used and ^i,o((N), and were chosen on a trial 

and error basis to minimize the error. These parameters 

were in turn used to determine the values of the parameters 

for two remaining forcing functions, equations (1.49) and 

(1*51)• For thirteen experiments the oscillator and the 

first forcing function parameters are given in Table 1.2 

Table 1.2: Average Parameter Values with Standard 
Deviation Obtained from Experimental 
Data and Model Implementation 

p = 172 i 18.4 (SD) msec 
V, = 0.220 t 0.09 (SD) sec 

k = 16.97 t 4.24 (SD) 
Tz = 0.722 t 0.371 (SD) sec 

q = 376 t 43 (SD) msec 
(X(/)= 6.90 t 5*22 (SD) 

0tf3)= 12.64 t 8.39 (SD) 

4(S)= 16.04 t 11.26 (SD) 

The results of Glaze's model are displayed in terms of 

pacemaker curves, Figure 1.10, and the parameters for the 

model were chosen to fit only these curvês. Glaze states 

that an explanation of the "positive chronotropic" effect 

accompanying vagal stimulation, as described by Iano and Levy 
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(Section 1.2.2B), must be left to further investigation, 

(17» P6 98)» and he does not attempt to plot his model results 

in the form of inhibition curves. It is suspected from the 

nature of the oscillator and forcing function that an 

inhibition curve of Glaze*s model would be of the 

single wave type, Figure 1.8a. 

Glaze does, however, present his empirical data 

(obtained from the dog) in the form of Inhibition curves 

and has an extensive analysis of the decaying portion of the 

secondary wave. When a single exponential was fit to this 

portion of the inhibition curve, the resulting time constants 

were not significantly different for each protocol of 1, 3» 

or 5 pulses/burst for each dog. The zero abscissa Intercept 

were different, however, which would indicate either the 

secondary wave's magnitude changed ot the curve was shifted 

along the abscissa, or both, as a function of number of 

pulses/burst. The mean and standard deviation for the time 

constants of the secondary wave decay are given for each of 

1, 3» and 5 pulses/burst for thirteen dogs in Table 1.3» 

Glaze made no attempt to use asynchronous stimulation on 

the model. 

Table 1.3* Time Constant from Exponential Fit to 
the Decay of the Secondary Peak of 
the Inhibition Curve (17, Table 4.3) 

1 Pulse/Burst: 3*01 t 0.6l (SD) sec 

3 Pulses/Burst: 3»26 t 0.75 (SD) sec 

5 Pulses/Burst: 3«20 1 0.69 (SD) sec 
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B.) Another model of the form described In Figure 1.13 

was presented by Weaver and Dong (20). The nonlinear filter 

subsystem, which describes the release and utilization of 

the neuro-transmitter (Ach) in this model, was chosen to be 

represented by the SA node equations proposed by Warner and 

Cox, equations (1.28) and (1.29). where C£ is the state 

variable representing the concentration of Ach at the node. 

The relaxation oscillator model (21) which, in turn, is a 

modification of the Hodgkin and Huxley model of the squid 

axon. The model is described in Figure 1.14 by three para¬ 

llel conductance channels, one for sodium (Na) and two for 

potassium (K), a capacitance branch, and a voltage source 

dependent on the potassium current (this voltage source 

is an addition to Noble*s model). The model describes 

current flow between inside and outside the cell membrane. 

a) 

Figure 1.14s a) Nodal Model Weaver and Dong 
b) j —--juit for Eg 
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The equations for the model, Figure 1.14 a) and b) , are 

as follows: 

c. — = i„ - -2- 1 dt K H 
(1.52) 

ZNa = %a (ENa“ENa+EC) (1.53) 

*K m ^®KI+SK2)(Em+
EK+Ec) (1.54) 

dE_ 
cdr = -nNa+y (1.55) 

These equations are the same as Noble’s, if Eç = 0, where 

%a and gK2 are functions time and membrane voltage, Em, 

and gK^ is a function of only voltage. These relationships 

are defined by the following equations. 

%a " %a m h+^ (1*56) 

E
K2 “ %2*

4 (1.57) 
-Em-90 Em+90 

g„ = 1.2exp(   ) + 0.015expt —   ) (1.58) 
M 50 60 

where 6jja» gg » and ^ are constants and m, h, and n are 

functions of time and voltage, described by the following 

differential equation where x is either m, h, or n. 

* ■ /X
x 

(1.59) 

where 

Loo and = 
(1.60) 
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and xQ is a constant and ûtx» /S^ are functions of voltage. 

These values were chosen such that the dynamics were the same 

as described by Noble but with a time constant, T , 
x 

decreased by three orders of magnitude. The following set 

of equations define x and T._ for each variable m, h, and 
WO A 

102 (-Em-48) 
ni =   
m exp( (-Em-48)A5)-1 

1.2X102(Em+8) 

exp( (Em+8)/5)-l 

CLh = l.?X102exp( (-Em-90)/20) 

/5h = 103/(exp( (-Em-42)/10)+l) 

10”1( -E-.-50) 
ri s _ 
n exp( (-Em-50)/10)-l 

= 2exp( (-Em-90)/80) 

(1.61) 

(1.62) 

(1.63) 

(1.64) 

(1.65) 

(1.66) 

The constants for the above equations are as follows: 

Table 1.3* Constant for Weaver’s Nodal Model 

ENa = 40 mV 

gKa =210 mmho/cm
2 

X =0.14 mmho/cm2 

C = 12 F/cm2 

» 25 F/cm2 

EK * 100 mV 

6K2= 1.2 mroho/cm
2 

R = 0.352 Kohm-cm2 
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where gjja was decreased from Noble’s value (400) and the 

steady state EQ = 11.5mV. With these changes (addition of 

E^I,,) • decreased time constants, and constant change) to 

Noble’s model, the unforced model oscillated with a sustained 

oscillations and with a state variable, Em, which mimicked 

the SA nodal voltage. 

Weaver assumed the major effect Ach presence had at the 

node was to decrease the potassium conductance, thus the 

potassium channel was the only recipient of Ach concentra¬ 

tion forcing function. Since the impulse response of the 

neuro-transmitter model equations (1.28) and (1.29) was a 

single decaying eiponential, the result of a single stimulus 

was modeled by multiplying the potassium conductances equa¬ 

tions (1.57) and (1.58) by r2 and r^ respectively. Thus 

r*(t) = (l+ajexpMt-tJ/T) )u(t-t1) (1.67) 

r2(t) = (l+a2exp(-t-t1)/T) )u(t-t1) (1.68) 

equations (1.67) and (1.68) simulate the effect of Ach on 

the potassium channels as a result of a single yagal burst 

occurring at t = t^. With a choice of constants as follows: 

a1 = -0.03 

a2 = -0.015 

T = 0.6 

the resulting pacemaker curve resembled a pacemaker curve 

from experimental data with a three pulse/burst stimulus. The 

decay of the model period over several cycles as a result 
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of a single stimulation inhibition curve, was composed of 

two exponentials, a faster followed by a slower decay. The 

time constants were 0.6sec and 2.6sec for this decaying 

period and this response is claimed by the author to be 

similar to an inhibition curve from experimental data. 

However, there was an absence of a dip in this decaying 

period between the faster and slower decay. No attempt 

was made by this author to explain the missing dip or to 

assign any significance to its presence in the experimental 

data. 

The development of Weaver*s model was accomplished with 

the aid of macroscopic results from vagal stimulation, ie., 

pacemaker and inhibition curves. The addition of the vol¬ 

tage Ec, equation (1.52), was made to improve the performance 

of this model to these results. The only change in model 

parameter for microscopic reasons was a reduction in the 

constant g^ to make the state variable, Em, appear more 

like the membrane voltage recorded from SA nodal cells. 

Although the results to synchronous stimulation in the form 

of pacemaker curves appear to be similar to the experimental 

results, there is no error analysis made. As discussed 

previously in relation to Glaze's model, the pacemaker curves 

do not specify that the total response, as described in the 

inhibition curves, will be similar for two systems with 

similar pacemaker curves. Weaver's modeling results pre¬ 

sented in an inhibition curve form produced a two component 
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exponential decay. However, no dip between primary and 

secondary peaks was present, as In the Inhibitions curves 

described by Brown and Eccles (11) and the experiment data 

presented in this paper. 

If the purpose of this fifth order, nonlinear differen¬ 

tial equation is to model dynamics on the cellular (micro¬ 

scopic) level when the parameters were chosen using heart 

period (macroscopic) response data, the microscopic predic¬ 

tions of this model are highly questionable. If, on the 

other hand, the purpose is to expose this model to only 

macroscopic investigation, it is questionable whether such 

a high order model is necessary. It is necessary that the 

model accurately represent the experimental results, as the 

dip in the inhibition curve which this model did not. It 

would also seem to be Important for a model which proposes 

representing phase-sensitivity to vagal stimulation to 

Investigate the entrainment phenomenon which has been report¬ 

ed to be a characteristic of this phase-sensitivity. This 

author did not choose to perform this investigation. 

1.3 Special Studies 

This section will discuss three models proposed to 

predict the response to vagal inputs into the node for a 

continuous train of activity, and the transient and steady 

state behavior of heart periods that occurs from changes in 

the level (frequency) of this activity. These types of 

inputs are in contrast to the single burst of activity 



49 

which produced the inhibition curves. The first two models, 

Katona (22) and Chess and Calaresu (23)» may be thought of 

as models of the small signal characteristics of the system, 

ie.# the system’s state contained within a small variation 

of an operating point with small changes in the input. The 

last model. Chess and Calaresu (24), considers some non- 

linearities which are not explained by the first two models. 

These nonlineqrities become evident with inputs larger than 

the inputs required for small signal operation. 

A.) Authors previously discussed have used preconceived 

inputs into the vagus nerves to investigate heart period 

response. The actual information on the vagus, as initiated 

by the central nervous system (CNS), is in general much 

different from these applied inputs. Thus Katona (22) was 

led to apply an input in the pressure-heart rate reflex arc 

in a manner to allow the efferent vagal information to be 

monitored. From this investigation a model was proposed 

which responded to the actual vagal information of a single 

vagal efferent as input producing a response similar to the 

corresponding response in actual heart period. To obtain 

this Information Katona inserted a balloon-tipped catheter 

into the femoral artery of the dog. With inflation the 

arterial pressure would be increased producing increased 

activity on the carotid sinus nerves and thus on the vagal 

efferents. It was found that respiration, occurring natu- 

rallt, modulated the vagal activity by partially or totally 
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stopping the firing during inspiration. Thus it was neces¬ 

sary to artificially hyper-ventHate to reduce natural 

inspiration. It was found in all experiments that for 

steady pressure levels the higher firing corresponded to 

higher pressures and lower pressure levels caused a decrease 

in the firing rate. These firing rates were from 0-10/sec 

(generally between 2-6/sec) at control pressure levels and 

10-20/sec at increased pressure levels, but below 200mm Hg. 

From histograms of vagal firings over a cardiac cycle it was 

found that the greatest number of firings occurred 60-80msec 

after the beginning of the systolic pressure rise with a 

secondary peak in firing rate starting 80-200msec after the 

dicrotic pressure rise. In order to elicit information as to 

the time delays in pressure and resulting heart rate changes, 

a pressure pulse was supplied and removed after a sustained 

heart rate was reached. The resulting decrease in heart rate 

lagged the pressure increase by 100msec where the increase 

followed the pressure decrease by 300msec. It was found 

that sudden and moderate* changes in arterial pressure would 

produce predictable changes in vagal firing providing the 

sympathetic system was blocked. The model, utilized in this 

prediction, was a time delay, to simulate the time required 

for vagal impulses to effect heart rate, in series with a 

simple RC integrator. The input was a constant magnitude 

and duration pulse, for each vagal action potential, plus a 

d.c. component. Figure 1.15 is a block diagram of Katona's 

model where T^ was found to be l40-l60msec and the 
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Vagal Activated 
Pulses 

e-STl 

K 
Heart s+ l/fiC 

T2=BC D.C. Term Period 

Figure 1.15: Katona*s Vagal Stimulation Model 
Block Diagram 

integrator time constant, is 1.0-2.5sec. Blocking the sym¬ 

pathetic input with an injection of propranolol resulted 

in a decrease in the control heart rate. The change of 

heart period from vagal stimulation was reduced on the order 

of 20# from the change in heart period due to the same 

stimulus before propranolol was injected. Also there was a 

notable reduction of undershoot in heart period upon- recovery 

from an arterial pressure pulse as had been present before 

propranolol Injection. This phasic reaction to reduced 

pressure could not be produced by cessation of vagal activi¬ 

ty alone and can not be adequately predicted with this model. 

In order to compare this model to the one of Warner and Cox, 

equations (1.28)-(1.30), parameters were chosen by Katona 

to fit their data. The best results were obtained when the 

nonlinearity was minimized implying an infinite number of 

vesicles available for release of Ach to each vagal pulse, 

ie., N = Nm. The resulting equation is equation (1.29) with 

N replaced with Nm, where Nm is constant. This equation is 

of the same form as was found by Katona, ie., the low pass 

filter of Figure 1.15 without delay. Thus Katona*s model 

asserts the only rate process Involved in the nodal response 

to Ach is in the hydrolysis, and there is no saturation 
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effect present. It is possible, however, that due to the 

small signal nature of operation no saturation effect was 

made manifëst. Katona found his model adequate to predict 

the heart period as a function of vagal activity which 

resulted from small changes in arterial pressure in the 

range between 120 and 200mm Hg. However, if the pressure 

was suddenly decreased from the maximum to control (120mm Hg) 

the resulting undershoot of heart period could not be pre¬ 

dicted by this model. Chess and Calaresu considered the 

nonlinearities of the system and produced a nonlinear model 

capable of responding slmilarily. Chess and Calaresu* s 

model to predict these nonlinearities in system response 

will be discussed in part C of this section. However, first 

their sinusoidal steady-state model will be provided. 

B.) The frequency response of the vagal control system was 

investigated by Chess and Calaresu (23) with sinusoidal 

modulation of the frequency of the input pulses to the 

vagus nerve between 0.5 and 3»5Hz. The magnitude of the pulse 

train was held constant (after adjusting to a value which 

increased the heart period by 20$ of control at the mean 

frequency of 2Hz). The magnitude of the resulting heart 

period was plotted in db versus the log of frequency; the 

phase angle was also plotted versus the log of frequency. 

The resulting data could be fitted with either a linear 

first order system plus time delay (time delay necessary 
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to produce sufficient phase lag) or a linear second order 

system without time delay. The first order system plus 

time delay was chosen since the vagal control response 

is known to have a time delay. Sinusoidal analysis was 

applied to both vagus nerves separately and together where 

the frequency of modulation was varied between 0.0031 and 

0.31Hz with the previously stated conditions on pulse fre¬ 

quency and magnitude. The resulting data was plotted in a 

similar manner. The bilateral results were divided by the 

sum of the unilateral results and also plotted as before. 

HR. 

Figure 1.16: Chess and Calaresu’s Vagal, Heart 
Period Control Model 

These results indicate that the bilateral response is equal 
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to the sum of the unilateral response for frequency modula¬ 

tion, ie., less than .01Hz; but for greater frequency modu¬ 

lation the change in heart period was greater for the bila¬ 

teral than for the sum of unilateral responses. Thus it was 

suggested that a rate sensitive interaction occurred between 

vagus nerves. The proposed model is shown in Figure 1.16. 

Thus unilateral stimulation is represented by Equation (1.69) 

where F is the rate of vagal stimulation, ie., F^ or FR but 

not both, HP is heart period, K_ is a scaling factor, T. is u d 

the time delay, and T^ is the system time constant. 

HP = K0e“-5wTd 

F ~ i+JwTi (1.69) 

The equation representing bilateral stimulation is 

e-JwTd e-jwTd 
HP = KL(Fl+Xr) —— + KH(FH+Xl) 

1+jwT* 1+JwT1 

,wK F0 J 1 R 

l+jwT2 

jwK. F 
s 

1 L 
L
 1+JWT2 (1.70) 

where X^ and Xg are the left and right interaction term, 

respectively, on the right and left vagus nerves. The condi¬ 

tions of Chess and Calaresu*s experiment specify that 

“L = 
K
R 

H - XB 

= K 

= X 
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Thus equation (1.70) can be written as the transfer function 

where K2 =* + T2. Typical values for these constants, as 

found by these investigators, are T^ = 2.5sec, T2 = 0.1sec, 

Td = 0.33sec, Kx « 1, K = 0.5. and K2 ■ 1. 

Chess and Calaresu found it necessary to add .a rate 

sensitive coupling between the left and right vagus in order 

that the system could be modeled as a linear system. They 

conclude that this rate coupling between right and left 

vagus nerve suggests the two nerves interact at some point 

(they suggest the intracardiac ganglia) before influencing 

the node. Where it is reasonable to believe there exists an 

interaction between the vagal nerves; the results reported 

here cannot be taken as final justification. The linearity 

of the heart rate response is in serious question since the 

linear models presented above (Chess and Calaresu* s and 

Katona*s) are not able to exhibit post stimulus (vagal) 

tachycardia. This phenomenon has been shown to be mediated 

by a cholinergic mechanism by Burke and Calaresu (25)• Their 

results show: 

1) .post stimulus tachycardia was blocked by atropine 

but not by propranolol or spinal transection at C7; 

2) in an isolated atrial-vagus preparation in rabbit, a 

microelectrode recording intercellular potentials during 

post stimulus tachycardia revealed an increased slope of 

HP = 
F 

= 2Ke" JvfTd ( 1+ jwK?) 
U+jwTi) (l+jwT2) (1.7D 
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diastolic depolarization in the maximum diastolic potential 

in threshold, and in overshoot. Figure 1,3; which are diffe¬ 

rent from the changes obtained during adrenergic activa¬ 

tion; and 

3) an increase in the preceding vagal mediated brady¬ 

cardia produced an increase in the post stimulus tachycardia, 

C.) Chess and Calaresu (24) presented a model of heart 

period response to vagal stimulation where the vagal stimu¬ 

lus was supplied as a (1) step change in frequency, or as a 

(2) ramp change in frequency. The model is of the type 

presented by previous authors (1, 13» 23), where both the 

lhput and output are continuous functions of time; however, 

its purpose, contrary to the previous models, is to predict 

heart period response over a wide range of vagal stimulations. 

The model is a nonlinear third order differential equation 

with a time delay on the input. It is described by the 

following set of equations: 

p(t) = P0 + p(t) (1.72) 

p(t) = p^tj-p^t) (1.73) 

dpl(t,_ + Vl(t> - (0+K(t))f(t-T ) (1.74) 

dt 

âgi£! +k2g(t) = -k3f(t-Td) (1.75) 

dp2^t) + 4^6) = * p(t) (1.76) 
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where P(t) is the heart period, PQ, is the control value, 

and p(t) is the net change as a result of vagal stimulation. 

The state variable p^(t) is the change in heart period due to 

feedback. G is the effective gain of Ach for the fast 

changing stimulation, ie., during initial onset of stimula¬ 

tion, and g(t) is an addition to this gain decreasing it with 

time constant l/kg. The input, vagal stimulation frequency, 

f(t) is delayed by Td before its effects are felt at the 

node. The parameters k^, k^, k^, and T^ are constants 

and kj and G are functions of the vagal stimulation frequency, 

f, defined by the following equations: 

where GQ, a, kQ, and b are constants. The basic difference 

between this model and the one presented by Warner and 

Cox (13) is the negative feedback equation, equation (1.76), 

which accounts for the post stimulus tachycardia as well as 

part of the overshoot on the stimulus onset from a step 

increase in vagal frequency. The additional portion of the 

positive overshoot was provided by the delayed negative 

increment in the nonlinear gain term, g(t). Warner and Cox*s 

model, thus, will not predict poststimulus tachycardia or 

overshoot upon stimulus initiation where Chess and Calaresu*s 

model will. 

G = G e“af 

o (1.77) 

(1.78) 
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The steady state heart period predicted by this model 

is given by the following equation 

p
ss = P0+Af(k2G0e-“f-koe-bf) (1.79) 

where A = )• The parameters have been 

chosen such that Pgs has a unique maximum in frequency. Thus 

as the frequency is increased, the steady state heart period, 

Pss, will increase to a maximum then decrease with further 

increases in frequency. The expression for steady state 

heart period from Warner and Cox's model, equation (1.35)» 

is a monotonie function of frequency. Thus Chess and 

Calaresu's model will predict the peaking in the steady 

state heart period with increased stimulation, which occurs 

experimentally, where Warner and Cox's model will not. 

The experimental results were obtained with both 

vagus nerves crushed rostal to the electrodes and proprano¬ 

lol given as a beta-adrenergic blocking agent. Only one 

vagus nerve was stimulated at one time; however, no mention 

was made as to which one was being stimulated at any time. 

As in their previous experiment, part B of this section, 

the stimulus was applied at submaximal levels. Stimulus 

pulses provided to the vagus were 0.5msec in duration and 

of sufficient magnitude to produce a 20# reduction in heart 

period at a frequency of 4Hz, for group 1, and a frequency 

of 10Hz for group 2. Group 1 included stimulations at 

4, 6, and 8Hz where group 2 had values of 10, 20, 30» 40, 

and 50 Hz. The constants with standard deviations, for 
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the model* equations (1.72)-(1«78), are given in Table 1.4. 

Table 1.4: Parameters for Chess and Calaresu's Model 

Group 1 and 2 k^ = (2.87 t 0.81) X 10"1 sec”1 

k
2 ■ (6.33 - 5*^9) X 10”2 

\ « (2.95 t 0.93) X 10-2 

Group 1 

Group 2 

= (1.01 t 0.30) X 10”2 

a = (7.28 t 1.76) X 10“2 Hz*1 

G0 » (2.29 t 1.76) X 10”2 

b = (2.75 t 1.08) X lO”1 

kQ ** (2.71 t 2.08) X 10 

a * (2.38 t 1.02) X lO*2 

G0 « (8.30 t 1.75) X 10-3 

b = (3.66 t 2.55) X 10”2 

kQ = (1.04 t 1.16) X 10-5 

This model provided a good prediction to the experimental 

data. Figure 1.17 is a typical response to a step Increase 

and decrease in vagal stimulation frequency. 

1.4 Collimation 

The results of the studies presented in this chapter 

indicate that a model* whose purpose it is to characterize 

the SA node by the nodal period versus vagal stimulus, must 

be of the basic type proposed by Glaze and Dong (9) or 

Weaver and Dong (20), section 1.2.3* in order to exhibit 

phase sensitivity to the vagal stimulus. Phase sensitivity 

implies the response to a single vagal burst synchronized 
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Figure 1.17: Çeajct Period Rçsppnse to a Step Change 
in Vagal Stimulation (24, Figure 3) 

to the heart period, delivered every 30-40 cardiac cycles, 

must be a pacemaker curve. Figure 1.10, or an inhibition 

curve. Figure 1.8 a) and b), depending on the number of 

consecutive cycles displayed. Several investigators have 

shown double wave inhibition curves are mediated by a 

cholinergic mechanism (11, 15) by blocking the beta-adrener¬ 

gic transmitter with I.V. propranolol infusion. Brown and 

Eccles (11) showed that a double wave inhibition curve could 

be reduced to a single wave curve. Figure 1.8a), with sym¬ 

pathetic stimulation and that removal of the sympathetic 

cardiac inputs from a preparation which was exhibiting a 

single wave inhibition curve would result in a double wave 

inhibition curve, Section 1.2.2A. Thus the inhibition curve 

must be the double wave type; a single wave response would 

imply other inputs affecting the node. A pacemaker curve 
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only provides Information for the cycle In which the stimu¬ 

lus occurs and part of the following period. It does not 

contain a sufficient amount of information to determine 

if the corresponding inhibition curve will be a single or 

double wave curve. The relationships between pacemaker and 

inhibition curves has been discussed at length in Appendix A. 

It is apparent from this discussion that, if the pacemaker 

curve meets certain qualifications (positive slope < 1), 

all the information contained in the pacemaker curve is also 

uniquely contained in the corresponding inhibition curve, 

as is much more. These results lead to a presupposition that 

the inhibition (double wave) curve is a basic bharacteriza- 

tlon for the SA node. 

Brown and Eccles (11) found an increase in the magni¬ 

tude and duration of both the primary and secondary waves 

of the inhibition curve with an administration of eserine, 

a cholinesterase inhibitor, however, the primary wave was 

increased greater than the secondary wave. With an applica¬ 

tion of atropine both primary and secondary waves were 

sharply reduced, again the primary wave received the greatest 

effects, Section I.2.A. These results seem to indicate 

the primary wave of the inhibition is more dependent on the 

concentration of Ach at the node than is the secondary wave. 

At least it is apparent the assumptions of Brown and Eccles 

(11) and lano and Levy (15)» that the decay in the secondary 

wave is directly proportional to the hydrolization of Ach, 

are not absolutely correct. 
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In this study a model will be developed which responds 

to a single, synchronous stimulation with a double wave 

inhibition curve. The basic model is a nonlinear second 

order differential equation operating in a self-sustained 

oscillation mode. The effect the neuro-transmitter has on 

the model of the nodal oscillator is simulated by a linear 

filter with nonlinear gain. The filter, itself, will be 

divided into two parts; an initial response to a vagal 

stimulus to represent the direct effect of Ach on the node, 

and a delayed response to represent the indirect effect of 

Ach (the secondary wave of the inhibition curve). In order 

to obtain parameters for this model, experimental data was 

obtained from the dog for both synchronous stimulation, as 

described by Brown and Eccles (11), and asynchronous stimu¬ 

lation, described by Dong and Reitz (16). The model para¬ 

meters will be chosen such that the single, synchronous 

stimulus response closely approximates the inhibition curves 

obtained from the dog. The model will then be shown to 

exhibit the frequency entrainment phenomenon. 



Chapter 2 

The Model 

2.0 Introduction 

A survey of the modeling literature on the neural 

control of heart rate was presented in Chapter 1. This 

survey was composed of models which could or could not 

exhibit phase sensitivity to the vagal stimulus. Inhibition 

curves described by Brown and Eccles (11) and entrainment 

phenomenon, at the fundamental as well as higher and sub- 

harmonics of the stimulus frequency, described by Levy (17) 

and Dong (16) characterize phase sensitivity. The models 

presented by Glaze and by Weaver, Section 1.2.3* are the 

general type of model which should display phase sensitivity. 

However, both these models are unable to respond with double 

wave inhibition curves for a single burst of synchronous 

stimulation. The goal of this chapter is to construct a 

model which will respond to a single stimulus synchronous 

stimulation by approximating the double wave inhibition 

curves and will respond to asynchronous continuous stimula¬ 

tion with frequency entrainment at the fundamental of the 

stimulus frequency as well as at higher and subharmonics. 

Since the purpose of the model developed here is to 

describe the macroscopic characteristics of the SA node and 

not the transmembrane voltage or currents a relatively 

simple second order nonlinear differential equation will be 

utilized to represent the nodal oscillator thus avoiding the 

complexity involved in a model similar to the Hodgkin-Huxley 
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type model proposed by Weaver and Dong in Section 1.2.3B. 

The simplification of the nonlinear oscillator to a linear 

oscillator model is not feasible since linear oscillators 

do not exhibit frequency entrainment (19. pg 285). 

2*1 Basic Nodal Oscillator Model 

Several standard nonlinear oscillators are available 

with perhaps the Van der Pol oscillator being the better 

known, equation (2.1). The form is the standard second 

x + £(X2-1)± + <f>x * 0 (2.1) 

order differential equation with the difference that equa¬ 

tion (2.1) has a variable damping term, ie.t x
2-l, where 

6 > 0. Thus for|x|<l the damping term is negative and the 

system response, x, tends to increase. As /xj becomes greater 

than one the damping factor becomes more positive limiting 

the previous expansion of the response. The system*s state 

is said to be a limit cycle, ie., a simple closed curve in 

state space Tjx(t), such that every open trajectory T*:x(t) 

approaches T:x(t) as t-^+oo (-oo) , (26, pg. 299). A limit 

cycle may be either stable or unstable. A stable limit cycle, 

the case for equation (2.1), is one for which all trajectories 

in a neighborhood approach it as t-^+oo, (26, pg. 300). See 

Figure 2.1 

In order to perform an analysis of the Van der Pol 

equation, equation (2.1), it is helpful to transform the 

second order equation to two first order equations. To do 

this transformation the Lienard transformation will be used, 
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* Figure 2*1: Example of a Stable Limit Cycle 

equation (2.2), (27, pg. 15). 

x2 = -Xj+ £(Xj-xJ/3) (2.2) 

Applying this transformation to the Van der Pol equation 

the following set of equations are obtained. 

*1=6 (xi-x^/3)- x2 

±2 = 0*1 (2.3) 

This set of equations is in the form of equation (2.4) 

which is known as autonomous system (26, pg. 274) of ns - 

order. The nullclines are defined as the trajectories in 

±i = Mxi.Xg x ) i = 1. 2,..., n 1112 n (2.4) 

state space such that equation (2.5) is satisfied. 

fi(x1(x2«...>xn) = 0 for each i (2.5) 

The singular points are the intersection in state space of 



66 

the nullclines, or as defined by equation (2.6), (26, pg. 275). 

^1(X1*x2* * * * *xn) = 0 for a11 1 (2.6) 

where x°, 1 = 1   n is the singular point. The null¬ 

clines for the Van der Pol equation, equation (2.3). are 

given by the following: 

€(XJ-XJ/3)-X2 
= 0 

<pxi m o (2.7) 

Thus the singular point is the origin. The system, 

equation (2.3)» can be linearized about the singular point(s) 

to determine the nature of the solution of the system about 

that point. Expansion in the Taylor series excluding higher 

order terms is given in equation (2.8). 

= f.(X..X0) + 

Xo = 

llXl**2' * HI 

ôf 2 
f2<xi-x2>+ a 

xi=xi xi + di2 

Y + Ü 
*1=X1 1 à*2 
X2-

x2 

X1=X1 XZ 

XZ~*2 

=X- 2 X1_A1 
X
2=X2 

(2.8) 

The linearized version of the Van der Pol equation is 

equation (2.9) where the origin has been transferred to the 

singular point. In this case the origin is the singular 

point. 

'I'l = - x2 

= $*1 

(2.9) 

j A - ^1 | = 0, for equation The characteristic equation, ie., 
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(2.9) is equation (2.10). For £±2$> t then A = a,b where 

7? -éA +0 = 0 (2.10) 

A = (£ t-y/e2 - 4^>)/2 (2.ii) 

a^O, b^O, implying the system response near the origin 

(singular point) is an unstable node (26, pg. 279). for 

0<6 < Z\f<j?9 then 7= a t jb, where a>0, b>0, then the 

response will be a unstable focus, and for £= 0 the singular 

point will behave as a vortex (26, pg. 287)» 

In order to obtain more flexibility in the basic oscil¬ 

lator, changes can be made to equation (2.3) to allow the 

singular point to be relocated from the origin. With this 

change the system, equation (2.12), becomes the Bonhoffer 

Van der Pol equation (27, pg. 15) 

*1 = ^xl " xl/3) " x2 

i2 = 0(x1 + a - bx2) (2.12) 

The exact location of the singular point, (Xj^Xg). cannot 

be determined without specifying the values for the con¬ 

stants, but it can be viewed graphically as in Figure 2.2, 

where all constants, ie.,6 , <f>t a, and b are assumed positive. 

It can be seen that by varying any one of the constants a, 

b, oi* £, the singular point (X^,Xg) can be shifted. The 

linearized version of equation (2.12) can be obtàined by 

applying equation (2.8) with the partial derivatives eval¬ 

uated at x^ = X1 and x2 = Xg. The result is equation (2.13). 

iq = €(1 - X2)^ - 3c2 + 6(XX - X^/3) » X2 

x'g « 4>\ - <f>*>x2 
+
 *^X1 + a " bx2> (2.13) 
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Therefore, the behavior of the system, equation (2.12) in 

the vicinity of the singular point depends on the choice 

of the constants. From the evaluation of the roots of the 

characteristic equation of equation (2.13), as performed in 

Appendix B, the following characteristics of the system 

near the singular are as follows: 

Stable Focus: 

for <ex| < £+b0 +2V^ 

for 0(€-b<t> ^€xir <£+b0 +21$> 
b2 1 

Unstable Focus: 

for <±»> JL,, s 
' b2 

for tf><i2 = 

not possible 

0 < £+b<#> -2< £-b4> 
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Stable Node: 

for 0>^2: 

or 

for 0<^2: 
b 

Unstable Node: 

for 0>-g2
l 

for (fit :"2: 
b 

Saddle Point: 

for all (pi 

Vortex: 

for 0> ^2: 

for 0 K *^2 : 

0<6- £ < €X* <6+ b0 - 2& 

£+ b<f> + 2^3? < 6X* 

€+ b0 + 2#* <€X^ 

not possible 

o<e-| <exj <e+ b<*>- 2^ 

o <exj <e- A 

not possible 

6X^ = £- b0 >0 

2 
These results can be displayed graphically on the €X^ axis 

as shown In Figure 2.3* 

There is an Interesting result between the classification 

of the singular point and the location of the singular point 

as viewed graphically in Figure 2.2. Let us suppose that 

the singular point (X^.Xg) lies on the negative slope of 
2 

the cubic nullcline. Then 6X1>6 which implies the response 

2 1 
near the singular point will be stable, ie.f 6X^> 6 - 

for 0> “2 or £X^> 6- b0 , for 0^“2, since all constants 

are positive. See Figure 2.3» However, if €X^ €: , or the 
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for <p>~2: 
SADDLE STABLE STABLE STABLE 
POINT NODE FOCUS NODE 

g9flæaaaefcQExxxj///MW////////l xxxxxxxxxxx» 
0 £- b<£ «-i £+ btf> - 2i(p €+ b<f> + 21^ 6XÎ 

for <pt^2: 
SADDLE UNSTABLE UNSTABLE STABLE STABLE 
POINT NODE FOCUS VORTEX FOCUS NODE 

H”TS) ))))))))) jooooooooooo 'ÇftiiiiiiffifA xxxxxxxxxx# 
0 ^ f+ btf> - 2^ f- b<£ £+ btf>+ 2V^ £X^ 

Figure 2.3: Graphical Representation for Nature of 
Bonhoffer Van der Pol Equation Near the 
Singular Point as Dependent on Equation 
Constants 

singular point lies on the positive slope of the cubic null- 

2 1 1 
cline, then it is possible for €X^ € - ig, for ^2 or 

£ X^ < € - b<$ , for ^2 and to have an unstable response 

near this singular point. Thus the abscissa value of the 

singular point will specify whether the system is astable 

(oscillatory) of monostable (non-oscillatory). An astable 

system is a non-sinusoidal oscillator having only unstable 

singular points. A monostable system will oscillate with 

one cycle, when sufficiently perturbed from a stable singular 

point, returning to the stable singular point where it re¬ 

mains until further perturbed. Recall in the analysis of 

the Van der Pol equation, equation (2.1), we found from the 

roots of the characteristic equation, equation (2.11), that 

the singular point located at the origin was either an un¬ 

stable node, a vortex, or an unstable focus. Thus the 
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Van der Pol equation is always an astable multivibrator 

where the Bonhoffer Van der Pol eqtiation can be chosen to 

be astable or monostable with varying degrees of stability 

in between. 

Our original requirement for a model is it be oscilla¬ 

tory in nature. It is necessary then to choose the constants 

for the Bonhoffer Van der Pol equation such that the null- 

clines cross on the positive slope of the cubic. Let us 

first choose the constants a = b = 0.3, then the nullcline 

for x2 = 0 is x^ = 3•33*i +1. The dividing line between 

positive and negative slope for the cubic is x^ = -1, see 

Figure 2.2. Thus at x^ = -1; Xg = -2.333» The cubic null- 

2 ? 
cline has a value of - ^ £ at x^ = -1. Thus 2.333 = ^6-, 

implies £ = 3»5» Therefore for 0<6<3»5 and a = b = 0.3 the 

system will be astable. However, the greater £, the multi¬ 

plier for the nonlinear term, the more nonlinear the oscilla¬ 

tion becomes. In order to be able to obtain a larger € let*s 

reassign the values of a and b to a = 0.242 and b = 0.0596. 

Then Xg= 16.8x^ + 4.06 andi with x^ = -1 we have x^ = -12.7, 
2 

and 12.7 = — £ implies £ = 19» Therefore, the range 6f 

has been extended to 19. For this choice of b we have 
» 

r2 = 282 which is much larger than any value of d> to be 
D 

chosen. Therefore the system will have a singular point 

which is either an unstable focus, an unstable node, or a 

saddle point, from Figure 2.3, depending on the choice of £: 

and 0. However, the choice of £ and 0 determine not only 

the nature of the singular point and the extent of the 
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nonlinearity but also the frequency of the oscillator. 

Since it is known the system will be in the unstable region 

with 0< € K 19. the values of£and (fr will be chosen to deter¬ 

mine the frequency of the oscillator. 

2.2 Basic Nodal Oscillator Realization 

The Implementation is straight-forward from equation 

(2.12) and is shown in Figure 2.4. The dotted connections 

and amplifier are necessary to provide both the positive and 

negative signals for each input to a squarer and multiplier. 

Also the xlO gains on the amplifier and integrator following 

Figure 2.4: Analog Realization for Bonhoffer Van der 
Pol Equation 
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the squarer and multiplier are necessary to compensate for the 

division of the product by 10,which occurs as a part of the 

squarer and multiplier operation. The xlO gain on the ampl¬ 

ifier following the pot labeled € allows € to be chosen to 

be in the range from 0 to 10. The state variable x , as 

indicated in Figure 2.4, is taken as the output of the osc¬ 

illator to be analogous to the transmembrane voltage of the 

node. The voltage, x^, has essentially the same positive 

and negative excursions from zero and the zero crossing with 

positive slope will be taken as the event to represent the 

occurrence of the P-wave. It is important to note that the 

output of the system is the interval time between consecu¬ 

tive P-waves and no information about the system is obtained 

between P-wave occurrences. The intended purpose of the model 

presented here is to mimic the general behavior of the elec¬ 

trical activity of the node and not the detailed nature of 

the transmembrane potential changes of nodal cells. 

The oscillator model is implemented in Figure 2.4, with 

constants a and b chosen to ensure oscillation and constants 

6 and <$> in the range < 10 and 0•75<C<2><£ 1.0, will result 

in an oscillation period of approximately 10 sec. Therefore, 

time scaling will be necessary. This can be accomplished by 

either altering the capacitor values or gains associated 

with the integrators. In order to avoid the requirement of 

resetting the initial period to the same as the experimental 

data for each run,the interval times are normalized to the 

control heart period during data acquisition. Thus it is 
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only necessary to time scale the model to an appropriate 

frequency range for data acquisition. A period of approxi¬ 

mately 10 msec was chosen to allow a reasonable amount of 

data to the accumulated in a short time. It was necessary 

to wait about 40 cycles for the response to decay to zero 

after each stimulus. With a 10 msec period this delay between 

stimuli was less than a second; however, with a 1 second 

period the delay would be almost a minute. In synchronous 

stimulation it was necessary to make approximately 20 sti¬ 

mulations to obtain one inhibition curve; thus the differ¬ 

ence between 20 sec and 20 minutes. 

2.3 Model of Neural Terminations 

The transfer function between an impinging vagal burst 

of neural activity and its effect on the node via neuro- 

transmitter release and membrane response, has been described 

in Chapter 1, Figure 1.2, to be a linear filter with non¬ 

linear gain. The form of this input is not new; for in¬ 

stance, Glaze (9) used an input very similar to this for his 

model. Section 1.2.3 A. The question of present interest, 

which did not confront Glaze with his first order oscillator 

model, is: Should the forcing term be included with the 

first or second or both equations of the Bonhoffer Van der 

Pol model, equation 2.12. There is also the possibility of 

having parametric forcing, ie., changing one of the para¬ 

meters ( £ or 0 ) as a function of time. Parametric forcing, 

however, shall not be considered here. Upon experimenting 
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with the model it was found that forcing the second equation 

produced more meaningful physical results in that the re¬ 

generative, ie., depolarization, portion of the period was 

increased greater than was the active portion. Forcing the 

first equation caused an Increased active versus regenerative 

cycle. Since the membrane potential has an Increased depolar¬ 

ization region, mainly due to vagal stimulation reducing the 

slope of depolarization, forcing the second equation was 

chosen as the best alternative. 

The forced set of equations are given in equation (2.14) 

where w is a nonlinear weighting factor and f(t) is the 

impulse response of the linear filter. The realization 

- x^/3) - x2 

x2 = (x + a - bXg) - wf(t) (2.14) 

for this input is simply another input into the Integrator 

of Figure 2.4 with x^ as its output. The weighting factor, 

w, provides a saturation effect for the input, ie., for 

small magnitude inputs the value of w is 1, as the magnitude 

of the input Increases the value of w decreases until a 

limiting value for the output forcing function is obtained. 

The realization for this saturation effect is a Diode Function 

Generator (DFG) where the output of the DFG is a programmable 

function of the input magnitude. Thus if the function is 

linear with slope = 1, the output will equal the input for 

all time. The response for an arbitrary signal of a DFG 
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programmed, to display saturation can be seen in Figure 2.5» 

The input signal, x, as a function of time is transformed into 

the output signal, y, as a function of time. It can be seen 

that the major effect of a saturation effect is to reduce 

the larger magnitude while maintaining the smaller magnitude 

excursions of the signal. If it is possible for the input 

signal to go negative then it would be necessary to append 

a second DFG to the first to handle the negative portion of 

the signal. 

Figure 2.5: Saturation Effect for Input, x, and 
Output, y. 

The linear filter must have a Impulse response f(t), 

where a single vagal stimulation is assumed to be an impulse. 

Thus the response of the nodal oscillator model to f(t) as 
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the forcing function must be similar to the inhibition curve 

for a single vagal stimulus. The neural transmission time 

as well as time delays associated with measuring the occur¬ 

rence of the P-wave in the experimental preparation as com¬ 

pared with the model shall be assumed constant and will be 

compensated for by a simple time shift in the output (inhib¬ 

ition curve) of the model. 

In order to determine the structure of the filter let 

us first examine the response of the system to a forcing 

function of the form 

f(t) = K1te“
kltu(t) (2.15) 

where and k^ are constants and u(t) is the unit step 

function. The response of the oscillator to the forcing 

function of equation (2.15)» ie., sustitute equation (2.15) 

into equation (2.14), where w is taken to be one, contains 

only the primary wave and no secondary component. A modifi¬ 

cation to equation (2.15) can be made to retain the fast 

rise time yet prolong the decay (equation(2.l6)). The 

f(t) = Kg(e”k2^ „ e"k3t)u(t) (2.16) 

constant k^ is the same as k^ in equation (2.15) and k2 is 

chosen to be less than k^. The response to this forcing 

function is an inhibition curve of the single wave type as 

found by Brown and Ecoles, see Figure 1.8a. However, in the 

animal, the single wave inhibition curve has been shown to 

be transformed into a double wave curve with the absence 
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of sympathetic activity from either ligation of the cardiac 

syrapathetics or administration of propranolol, (11,25). 

Thus the double wave effect, ie., primary followed by dip 

then secondary wave, is assumed to be the result of the 

parasympathetic neural transmitter, Ach, action on the node. 

Many of the earlier investigators were under the impres¬ 

sion that the final dacay of the Inhibition curve, ie., the 

dacay in the secondary peak, was the result of a exponentially 

decreasing presence of the neural transmitter Ach at the 

nodal site, (11,13). In terms of Brown and Eccles hypothesis, 

the dip between the primary and secondary peaks could be in¬ 

terpreted as a dip in the amount of Ach present at the node. 

This interpretation seems highly unlikely since the dip can 

become negative, ie., successive cycles following stimulation 

will be shorter than the preceding control cardiac period, and 

a transitory concentration of Ach at the node which mimicked 

the double wave inhibition curve would not be expected. 

Therefore let us assume that there are two mechanisms 

responsible for the double wave inhibition curve response. 

We will assume that the first mechanism is a brief pulse 

occurring as the result of the neural transmitter, Ach, and 

is adequately represented by equation (2.15). The second 

mechanism will be assumed to be triggered by the first and 

possess slower dynamics than the first mechanism. This 

second component can be considered to reside in the nodal 

oscillator, whereas the first component is a direct result 

of neural stimulation. The form ofthe second component is 
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given by equation (2.16) where the time of onset will be 

some time after the first component. Thus, the total input 

term relative to the time of arrival of a vagal stimulus is 

f(t) = Kjte^lMt) + K2(e"
k2(t“TL e“k3(t“T) )u(t-T) 

(2.17) 

where T is the delay time before the onset of the second 

component. The gain term for saturation, w, is assumed to 

be unity for a single supermaximal stimulus. All constants 

of equation (2.17) are positive and ^ Is greater than *2 

thus f(t) is always positive. These constants shall be 

chosen by comparing the inhibition curve for the model, 

forced by equation (2.17). with the inhibition curve for a 

single stimulus presentation. 

2.4 Neural Termination Realization 

A. The analog computer realization of the forcing function 

f(t), equation (2.17)» is shown in Figure 2.6 a) and the 

control circuit is shown in Figure 2.6 b). The values on 

the pots of integrators 1-4 correspond to the constants in 

equation (2.17) and the time delay, T, is the same T in the 

pot value on the input to integrator 8. Monostables 1 and 2 

are set to a short duration compared to 10msec. Momostable 0 

is set to the P-wave to stimulus delay,0, where 10msec. 

The operation of the circuit occurs as follows. At the 

arrival of each P-wave, ie., each time the state variable 

Xj of the oscillator circuit, Figure 2.4, becomes positive 
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comparator 0 goes to logical 1 from logical 0 (henceforth 

referred, to as 1 or*. 0) causing differentiator 0 to produce 

a pulse one clock pulse long, 1/tsec, timing diagram. Figure 2.7* 

Each pulse from differentiator increments the 7 bit counter 

by 1. Serial combination of counters 0 and 1 make up this 

7 bit counter. When the count is equal 1110000 or 112 

decimal AND gate 1 goes to 1 and if push button 0 is on 

AND gate 2 also goes high (to 1) and monostable 0 produces 

a pulse of length <£> which clears the counter and AND gates 

1 and 2. At the end of this 0 length pulse, differentiator 

1 triggers monostable 1 to a 0.5msec pulse which sets the 

I.C. of integrator 3 to -10V. and supplies the indicator for 

stimulation output of AND gate 3« Thus the portion of the 

circuit in Figure 2.6a) composed of integrators 3 and 4 

produces the initial fast segment of the forcing function. 

The slow segment is produced by integrators 1 and 2 triggered 

by monostable 2. Notice that when differentiator 1 goes high 

it sets the inverted output of flip-flop D to 0, it was 

originally 1, which places integrator 8 into the operate mode. 

Integrator 8 produces a ramp starting at 0, when it reaches 

+57. comparator 1 goes to 1 triggering monostable 2. Mono¬ 

stable 2 sets the initial conditions of integrators 1 and 2 

and resets flip-flop D so that its inverted output goes to 

1 causing integrator 8 to go to the I.C. mode. 

Obviously this same technique can be used to simulate 

the synchronous stimulation by more than one pulse per burst 
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5 K 

7 
-f(t) 

Figure 2*6: a) Synchronous Stimulation Forcing 
Function, f(t); 

b) Control Section 
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by increasing the gain constants, ie., and Kg. for the 

circuit in Figure 2.6a). This simulation requires the 

fastest time constant for the forcing function of Figure 

2.6a), in this case it will be 1/k^, to be much greater 

than the interval between the first and last pulse of the 

multi-pulse burst. In real time these times were 23msec and 

45msec for 3 and 5 pulses/burst respectively. In the model 

time, approximately two orders of magnitude less than real 

time, this would be .23 and .45msec. Since the monostable 

pulse duration which sets the I.C.*s of the integrators is 

0.5msec, the most efficient method to model multiple pulses/ 

burst is by increasing the magnitude of the forcing functions. 

B.) The asynchronous protocol can be simulated by a change 

in the method of initializing the integrators. Before dis¬ 

cussing the initiation method, however, we must first rede¬ 

fine the forcing function circuit. During synchronous 

stimulation it was found the constant values did not Increase 

as a linear function with respect to the number of pulses/ 

burst. In fact many investigators have found the inhibition 

curve peak magnitude is not a linear function of the number 

of pulses/burst, (9» 15)* Also in an extensive documentary 

of secondary peak magnitudes, by Glaze and Dong (9). It was 

fouhd these peaks increase at much less a rate than do the 

magnitudes of the primary peaks to increases in the number 

of pulses/burst. Thus it is necessary to modify the forcing 

function circuit to account for these different saturation 
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Figure 2.7; Synchronous Stimulation Timing Scheme 

rates by including a saturation effect 1 and 2 in Figure 2.6a)* 

as well as on the combined outputs. Thus the asynchronous 

stimulation simulation is depicted in Figure 2.8a) and the 

control in Figure 2.8b). The timing scheme for Figure 2.8b) 

is given in Figure 2.9» 
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Figure 2.8: a) Asynchronous Stimulation Forcing 
Function 

t>) Control Section 
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Chapter 3 

Experimental Procedures 

3.0 Introduction 

As described in Chapter 1 many experimental protocols 

have been used, by about as many different investigators, 

from Brown and Eccles to the more recent work of Levy, etal. 

The purpose here is not necessarily to develop another new 

method but rather to use a combination of the methods pre¬ 

viously described to better understand both the transient 

and steady state response of the basal heart period to 

vagal activity* 

3*1 Methods 

Mongrel dogs were anesthetized with sodium pentabar- 

bital and innovar-vet through a femoral vein catheterization 

Both the left and right carotid artery and vagus pair were 

exposed with a mid-line incision in the neck. The vagus 

nerve was separated from the carotid artery, and tri-polar 

electrodes placed in contact with the nerve were held in 

place with split section of plastic tubing the length of the 

electrode. The right external jugular was exposed with 

blunt dissection between neck muscle and skin. A bipolar 

electrode was inserted and loosely tied for later adjustment 

A tracheal cannulation was made and the normal Leadll EKG 

configuration was attached. In addition to the ground 

electrode placed on the right hind leg, two additional 
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electrodes were placed approximately above the first rib on 

each side of and about 8cm. from the sternum. The jugular 

electrode was then adjusted to produce a larger magnitude 

P than R wave, thus placing it in the right atrium. The 

vagus nerve on both sides was crushed rostral to the elec¬ 

trodes and heart rate was monitored. Then propranolol 

(lmg/kg) was administered and heart rate was monitored until 

it returned to a steady state level. 

The normal and atrial EKG recording were both differen¬ 

tial and low-pass filtered (20Hz cut-off). The signals were 

then magnitude and time detected to pick up the maximum 

upward slope of the P wave in the case of the atrial EKG, 

and R wave for the normal. The vagal stimulus was provided 

by a Grass Stimulator and Isolation Unit to the tripolar 

electrodes on each vagus nerve. The most distal pole of the 

tripolar electrode was grounded to reduce the stimulus arti¬ 

fact recorded on the EiCG recordings. The stimulator was 

gated with a Wavtek Model 112 to produce a predetermined 

burst of pulses on demand. The individual pulses were 

lmsec in duration, 10V. amplitude, and had a 11msec period. 

The isolated stimuli were conducted to the electrodes via a 

switch which allowed for either one or both vagii to be 

stimulated. The methods of stimulus delivery will now 

be discussed. 

A.) Synchronized bursts of pulses were delivered to each 

vagus nerve for 1, 3» and 5 pulses/burst and to both nerves 
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in parallel for the same stimulus pattern. The stimulus was 

synchronized to the P-wave and the time between P-wave and 

beginning of stimulus was varied from zero to the basal 

heart period. After stimulation the heart period was allowed 

to return to a steady state before another stimulus was 

applied. For each stimulus the control heart period, period 

before stimulation, and eight successive heart periods and 

P-R wave Intervals following stimulation were recorded on 

the PDP 12 computer tape. (This experimental data was also 

recorded on an Ampex Model (fRiSoH FM tape recorder in order 

to validate the compressed data recorded on computer tape.) 

The pacemaker curve as described in Chapter 1, was displayed 

on the mobile CRT to facillitate data collection. 

B.) Burst type stimulus was again applied to each vagus 

nerve, separately and together, for each of 1, 3* and 

5 pulses/burst. Now, however, the stimulus was not syn¬ 

chronized to the heart period but was maintained at a pre¬ 

determined rate. This rate was varied incrementally for 

each burst composure and vagus nerve combination, over the 

range of 0.5 to 3»0 Hz. The transients due to stimulus 

change were allowed to decay before data was taken. Eight 

consecutive heart cycles (pj intervals) were recorded, for 

each increment of frequency, on the PDP 12 computer for 

storage on computer tape. The P-P (Pj) and P-stimulus (0) 

intervals were recorded, and the stimulus periods and mean 

P-P intervals were calculated and displayed on the CRT, to 
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facillitate taking a higher density of data points in the 

range of heart rate entrainment. This asynchronous stimulus 

pattern was achieved by triggering the gating oscillator by 

a second oscillator (Wavtek Model 115). Instead of the 

delayed P-wave as in the synchronous protocol. Here, as in 

the synchronous protocol, the experimental data was also 

recorded on FM analog t^pe. 

3.2 Data Acquisition 

In this section the methods by which the data was 

gathered and compressed on the PDP-12 digital computer will 

be discussed. As stated in the introduction to this chapter 

these methods of data presentation have been used by the 

earliest to the most recent investigators. The Inhibition 

curve and mean P-P interval to stimulus period describe the 

heart period response to vagal stimulation for both transient 

and steady state dynamics. 

The digital computer was chosen for data gathering 

(Figure 3»1) hot only for its ability to compress the data 

for reproduction later in a very readible format (Tables 4.1 

and 4.8) but also for its ability to display the data in its 

final format on line. This on line presentation of data, 

during the time the experiment was being conducted, allowed 

sufficient data ‘'points" to be obtained to have an accurate 

recoatd of the intricacies of the response without taking a 

voluminous amount of data requiring excessive data acquisition 
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time and thus adding to the deterioration of the preparation. 

Also the digital computer the interval times were determined 

within -1msec. The methods by which this data acquisition 

was accomplished will now be described. 

The filtered differentiated EKG signals, P and R-waves, 

were passed through separate monostables. By adjusting the 

gain on an intermediate amplifier the monostable acted as a 

magnitude and time discriminater, ie., approximately 0.8V. was 

required to trigger the monostable and the monostable could 

not be re-triggered during its on time. Thus the positive 

slope on the monostable output corresponded to the occurrence 

of maximum positive slope for the P or R wave. This mono¬ 

stable output was used as an interrupt to the clock of the 

PDP-12 computer. (See Figure 3.1) For the synchronous pro¬ 

tocol the flow graph (Figure 3*2) depicts the program used 

to gather data and display the pacemaker curve. The data 

was taken in sequences of nine consecutive heart periods 

with the first period, pQ, being the period before stimula¬ 

tion and the control period for that'sequence. Each succes¬ 

sive sequence was taken at slightly increased P-ST interval 

over the range from 0 to pQ. This data was stored on com¬ 

puter tape as P-ST, P-R, and P-P intervals for one complete 

pacemaker curve, ie., each combination of burst pattern and 

vagus nerves stimulated. 

The asynchronous pattern stimulation data was taken 

only after the transients of mean heart period had decayed. 

The data was taken in sequences of four or eight successive 
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stimulus 

ST-MONO 
250 ms 

PDP 12 
Ch 1 Interrupt 

EKG 

H-MONO J 
250 ms 

"LT 

Atrial 
EKG 

P-MONO  1 
250 ms 

PDP 12 
Ch 2 Interrupt 

PDP 12 
Ch 3 Interrupt 

Figure 3*1: Data Acquisition Scheme 

heart periods. The P-P, P-E, and P-ST intervals were re¬ 

corded for each sequence and the mean P-P interval and 

stimulus period were calculated. (See the flow graph in 

Figure 3.3.) The frequency of burst was allowed to vary 

over the range from 0.5 to 3*0 Hz for each burst pattern 

and vagus nerve combination. 

The inhibition curve, as described in Chapter 1, can 

now be determined from the synchronous stimulation data. 

The equations of Brown and Eccles, equations (1*39) A (1.40), 

were normalized to the control heart period, ie., the y- 

coordlnate remained unchanged (yj = (pj - p0)/pQ) and the 
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x-coordinate becomes t,/p = ((^ pv) -0)/p_. 

could be displayed on one channel of the CHT and could also 

be plotted on a X-Y plotter. See Figure 4.1. The flow graph 

in Figure 3*4 describes this data presentation scheme. 

3.3 Methods for Determining Model Parameters 

Synchronous stimulation was applied to the model, as 

described in Chapter 2, in a manner previously specified, 

ie., the increase in heart period was allowed to decay to 

zero before another stimulus was presented. The stimulus 

was Initiated at various times during the heart cycle and 

the synchronous data was taken as described in data gathering 

techniques for synchronous stimulation. It is now necessary 

to specify what event defines the beginning (and end) of the 

cardiac cycle for the model. This has been done in Chapter 2, 

and it is the event of the state variable x^, of the Bonhoffer 

Van der Pol equation, becoming positive with positive slope. 

The P-P interval is the time interval from one event to the 

next. With a sufficient number of data points obtained from 

stimulating at various P-ST intervals, the model inhibition 

curve could be obtained. The technique for parameter adj¬ 

ustment was to display both the data inhibition curve and 

the model inhibition curve on the same axis but on two separ¬ 

ate channels of the PDP-12 CRT such that the axes coincided. 

Since the inhibition curve had been normalized, there was no 

need to adjust the control heart period of the model to be 

the same as that from the data. It was, however, necessary 
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to adjust the x-coordinate of the model inhibition curve to 

account for delays present in the data not present in the 

model, ie., neural transmission delay, etc* This adjustment 

was made on the PDP-12 and the value of the delay was displayed 

on the CRT* The error between model results and data could 

then be determined. 

The model inhibition curve was linearly interpolated and 

the absolute value of the difference between the data and 

model ordinate values were taken for each data ordinate value 

after accounting for the shift in the model x-coordinate 

value. The error was then summed over the entire curve and 

divided by the total number of data points. The value of this 

normalized error was also displayed on the CRT. The model 

parameters were then varied to obtain a model inhibition 

curve which matched, with minimum error, the data inhibition 

curve from 1 pulse/burst right vagal stimulation. The inhib¬ 

ition curves from right vagal stimulation at 3 and 5 pulses/ 

burst were then modeled by changing only the parameters 

affecting the magnitude of the initial fast peak of the 

forcing function, K^, and the delay to onset of the slowly 

decaying peak, T. The time constants for the neural trans¬ 

mitter forcing function were not changed nor were the Bon- 

hoffer Vander Pol model parameters. 

The model’s steady state response to asynchronous sti¬ 

mulation requires the addition of a nonlinear gain between 

forcing function output and driving function on the oscillator 

equations. This nonlinear relation accounts for the saturation 
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effect the neural transmitter has on the nodal oscillation 

rate with Increased vagal stimulation. These nonlinear re¬ 

lations can he approximated hy the results from synchronous 

stimulation on the model. That is, an increase fom 1 pulse/ 

burst to 3 pulses/burst Is produced by increasing the mag¬ 

nitude of the neural transmitter output by less than a factor 

of three. The three stimulation patterns (1,3» and 5 pulses/ 

burst) give three points on the saturation curve. This 

assumes that the effect of 3 and 5 pulses/burst appears to 

act on the neural transmitter model at one time. The validity 

of this assumption will be discussed later. Notice in 

Figure 4.1 the primary peak in the inhibition curves is in¬ 

creased much greater than the secondary peak for an increased 

number of pulses/burst. Therefore, it is necessary to have 

a saturation on the delayed slowly decaying forcing term as 

well as on the total neural transmitter function, thus the 

reason for arrangement of the nonlinear function in the 

block diagram of Figure 2.8. 
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Figure 3*2: Flow Graph for Synchronous Stimulation 
Data Retrieval (Interrupt Service on 
following page.) 



Figure 3.2(cont): Interrupt Service Synchronous 
Stimulation Data Retrieval 
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Figure 3.3: Flow Graph for Asynchronous Stimulation 
Data Retrieval (Interrupt Service Routine 
Similar to Synchronous Stimulation 
Figure 3-2) 



98 

Figure 3.4: Flow Graph for Inhibition Curve Display 



4.0 Introduction 

Chapter 4 

The Results 

The results from both synchronous and asynchronous 

stimulation of the cervical vagus nerve of the dog, after 

propranolol administration, are presented as inhibition 

curves (synchronous stimulation) and mean P-P interval 

versus stimulus period (asynchronous stimulation)• The 

two vagus nerves were stimulated together and separately, 

synchronously and asynchronously, at 1, 3» and 5 pulses/burst. 

The relation between these experimental results and similar 

results reported in the literature is presented. Also, the 

results from the model simulation of these two types of 

stimulations (synchronous and asynchronous) are given. 

4.1 Synchronous Studies 

A.) The results of vagal stimulation synchronized to the 

heart, where each successive stimulus was delivered only 

after the heart rate had returned to a steady state value, 

are presented in the form of inhibition curves as seen in 

Figures 4.1 thru 4.4. These figures are the normalized 

inhibition curves, ie., both the abscissa and ordinate 

values have been normalized to the control heart rate. The 

equation describing these inhibition curves have been dis¬ 

cussed in the latter part of Chapter 3» Essentially the 

abscissa, T*, is the time since stimulus occurrence divided 

by the control period. The ordinate, y, is fractional in 
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crease in heart period above the control period taken at the 

end of the present cardiac cycle, le., at the next P-wave 

occurrence. The data from which these curves were calcu¬ 

lated is given in Tables 4.1, 4.2, and 4.3 for 1, 3» and 

5 pulses/burst respectively. Each table contains data for 

right, left, and combined vagal stimulation for Dog #3 as 

denoted by the individual subheadings. The column symbols 

have the following meanings: P-ST—P-wave to stimulus inter¬ 

val; P-PC--control heart period, ie., period immediately 

before stimulus occurred; P-P1--duration of heart period in 

which stimulus occurred; and P-P2--duration of heart period 

following P-Pl. All the values are given in msec. Table 4.4 

provides the mean of the control heart period and standard 

deviation for each stimulus protocol. Table 4.5 provides 

information on the inhibition curves presented in Figures 4.2 

thru 4.4, ie., maximum magnitude for the primary and secon¬ 

dary peak values, the abscissa value corresponding to these 

maximum values and the latency before rise of the primary 

peakyO . Figures 4.5 thru 4.7 are the pacemaker curves 

for synchronous stimulation, as described by Dong and 

Reitz (16). They are presented only to validate the inhibi¬ 

tion curves, as discussed in Appendix A. All the information 

contained in the pacemaker curves is included in the inhibi¬ 

tion curves as well. 

The inhibition curves found in this investigation are 

the double wave type found by Brown and Eccles (11). In 

comparing the inhibition curves for 1, 3, and 5 pulses/burstt 
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Figure 4.1, It Is apparent that the most significant change 

in curves, going from 1 to 5 pulses/hurst, is an increase 

in the magnitude of the primary, and to a much lessor extent, 

the secondary peak. The slope (dy/df) of the leading edge 

of the primary peak increases while the slope of the secon¬ 

dary peak decreases in response to greater numbers of 

pulses/hurst. Other changes include an Increase in the 

duration of the primary and secondary, as well as, an 

increase in the time to maximum. Also, the magnitude of the 

negative dip between the primary and secondary peaks increases 

progressively, and is shifted to hjgher values of V as 

the number of pulses/burst is increased. The latency 

before the rise of the initial fast peak,y0 , is approximate¬ 

ly the same for each case, Table 4.5» and this latency has 

been referred to as the no-effect zone, (11). 

Comparing the inhibition curves derived from right, 

left, and combined vagal stimulation for each of 1, 3. and 

5 pulses/burst, the right and combined vagal stimulation 

produced almost duplicate inhibition curves, indicating a 

dominance in right vagal control of heart rate. For example, 

for 1 pulse/burst. Figure 4.2, A and C are approximately the 

same; whereas the resulting inhibition curve from left vagal 

stimulation (Figure 4.2B) has a significantly smaller pri¬ 

mary peak and short time to primary and secondary peak when 

compared to the inhibition curve from right vagal stimula¬ 

tion, Figure 4.2C. Observing Figure 4.1 it can be seen that 

stimulation of the vagal nerve at increasingly higher number 



102 

of pulses/burst Is similar to the changes just specified 

on the inhibition curve when comparing the left versus 

right vagal stimulation at the same stimulus (number of 

pulses/burst). Levy (28) has indicated that when consider¬ 

ing chronotropic effects, the right vagus can be considered 

to primarily innervate the SA node while the left vagus 

primarily innervates the AV node. Therefore it can be con¬ 

cluded that a greater number of fibers should innervate the 

SA node from the right vagus than from the left. In com¬ 

paring Figures 4.2, B and C, which were obtained under iden¬ 

tical stimulus conditions, it can be observed that the effect 

of the smaller innervation of the SA node by the left vagus 

is made manifest in the reduced magnitude of the primary 

wave, reduced slope of the leading edge of the primary wave, 

the shift to small X. for both primary and secondary peaks, 
and reduction in the magnitude of the dip between primary 

and secondary peaks. These changes are consistent with the 

data in Figure 4.1 (right vagus stimulation) as the stimulus 

is decreased from $ to 1 pulse/burst. 

The pacemaker curves, as described by Dong and Reitz 

(16), Figure 1.10, for the synchronous stimulation experi¬ 

mental data are presented in Figure 4.5 thru 4.7. As was 

done in the inhibition curves the ordinate and abscissa values 

were normalized to the control heart period. The ordinate is 

the increase in the heart period above the control period 

and the abscissa is the time from the beginning of the period 

to the stimulus. For positive abscissa values the ordinate 
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is the change in the first heart period (period in which the 

stimulus occurs) and for negative abscissa values the ordi- 

note is the change in the second heart period. Recall the 

stimulus always occurs in the first heart period. Thus the 

positive abscissa values are measured from the beginning of 

the first heart cycle (P-wave) to the stimulus occurrence, 

and the negative abscissa is measured from the beginning of 

the second period to the stimulus occurrence in the first 

period, thus negative. In each figure the values for the 

right, left, and combined stimulation are given. The form of 

the data obtained in this presentation compares well with the 

data obtained by Dong and Reitz (16), presented in Figure 1.10, 

for right vagal stimulation at 1, 3» and 5 pulses/burst. 

Each figure. Figures 4.5 thru 4.7. presents the pacemaker 

curve for right, left, and combined vagal stimulation. At 

each stimulus level, 1, 3, or 5 pulses/burst, the right and 
combined pacemaker curve is greater than the curve for left 

vagal stimulus. For 1 pulse/burst the curves for right and 

combined are approximately the same; at 3 pulses/burst the 

combined is slightly greater than the right vagal stimulus 

curve; however, at 5 pulses/burst the right is greater than 

the combined stimulus response. Referring to Table 4.3, the 

values of P-Pl from combined stimulation are greater than 

from right vagal stimulation. The pacemaker curves, however, 

have been normalized to the control heart period and the 

control value was greater in the combined as compared to 

right stimulus case. See Table 4.4. Between obtaining 



the right and combined stimulus data a maintenance dose of 

sodium pentabarbltal and innovar -vet of ^cc each was given. 

The change in the level of the anesthetic has undoubtedly- 

caused this change in control heart period. 

The pacemaker curves are presented here for the main 

purpose of validating the inhibition curves. That is, if 

the positive slope of the pacemaker curve is less than one 

then the inhibition curve will be single valued, as dis¬ 

cussed in Appendix A. The pacemaker curve for right and 

combined stimulation for both 3 and 5 pulses/burst do 

approach a slope of 1 at their peaks. Since only a couple 

of data points are involved, however, this idiosyncrasy of 

the multivalued inhibition curve will be ignored. 

B. The model was stimulated synchronously as described 

in Chapter 2 and the parameters adjusted until the model 

inhibition curve matched the data Inhibition curve for 

minimum error. See Chapter 3C for error criteria. These 

inhibition curves for right vagal stimulation.!, 3» and 

5 pulses/burst are seen in Figure 4.8. The continuous 

curve denotes the model inhibition curve while the points 

indicate the actual data. The model can be seen to fit 

the data quite well. Figure 4.9 shows the temporal rela¬ 

tionship between the neural transmitter output and the state 

variable x^ of the Bonhoffer Van der Pol equation which is 

analogous to the transmembrane potential of the idealized 

nodal cell. Three different P-ST (P-wave to stimulus) 
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Intervals are shown; first at zero delay, then later in the 

cycle yet still primarily effecting the first cardiac period, 

and finally later in the cycle where the second cardiac 

cycle is increased in duration rather than the first. 

The model parameters for 1, 3» and 5 pulses/burst 

which resulted in minimum error are given in Table 4.6. The 

basic oscillator (Bonhoffer Van der Pol Equation) model 

was unchanged for all input protocols. The parameters 

for the oscillator, listed in Table 4.6, were chosen to give 

the unforced oscillator, equation (2.9)» a basic period 

of ✓volOsec. The solution was then time scaled by 1000 to 

yield a basic period of 10msec. This was done, as explain¬ 

ed in Chapter 2, to allow the relatively long recovery 

time from stimulation to be reduced to a small real time 

thus allowing more stimulation trials to be accomplished in 

a shorter real time. The parameters for the primary/secon- 

dary effect forcing system, Figure 2.5» are listed in 

Table 4.7 as the actual values used in the simulation, ie., 

in the time scaled version, and in parentheses directly below 

are listed the values required for an oscillator operating 

at a basic period of 400msec. The control heart period for 

the experimental recordings was approximately 400msec., 

(Table 4.4). Thus the maximum of the fast portion of the 

forcing function, equation (2.12), occurs after 1/lc^ or 

2.86msec in the time scaled version and (0.1l4sec) in 

400msec control period version. Since the maximum of the 

slow delayed forcing function, equation (2.13)» occurs at 
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tmax = lnCk^/k^/fk^-k^), which is 22.4msec and (.895sec) 

respectively, the time after stimulus for the occurrence of 

the maximum of the slow delayed forcing function of equation 

(2.14) is 36.8msec (1.471sec) for 1 pulse/burst, 50.2msec 

(l»995sec) for 3 pulses/burst, and 53»6msec (2.145sec) for 

5 pulses/burst. In other words the fast peak occurs the 

same time after stimulation for each stimulus protocol, 

ie., 1, 3» and 5 pulses/burst, where as the slow delayed 

peak occurs at progressively later times following stimulation 

as the number of pulses/burst are increased. Since the 

main change in the forcing function in going from 1 to 5 

pulses/burst in an increased magnitude fast component, a 

correlation can be made between the magnitude of this fast 

component and the onset of the slow delayed forcing function. 

The form of the fast component does not change thus a com¬ 

parison can be made between the constant multiplier, K^, and 

the time to onset of the slow delayed forcing function, T, 

Table 4.6. A nearly linear relationship exists between 

and T. This relation would allow the slow delayed forcing 

function to be activated by the initial fast forcing func¬ 

tion Instead of a constant predetermined value, as is done 

in this investigation. 

The delay present in the inhibition curves called the 

no-effect zone by Brown and Eccles is a result of neural 

transmission and synaptic delay, chemical transmitter release 

and utilization time, and, perhaps the most significant por¬ 

tion, the delay between SA nodal activation and P-wave 
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occurrence, see Figure 1.3. The P-wave occurrence Is taken 

as the demarcation time between two consecutive periods. In 

the model, equation (2.11), the state variable x^ represents 

the nodal action potential where x^ oscillates about zero 

voltage. The zero crossings, (when x^ crosses zero), with 

positive slope are taken as the cyclic boundaries for the 

model. Thus the delay associated with "stimulâtion" of the 

model will be much less than the delay in the experimental 

data, ie., a stimulation of the model occurring at the 

beginning of the cycle (with P-ST = 0) will occur before 

the activation of the nodal potential analog reaches its 

peak, Figure 4.9A, where stimulation of the animal at 

P-ST = 0 will occur after the peak value of the SA nodal 

potential is obtained, Figure 1.3« The delay added to the 

model inhibition curve in order that the model and experi¬ 

mental inhibition curves have the same total delays is 

given in Table 4.7» These values are expressed in norma¬ 

lized form, ie., normalized to the control heart period. 

The relative error between the model and experimental inhi¬ 

bition curve was determined as discussed in Chapter 3* 

Briefly, the sum of the absolute value of the difference 

between the ordinate values of the experimental and model 

inhibition curves, after the delay had been added to the 

model curve and it had been linearly interpolated, was 

determined. This error sum was divided by the total number 

of data points in the experimental inhibition curve to form 

an average error per point. The ordinate values had pre- 



108 

viously been normalized to the control heart period; .thus, 

the error values given in Table 4.7 are normalized average 

error values. 

4.2 Asynchronous Studies 

A.) The'pattern of asynchronous vagal'stimulation delivered 

at specific period values was in the range from 2000 to 

300msec (inter-burst period with intra-burst periods remain¬ 

ing 11msec) for 1, 3» or 5 pulses/burst to the right, left, 

or both vagal nerves. The Interest in this pattern of 

stimulation is the steady-state response of heart period. 

Hence the transients were allowed to decay before data was 

taken. It was noticed that the heart rate became entrained 

to the inter-burst stimulation frequency in a certain range 

at a 1 to 1 rate and at higher and sub-harmonics of this 

rate. During this entrainment zone an increase in stimu¬ 

lus frequency caused a paradoxical increase in heart rate. 

The general trend over the entire range of stimulating fre¬ 

quencies, however, was an increase in the mean heart period 

with increased vagal stimulating frequencies. The data is 

displayed as mean heart period (P-P interval) versus the 

stimulus inter-burst period as seen in Figures 4.10, 4.11, 

and 4.12 for right, left, and combined vagal stimulation. 

The general pattern for all three nerve stimulation combi¬ 

nations is an increase in the average value of heart period 

for each curve from 1 to 5 pulses/burst. The interval over 

which the heart rate was entrained was also broadened for an 
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increase from 1 to 5 pulses/burst for each nerve combination* 

For each stimulus protocol the interval of entrainment was 

greater for higher harmonic stimulation as compared to the 

sub-harmonic stimulation at the same ratios, ie., higher for 

2:1 versus 1:2, yet the largest Interval was at the funda¬ 

mental, ie., 1:1. As described in Chapter 3 the asynchronous 

data was taken as a series of 4 or 8 consecutive heart 

periods. A sample of this data is given in Table 4.8 and 

contains both entrained and nonentrained data. The column 

endings P-ST, P-P, and P-R are the same as previously 

described; ST-ST is the stimulus period and is constant for 

each group of data and P-PM is the mean P-P interval in 

that group. 

There are occassional blanks in this data which may be 

explained by the method.',in which this data was obtained. For 

instance, if the stimulus rate was higher than the heart 

rate in some heart period there would be two stimuli. This 

results in recording the first P-ST interval with a blank 

for the P-P interval. This blank does not mean a zero inter¬ 

val, but that the heart cycle contains more than one stimuli. 

The next line would contain the second P-ST interval and the 

P-P interval length containing the two stimuli. A similar 

result occurs to the P-ST interval if the heart rate is 

greater than the stimulus rate. The important thing to 

remember in the reconstruction of the events in time is to 

read Table 4.8 from left to right and down the column taking 

into account that the interval times are the times since the 
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occurrence of the last P-wave. It Is instructive to view 

the relation "between P-wave and stimulus during entrainment 

and non-entrainment. During entainment the P-ST interval 

is constant in this group of recorded heart cycles. Upon 

changing the stimulus frequency slightly yet remaining in 

the entrained region the P-ST Interval remains fixed yet 

at a different value than in the previous group. This con¬ 

stant P-ST interval during entrainment is compared to the 

apparent random P-ST interval obtained during non-entrain¬ 

ment (Table 4.8). 

BL.) As discussed In Section 2.4 asynchronous stimulation 

simulation requires the addition of a saturation to account 

for the reduced effect an accumulation of neural transmitter, 

(represented by the fast component of the forcing function 

equation (2.12) ), has on the node (represented by the 

oscillator model)• A saturation effect is also necessary for 

the secondary forcing function, equation (2.13)» since it has 

a much slower decay time than does the primary fast component. 

These two saturation phenomena have been incorporated into 

the model as shown in Figure 2.8a). Both saturation effects 

are necessary; if only one had been used the slowly decaying 

secondary forcing function would have quickly overshadowed 

the faster primary effect. Thus, the second saturation effect 

was placed on the output of the secondary forcing function 

equation (2.13) and another on the sum. Figure 2.7a). 

Another realization would have placed one saturation effect 
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on the output of each of the two portions of the forcing 

function "before summation. However, the output from the 

saturation effect for the secondary forcing function was 

never too large to exceed the linear region of the satura¬ 

tion effect for the total forcing function. 

The saturation curves were determined from data obtained 

in the synchronous stimulation protocol and simulation, 

Section 4.1. Here we assume the saturation effect results 

in the non-homogeneous nature of the inhibition curve to 

an increase in the number of pulses/burst. Thus the 

saturation effect can be obtained from the increase in the 

constants and K2 obtained from simulation at 1, 3. and 

5 pulses/burst. In Section 4.1 we determined the time to 

maximum for each of the two forcing functions, equations 

(2.12) and (2.13)* The result for the primary forcing 

function, equation (2.12), was 2.86msec. Substitution of 

this time into equation (2.12) results in fmax=^*®5K^» 

However, since the initial condition on the integrator was 

10V and not IV, ^^=10.5%! • *n the case of the secondary 

forcing function tIQax=22.4msec, and fmaT=8.66K2 (accounting 

for the 10V initial condition)• The resulting saturation 

curves are given in Table 4.9, where the output value was 

IO.5K1 for the obtained from 1, 3. and 5 pulses/burst 

and the corresponding input term was , 3K^» and res¬ 

pectively. 

The results of asynchronous stimulation simulation for 

1 and 3 pulses/burst are presented in Tables 4.10 and 4.11 
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and In Figure 4.13. The values in these tables are In 10~5Sec, 

where 1000X10“5sec Is the control period for the model. 

Entrainment was recorded In both stimulus protocol stimula¬ 

tions as denoted by the constant P-ST and P-P intervals and 

ST-ST versus P-PM ratios of an integer value in a group of 

consecutive cycles. This data is presented graphically in 

Figure 4.13* The model results show entrainment but the 

range over which the oscillator is entrained is less than 

the experimental data. The model entrainment characteristics 

do correspond to the characteristics of the entrainment 

found in the empirical results. The fundamental entrain¬ 

ment zone is larger than the higher or sub-harmonic entrain¬ 

ment zones and the trend is to increase the oscillator period 

the higher the stimulus frequency. Also the higher number of 

pulses/burst increases the overall magnitude of the curve, 

Figure 4*13» as well as the zone over which entrainment 

occurred. 
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Table 4.1* Data 
SYNCHRONOUS STIMULATION 1 PULSES PER BURST RIGHT VAGUS 

1 P-ST j P-PC P-PI 1 P-P2 P -P3 P-P4 P ‘-P5 j P-P6 ! P-P7 P -P8 

69 ♦ 416 + 617 + 410 4 490 4 477 4 468 4 460 4 454 4 449 
117 + 417 + 628 4» 416 4 491 4 480 4 466 4 456 4 451 4 446 

+ 163 416 + 545 4* 434 4 475 4 478 4 472 4 463 4 448 4 446 
+ 139 + 417 + 602 4 413 4 485 4 478 4 462 4 458 4 450 4 444 
+ 186 + 415 ♦ 491 4 396 4 471 4 47 5 4 467 4 462 4 45 4 4 449 
♦ 209 + 421 + 460 4 430 4 460 4 473 4 468 4 460 4 451 4 445 
+ 236 413 4* 435 4 461 4 456 4 468 4 466 4 460 4 453 4 443 

251 + 417 ♦ 426 4 470 4 458 4 470 4 468 4 460 4 454 4 448 
300 417 ♦ 419 4 492 4 460 4 469 4 467 4 454 4 449 4 443 

♦ 322 ♦ 416 + 416 4 496 4 455 4 468 4 469 4 462 4 454 4 447 
37 + 41 1 + 561 4 420 4 485 4 471 4 462 4 455 4 450 4 445 

+ 33 + 417 4- 547 4 422 4 483 4 468 4 463 4 456 4 450 4 445 

SYNCHRONOUS STIMULATION 1 PULSES PER BURST LEFT VAGUS 

P -ST 1 P-PC F .-PI P -P2 P -P3 I P-P4 P '-P5 P -P6 P -P7 P -P8 

4 48 4 414 4 459 4 434 4 441 4 441 4 440 4 436 4 434 4 432 
4 77 4 413 4 461 4 436 4 443 4 446 4 442 4 431 4 429 4 428 
4 1 1 1 4 416 4 454 4 432 4 441 4 444 4 442 4 438 4 435 4 431 
4 161 4 416 4 441 4 430 4 443 4 446 4 441 4 433 4 433 4 431 
4 21 1 4 415 4 424 4 426 4 437 4 443 4 441 4 433 4 429 4 427 
4 250 4 417 4 419 4 429 4 436 4 434 4 438 4 433 4 429 4 426 
4 308 4 416 4 417 4 434 4 437 4 442 4 436 4 434 4 432 4 427 
4 324 4 416 4 415 4 428 4 430 4 437 4 436 4 433 4 429 4 426 
4 346 4 413 4 414 4 437 4 433 4 440 4 441 4 431 4 428 4 427 
4 368 4 412 4 414 4 440 4 432 4 438 4 438 4 437 4 433 4 431 
4 22 4 410 4 450 4 468 4 454 4 456 4 446 4 444 4 438 4 434 

SYNCHRONOUS STIMULATION 1 PULSES PER BURST BOTH VAGII 

P -ST P -PC P -PI P -P2 P -P3 P ‘-P 4 P -P5 P -P6 P -P7 P -P8 

4 23 4 417 4 580 4 402 4 481 4 473 4 460 4 452 4 445 + 441 
4 52 4 413 4 583 4 406 4 482 4 472 4 461 4 454 4 447 + 441 
4 90 4 410 4 601 4 406 4 480 4 471 4 460 4 451 4 445 440 
4 130 4 410 4 583 4 406 4 473 4 471 4 461 4 453 4 447 + 440 
4 158 4 41 1 4 535 4 429 4 465 4 466 4 463 4 455 4 447 + 441 
4 187 4 408 4 476 4 396 4 455 4 473 4 462 4 454 4 441 + 436 
4 215 4 409 4 439 4 451 4 449 4 464 4 463 4 457 4 441 + 439 
4 244 4 414 4 419 4 472 4 451 4 462 4 461 4 453 4 444 + 438 
4 287 4 409 4 409 4 488 4 452 4 463 4 462 4 456 4 448 + 435 
4 31 1 4 407 4 409 4 497 4 452 4 460 4 460 4 454 4 446 + 441 
4 340 4 406 4 407 4 511 4 449 4 459 4 459 4 454 4 446 ♦ 440 
4 403 4 413 4 413 4 529 4 432 4 478 4 465 4 457 4 441 + 437 
4 397 4 404 4 406 4 564 4 398 4 469 4 467 4 447 4 439 + 434 
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Table 4.2: Data 

SYNCHRONOUS STIMULATION 3 PULSES PER BURST RIGHT VAGUS 

P-ST F '-PC 1 P-PI F '-P2 1 P-P3 P -P4 F '-P5 P ’-P 6 F '-P7 F -P8 

+ 394 + 405 4* 404 + 733 4* 386 + 450 + 480 + 475 4* 461 + 446 
26 + 406 ♦ 753 390 4- 452 4* 483 ♦ 476 4* 461 4» 449 444 

+ 40 + 408 + 760 + 393 ♦ 449 4- 474 4* 468 + 457 + 447 ♦ 441 
+ 64 4* 403 4- 771 ♦ 390 + 449 4» 479 + 473 4- 461 4* 447 + 440 

89 + 404 4* 788 4* 399 453 ♦ 480 4* 467 4- 458 4* 448 + 440 
♦ 1 1 1 409 4- 807 + 394 + 447 4* 476 + 469 + 457 ♦ 448 + 444 
+ 137 + 405 + 820 4- 399 + 448 4* 474 4- 467 4* 456 + 448 4* 442 
♦ 162 + 403 + 846 + 410 4* 454 + 470 + 467 4* 455 + 447 4* 438 
+ 188 4» 401 + 864 + 405 + 449 4- 478 4- 471 4» 460 4* 450 + 435 
♦ 216 + 401 4- 424 4* 589 + 426 + 467 4* 470 4* 461 + 454 4- 445 
+ 205 4» 403 4- 470 ♦ 523 + 386 ♦ 464 4* 477 4* 468 + 455 + 447 
+ 198 4- 405 4- 472 4» 515 4* 381 + 463 + 475 4- 463 4- 451 + 442 
+ 236 4» 404 4* 407 + 635 + 402 + 458 + 472 + 463 + 452 ♦ 443 
+ 279 + 404 + 403 + 647 + 365 4* 443 4» 467 4* 461 + 453 4* 444 
♦ 307 + 400 4- 401 + 666 4- 377 + 451 4* 475 4- 465 4» 451 ♦ 439 
+ 347 + 400 4* 399 4- 688 + 376 4* 446 4- 474 4- 466 + 455 4* 446 

366 4* 39 5 4* 397 + 701 4- 379 4* 439 + 467 ♦ 462 + 449 + 440 

SYNCHRONOUS STIMULATION 3 PULSES PER BURST LEFT VAGUS 

P -ST P -PC P -PI P -P2 P >-P3 P -P 4 P -P5 P -P6 P -P7 P -P8 

+ 393 ♦ 401 4 402 4 549 4 406 4 464 4 458 + 447 + 439 + 429 
+ 48 4* 397 4 579 4 403 4 460 4 459 4 448 438 + 431 + 426 
+ 67 4* 399 4 590 4 406 4 463 4 460 4 449 ♦ 440 + 432 ♦ 426 
♦ 89 4- 402 4 601 4 394 4 457 4 458 4 445 + 436 + 429 424 
♦ 118 4* 400 4 593 4 404 4 459 4 458 4 447 437 + 429 424 
+ 136 ♦ 399 4 549 4 419 4 455 4 458 4 444 + 435 + 428 ♦ 421 
+ 148 4» 396 4 485 4 378 4 446 4 458 4 449 + 434 + 428 424 

158 + 398 4 447 4 408 4 445 4 450 4 446 + 438 + 431 ■f 426 
♦ 171 + 400 4 425 4 427 4 439 4 452 4 447 + 438 + 432 ♦ 421 
+ 188 397 4 416 4 449 4 439 4 450 4 447 + 439 + 431 + 418 
4- 212 + 399 4 399 4 464 4 438 4 445 4 442 ♦ 436 + 428 + 425 
4» 233 4* 401 4 400 4 475 4 441 4 447 4 444 + 438 + 430 + 425 
4- 260 4* 39 5 4 395 4 482 4 442 4 446 4 446 ♦ 440 + 432 + 427 
+ 284 4 394 4 396 4 509 4 453 4 443 4 467 + 465 ♦ 453 + 442 
+ 331 4 393 4 395 4 512 4 421 4 449 4 445 436 + 429 423 
+ 370 4 392 4 394 4 525 4 409 4 454 4 449 440 + 433 ♦ 428 
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Table 4.2 continueè 

SYNCHRONOUS STIMULATION 3 PULSES PER BURST BOTH VAGI I 

1 P-ST 1 P-PC j P-Pl 1 P-P2 I P-P3 I 

s
r 

CL 
1 

CL 1 P-P5 I P-P6 P '-P7 P '-PS 

+ 385 ♦ 393 ♦ 395 ♦ 396 4* 396 + 398 ♦ 397 + 391 4 39 4 ■f 395 
+ 388 + 400 ♦ 398 + 777 + 386 + 438 + 472 4* 469 4 459 + 443 
♦ 40 + 398 ♦ 805 388 ♦ 429 ♦ 464 4- 462 + 453 4 443 + 437 
+ 65 399 + 811 ♦ 392 ♦ 431 465 ♦ 462 4» 453 4 443 + 439 
+ 87 + 401 + 827 ♦ 391 ♦ 432 + 466 + 464 ♦ 454 4 444 + 439 
+ 114 ♦ 398 + 849 ♦ 402 + 433 ♦ 464 463 ♦ 454 4 443 ♦ 436 

141 400 + 869 + 408 + 440 + 464 ♦ 462 453 4 442 + 435 
+ 165 ♦ 397 + 881 + 404 + 435 + 470 ♦ 468 + 458 4 448 441 
+ 185 + 398 ♦ 905 ♦ 407 + 437 + 471 + 469 4* 459 4 450 442 
♦ 212 ♦ 399 420 + 635 + 371 + 456 475 + 466 4 454 440 

198 + 398 917 + 41 1 + 444 + 474 + 467 4* 459 4 449 + 443 
•1“ 201 + 397 ♦ 916 ♦ 412 ♦ 441 473 + 468 4* 460 4 450 + 444 
♦ 235 399 + 401 ♦ 664 ♦ 364 ♦ 449 4- 475 + 466 4 456 + 442 
♦ 262 + 395 + 397 + 68 5 + 365 + 438 4* 469 4 465 4 454 446 
+ 288 397 ♦ 398 + 696 ♦ 370 + 437 4» 469 4* 468 4 458 + 449 

31 1 + 398 ♦ 400 ♦ 711 + 379 + 444 4* 466 4- 463 4 454 ♦ 443 
♦ 332 400 + 400 ♦ 720 + 376 4- 433 + 467 4 462 4 452 + 441 
♦ 360 ♦ 397 397 + 743 + 378 + 428 + 463 4 460 4 449 + 439 
♦ 380 + 400 + 401 749 381 4* 438 4- 473 4 469 4 458 449 



Table 4.3s Data 

116 

SYNCHRONOUS STIMULATION 5 PULSES PER BURST RIGHT VAGUS 

1 P-ST i P-PC I p-PI 1 P-P2 F '-P3 P -P4 1 P-P5 P -P6 P -P7 P '-PS 

+ 380 + 396 391 4 393 4 395 4 397 4 398 4 397 4 399 ♦ 400 
+ 390 + 400 ♦ 401 4 837 4 413 4 433 4 468 4 467 4 459 + 449 
+ 39 + 398 + 869 4 413 4 434 4 467 4 465 4 458 4 451 ♦ 443 

65 + 399 + 891 4 416 4 436 4 471 4 472 4 463 4 453 ♦ 4 42 
+ 89 ♦ 398 + 896 4 418 4 436 4 469 4 469 4 459 4 446 + 438 
+ 11 1 ♦ 393 + 913 4 422 4 432 4 464 4 465 4 457 4 449 ♦ 437 

136 400 + 940 4 416 4 434 4 467 4 466 4 456 4 448 ♦ 441 
+ 165 + 398 + 953 4 424 4 441 4 474 4 471 4 461 4 445 + 439 
+ 187 396 + 463 4 600 4 366 4 441 4 474 4 470 4 458 + 443 
+ 177 + 402 + 958 4 419 4 436 4 471 4 467 4 458 4 450 + 442 
+ 184 ♦ 396 4* 961 4 429 4 441 4 473 4 470 4 452 4 446 + 438 
+ 198 + 396 4* 425 4 680 4 368 4 446 4 471 4 460 4 454 + 444 
+ 212 + 396 4* 409 4 707 4 358 4 441 4 473 4 467 4 458 + 449 
+ 236 + 417 4- 413 4 717 4 362 4 449 4 474 4 467 4 455 + 446 
+ 261 ♦ 390 + 389 4 735 4 367 4 422 4 458 4 456 4 449 441 
♦ 287 + 393 391 4 748 4 381 4 434 4 467 4 461 4 450 ♦ 444 
+ 333 ♦ 396 + 398 4 773 4 378 4 427 4 464 4 463 4 454 444 
♦ 361 + 396 4* 397 4 792 4 386 4 431 4 466 4 464 4 455 ♦ 447 
♦ 382 + 398 4* 397 4 800 4 390 4 429 4 465 4 464 4 454 446 

SYNCHRONOUS STIMULATION 5 PULSES PER BURST LEFT VAGUS 

P -ST P -PC P -PI P -P2 P -P3 P -P4 P -P 5 P -P6 P -P7 P -P8 

4* 390 + 400 4 400 4 638 4 385 4 454 4 468 4 458 ♦ 447 438 
4* 38 4* 39 5 4 673 4 390 4 443 4 461 4 451 4 441 432 + 427 
4* 65 4* 398 4 699 4 397 4 454 4 460 4 451 4 440 ♦ 432 + 428 
4* 94 4* 399 4 715 4 392 4 454 4 464 4 453 4 441 433 429 
+ 112 •4 393 4 723 4 403 4 450 4 461 4 451 4 439 ♦ 431 + 425 
+ 140 + 396 4 710 4 409 4 451 4 469 4 458 4 446 + 438 + 430 
4* 164 4 389 4 420 4 493 4 439 4 459 4 457 4 445 + 432 + 426 
4» 154 4 398 4 457 4 463 4 436 4 457 4 457 4 447 + 436 + 429 
♦ 185 4 398 4 409 4 522 4 445 4 454 4 455 4 444 + 434 + 429 
+ 213 4 39 5 4 389 4 543 4 418 4 457 4 455 4 444 ♦ 435 + 430 
4* 234 4 390 4 388 4 546 4 377 4 449 4 457 4 447 + 436 + 430 
♦ 265 4 39 5 4 395 4 566 4 390 4 455 4 456 4 447 ♦ 437 + 429 
4- 290 4 391 4 391 4 576 4 383 4 450 4 459 4 449 + 440 ♦ 433 
4* 332 4 390 4 392 4 596 4 385 4 451 4 457 4 443 + 436 + 428 
4- 361 4 393 4 392 4 615 4 388 4 450 4 460 4 442 + 434 4* 427 
4- 379 4 39 5 4 39 4 4 62 5 4 379 4 445 4 458 4 445 + 434 + 425 
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Table 4.3 continued 

SYNCHRONOUS STIMULATION 5 PULSES PER BURST BOTH VAGI I 

1 P-ST j P-PC P-Pl j P-P2 I P-P3 P • -P4 i P-P5 P --P6 j P-P7 P l-P8 

4 422 4 433 + 432 4 867 4 419 4 463 4* 493 4 49 4 4 486 4 479 
4 41 4 425 + 897 4 423 4 465 4 496 4 495 4 489 4 480 4 472 
4 66 ♦ 427 + 913 4 428 4 465 4 497 4» 496 4 491 4 480 4 473 
4 89 4 429 + 924 4 427 4 464 4 496 4* 497 4* 488 4 479 4 470 
4 117 4* 433 + 949 + 440 4 473 4 497 4* 496 4* 487 4 479 4 472 
4 139 4 434 + 968 4 441 4 471 4 497 4* 496 4* 489 4 479 4 472 
4 163 4 428 + 981 4 431 4 467 4 499 4* 500 4 493 4 483 4 475 
4 188 4* 434 + 1002 4 442 4 471 4 500 4 493 4 486 4 477 4 470 
4 217 4» 433 + 1028 4 456 4 481 4 505 4 497 4 487 4 479 4 472 
4 238 4* 434 + 448 4 720 4 385 4 480 4 501 4 497 4 487 4 477 
4 227 4 432 + 478 4 656 4 379 4 475 4* 507 4 501 4 490 4 480 
4* 222 4 433 + 1029 4 454 4 482 4 506 4' 501 4 490 4 47 4 4 470 
4 267 4 435 + 436 ♦ 746 4 378 4 465 4 499 4 496 4 486 4 477 
4 289 4 428 + 428 4 765 4 381 4 462 4- 498 4 49 5 4 489 4 479 
4 310 4 433 + 433 4 777 4 39 5 4 471 4 500 4 49 1 4 485 4 476 
4 338 4 433 + 432 4 791 ♦ 387 4 460 4» 496 4 495 4 485 4 476 
4 365 4 432 + 433 4 810 4 404 4 469 4 502 4 49 4 4 484 4 477 
♦ 391 ♦ 429 + 432 4 832 4 401 4* 464 4 500 4 498 4 490 4 479 
4 415 4 429 + 431 4 845 4 409 4* 464 4- 499 4 499 4 488 4 479 
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Table 4.4: Mean Control Heart Period and Standard Deviation 
from Synchronous Stimulation 

Mean .Heart period (msec) 

1 PPB, Right Vagus 

Left Vagus 

Combined 

3 PPB, Right Vagus 

Left Vagus 

• Combined 

5 PPB, Right Vagus 

Left Vagus 

Combined 

416.08+2.43 

414.36+2.16 

410.08+3.55 

403.29+3.29 

397.69+3.00 

398.11+1.91 

397.79+5.41 

394.69+3.44 

413.26+2.88 

Table-4.5: Inhibition Curve Characteristics (dog ,^3) 

Peak Magnitude* Peak Occurrence* 
Primary Secondary /[ Primary Secondary 

1 PPB, RV 0.48 0.18 0.40 1.4 3.5 

LV 0.12 0.07 0.40 1.0 3.5 

BV 0.4? 0.17 0.40 1.3 3.5 

3 PPB, RV 1.14 0.19 0.40 1.7 5.0 

LV 0.48 0.15 0.45 1.3 3.6 

BV 1.30 0.19 0.45 1.8 5.0 

5 PFB, RV 1.40 0.19 0.45 2.0- 5.5 

LV 0.84 0.18 0.45 1.6 4.5 

BV 1.36 0.17 0.40 1.9 5.5 

*Note: Normalized to Control heart Period . See Table 4.4 
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Table 4.6s Synchronous Stimulation Model Parameters 
(Refer to Figures 2.3 and 2.5 for Circuit 
Diagram) 

Bonhoffer Van der Pol Model *: (Figure 2.3) 

a = 0.2410 

b = 0.0597 

$= 0.9995 

£= 3.6580 

Neural Transmitter Model: (Figure 2.5) 

kj,** V* K1 K2 
T*** 

1 PPB 0.35 
(8.75) 

.005 
(.125) 

.16 
(4.0) 

.14 .0974 14.4 
(.576) 

3 PPB 0.35 
(8.75) 

.005 
(.125) 

.16 
(4.0) 

.2965 .1142 27.8 
(1.10) 

5 PPB 0.35 
(8.75) 

.005 
(.125) 

.16 
(4.0) 

.3443 .1129 31.2 
(1.25) 

♦Note: Time scaled by 1000 to provide a basic period of 
approximately 10msec. 

♦♦Note: Units for values not in parentheses are msec-*; 
values in parentheses are time scaled to a basio 
heart period of 400msec and their units are sec~l. 

♦♦♦Note: Units for values not in parentheses are msec; 
values in parentheses have the units of sec. 
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Table 4.7: Delays Added to Model Inhibition Curves and 
Relative Error between Model and Data Inhibition 
Curves. 

Added Delay* Rleatlve Error* 

PPB 

C
M
 

H
 • .0704 

PPB .375 .0899 

PPB .469 .156 

* Note: These values are normalized to the control heart 
period. The relative error is the average error 
per data point. 



Table 4.8: Data 
122 

ASYNCHRONOUS STIMULATION 3 PULSES PER BURST BOTH VAGII 

P-ST P-P 

4 184 4 901 4* 

4 4 57 5 4 

♦ 4 566 4 

4 176 4 893 4 

♦ 4 577 4 

4 4» 567 4* 

4 173 4 892 4 

4 4 575 4 

4 4 754 4» 

4 4 578 4 

♦ 383 4 580 4 

4 4 625 4* 

4 4 571 4 

4 333 4 748 4* 

4 4 426 4» 

4 4» 564 4 

4 4 595 4 

♦ 283 4* 965 4 

4 4» 592 4 

4 291 4 976 4 

4 4* 59 4 4 

4 286 4» 970 4* 

♦ 4 593 4» 

4 288 4 971 4» 

4 177 4 867 4 

4 4» 585 4* 

4 180 4 871 4 

4 4* 585 4 

4 178 4 869 4- 

4 4“ 584 4 

4 179 4» 869 4 

4 4* 589 4 

4 4 588 4 

4 123 4 823 4 

4 4 588 4 

4 120 4 820 4 

4 4 588 4 

4 120 4* 818 4 

4 4* 589 4 

4 122 4- 819 4 

P-R ST-ST P-PM 

09 
07 
11 
11 
09 
12 
12 
06 +2034 + 693 

14 
09 

1 
61 
13 
15 
29 
26 +1726 + 605 

12 
15 
13 
17 
13 
14 
12 
16 +1565 + 782 

16 
13 
17 
13 
15 
12 
16 
13 +1455 + 727 

14 
17 
11 
14 
13 
17 
14 

1 17 + 1408 + 704 
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Table 4.8 continued 

4 4 591 
4 41 4 764 
4 4 588 
4 41 4 761 
4 4 592 
♦ 40 4 767 
4 4 591 
4 34 4 759 

4 4 728 
4 575 4 593 
4 4 724 
4 57 5 4 594 
4 4 724 
4 574 4 594 
4 4 721 
4 576 4 594 

4 524 4 594 
4 4 693 
4 518 4 593 
4 4 689 
4 517 4 593 
♦ 4 687 
♦ 519 4 593 
4 4 687 

4* 485 4 593 
4 4 666 
4 483 4 596 
4 4 665 
4* 478 4 594 
4 4 664 
4 475 4 597 
4 4 6 58 

4 4 608 
+ 425 4 604 
4» 4 613 
+ 424 4 603 
4* 4 615 
4- 423 4 605 
4* 4 612 
4* 422 4 605 

4» 4 565 
4- 401 4 636 
+ 4 551 
+ 407 4 633 
4* 4 559 
4- 408 4 631 
4 4 563 
4 407 4 636 

+ 115 
+ 117 
+ 115 
+ 1 18 
+ 115 
+ 116 
+ 114 
+ 117 +1352 

+ 117 
+ 115 
+ 118 
+ 117 
+ 118 
+ 114 
+ 116 
+ 115 +1317 

+ 118 
+ 119 
+ 115 
♦ 118 
+ 117 
+ 120 
+ 1 18 
+ 120 +1281 

+ 118 
+ 126 
+ 1 18 
+ 125 
+ 116 
+ 129 
+ 118 
+ 134 +1257 

+ 153 
+ 120 
♦ 152 
+ 119 
+ 150 
+ 117 
+ 152 
+ 119 +1216 

+ 144 
+ 120 
+ 146 
+ 122 
+ 148 
+ 122 
♦ 148 
+ 122 

+ 676 

+ 659 

+ 641 

♦ 629 

+ 608 

+ 1193 + 59 6 



Table ^.8 continued 

+ 390 + 673 + 

♦ + 508 4- 

•f 383 + 695 4- 

♦ + 479 + 

+ 382 + 720 + 

4- + 461 4- 

+ 375 753 + 

4- + 435 4* 

+ 369 + 7 58 4- 

+ + 440 4* 

+ 320 997 4* 

4* 472 + 614 4- 

+ 638 4* 

♦ 367 + 666 4* 

+ 488 + 

+ 361 + 823 4* 

435 + 620 + 

597 + 

♦ 319 + 982 4- 

+ 437 + 621 4- 

+ ♦ 596 4- 

+ 320 984 + 

4* 436 + 617 4* 

+ 601 4- 

+ ♦ 552 4- 

4* 289 4“ 954 4* 

4- 399 + 627 4- 

4* 4» 546 + 

♦ 291 + 952 4- 

+ 403 + 624 + 

+ 4- 561 4« 

♦ 283 + 950 4* 

+ 363 4* 674 4- 

+ 4* 472 4- 

252 4- 922 4- 

+ 364 4* 670 ♦ 

+ 4- 484 4* 

245 4* 922 4- 

♦ 358 4* 678 + 

♦ 4* 467 4* 

4- 4* 451 4- 

+ 222 + 898 4- 

+ 350 + 723 + 

4- 446 4* 

+ 207 4- 887 + 

+ 346 4* 733 + 

+ ♦ 443 4- 

♦ 194 4“ 875 ♦ 

124, 

+1174 + 590 

+1149 + 678 

+1101 + 702 

+1064 ♦ 720 

+1035 ♦ 661 

27 
39 
24 
34 
26 
31 
28 
13 

24 
15 
28 
17 
43 
20 
37 
26 

17 
47 
20 
18 
47 
20 
16 
46 

42 
21 
18 
43 
22 
17 
41 
19 

17 
32 
25 
18 
32 
24 
16 
29 

24 
27 
19 
22 
28 
16 
19 
27 + 1026 4* 682 
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Table 4,8 continued 

+ 1 54 + 947 + 
+ 55 + 776 4* 
+ 126 + 822 + 
+ 152 + 950 + 

♦ 266 + 923 4* 
266 + 924 4- 

+ 265 + 920 4» 
267 + 920 + 

264 + 911 4» 
266 + 913 4* 

♦ 266 + 909 + 

270 + 914 ♦ 

+ 252 + 910 4* 
♦ 324 + 793 4* 
♦ 514 + 622 4- 
+ + 647 4* 

+ 8 + 735 + 
+ 5 + 732 + 
+ 5 + 733 + 
+ 5 + 734 4- 

+ 481 + 634 + 
+ 481 + 636 4* 
+ 478 + 634 4- 
+ 478 + 632 + 

+ 360 + 871 4» 
♦ 51 + 4“ 
4* 612 + 800 ♦ 

♦ 373 + 864 4* 

+ 71 + 4- 

632 + 809 + 

♦ 397 + 4* 

♦ 906 + 1017 4- 

4* 398 + 4- 

+ 907 + 1008 4» 

4- 408 + 4- 

+ 917 + 1022 4- 

+ 405 + 4- 

+ 914 + 1017 4* 

16 
17 
17 
15 + 848 ♦ 873 

15 
15 
14 
16 + 923 + 921 

15 
16 
14 
13 +913 +911 

15 
13 
20 
22 + 982 + 743 

16 
16 
16 
17 + 732 + 733 

40 
38 
38 
39 + 634 + 634 

41 
19 

40 
22 

+ 562 + 836 

97 

96 

94 

96 
+ 509 +1016 
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Table 4.8 continued 

4 235 4 + i 

4 642 + 960 4 

4 90 4 4 i 

4 498 4 4* 

4 905 + 1090 4 

4 223 4 4 i 

4 630 + 948 4* 

4 90 + 4 i 

4 497 4 4* 

4 905 + 1079 4 

4 126 4* 4 i 

4 495 4 4 

4 864 + 1095 4 

4 138 4 4 i 

4 507 + 4 

4 876 + 1109 4 

4 136 4 4 i 

4 505 + 4 

4 874 + 1111 4 

4 132 + 4 i 

4 501 ♦ 4 

4 870 + 1109 4 

4 47 + 4 i 

4 386 + 4 

4 725 + 4 

+ 1065 + 1117 4 

4 287 ♦ 4 i 

4 626 4 4 

4 966 + 1179 4 

4 126 4 4 i 

4 465 + 4 

4 805 + 1115 4 

4 29 4* 4 1 

4 369 4 4 

4 708 4 4 

+ 1047 + 1128 4 

+ 407 +1019 

+ 369 +1106 

+ 339 +1134 

07 

06 

09 

05 

11 

08 

10 

11 

30 

25 

33 

29 



Table 4,9: Saturation Curves 

Saturation on the Total Response* 

Input Output 

lx 1.47 V 1.47 V 

3x 4.41V 3.12V 

5x 7.35V 3.62V 

Saturation on the Secondary Response 

Input Output 

lx 0.845V 0.845V 

3x 2.53V 0.975V 

5x 4.22 V 0.975V 

*Note: See Figure 2.8 (Asynchronous Forcing Model with 
Saturation Effects) 
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Table 4.10: Model 

ASYNCHRONOUS STIMULATION 1 PULSES PER EURST 

P-ST P-P P-R ST-ST P-PM 

+ + 1137 + 
+ +1012 + 
+ +1020 + 
+ 84 + 1190 + 
+ + 1008 + 
+ + 1022 + 
+ 200 + 1227 + 
+ +1005 + +3336 +1077 

+ + 1011 + 
+ 1014 +1022 + 
+ + 1160 + 
+ + 1014 + 
+ 881 + 1042 + 
+ +1116 + 
+ + 1017 + 
+ 770 + 1119 + +3063 +1062 

+ 609 + 1192 + 
+ + 1040 + 
+ + 1024 + 
+ 199 +1213 + 
+ + 1015 + 
+ 817 + 1087 + 
+ + 1092 + 

+ 1021 + +2846 +1085 

+ 1032 + 
+ + 1025 + 
+ 113 +1192 + 
+ + 1018 + 
+ 718 + 1153 + 
+ +1064 + 
+ + 1024 + 
+ 292 +1231 +2815 + 1092 

+ +1017 + 
+ 709 + 1151 
+ +1064 + 
+ +1027 + 
+ 204 +1213 + 
+ + 1019 + 
+ 7 09 + 1155 + 
+ + 1064 + +2737 +1088 



+
+

+
+

+
+

+
+
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Table 

+ 246 
+ 
+ 674 

+ 
+ 91 

+ 55^ 

+ 
+ 2 57 
+ 
+ 476 
+ 
+ 691 
+ 

+ 
+ 623 
+ 
+ 782 
+ 
+ 972 
+ 
+ 

+ 776 
+ 
+ 947 
+ 
+ 
+ 116 
+ 
+ 2 77 

79 

80 

79 

78 

+ 
+ 499 
+ 
+ 264 

.10 continued 

+ 1218 + 
+ 1021 + 
+ 1164 + 
+ 1058 + 
+ 1027 + 
+ 1182 + 
+ 1021 + 
+ 1199 + 

+ 1028 + 
+ 1211 + 
+ 1028 + 
+ 1204 + 
+ 1038 + 
+ 1150 + 
+ 1067 + 

+ 1042 + 
+1169 + 
+ 1060 + 
+ 1108 + 
+1089 + 
+1033 
+1139 + 
+ 1029 + 

+ 1108 + 
+1090 + 
+1035 + 
+1134 + 
+1031 + 
+ 1179 + 
+ 1030 + 
+1208 + 

+1035 + 
+1164 + 
+1035 + 
+1165 + 
+1037 + 
+1165 + 
+1037 + 
+1166 + 

+1083 + 
+1173 + 
+1060 + 
+1186 

+2667 +1111 

+2458 +1109 

+2388 +1083 

+2369 +1101 

+2200 +1100 

+1998 +1125 



Table 4.10 continued 

+ +1124 + 
+ 579 + 1156 + 
+ +1075 + 
+ 162 +1165 + 

+ 201 + 1166 
+ 777 +1109 + 
+ +1095 + 
+ 315 + 1174 + 

+ 919 + 1080 + 
+ + 1113 + 
+ 373 + 1168 + 
+853 +1093 + 

+ 800 + 1109 + 
+ + 1098 + 
+ 197 + 1162 + 
+ 64o +1145 + 

+ 179 +1159 + 
+ 565 +1157 + 
+ 953 +1086 + 
+ +1118 + 

+ 813 +1113 + 
+ +1099 + 
+ 69 +1143 
+ 395 +1164 

+ +1072 + 
+ 4 +1121 + 
+ 211 +1154 + 
+ 385 +1155 + 

+ 144 +1143 + 
+ 278 +1158 + 
+ 398 +1152 + 
+ 524 +1138 + 

+ 107 +1132 + 
+ 108 +1132 + 
+ 110 +1133 + 
+ 110 +1133 + 

+ 338 +1149 + 
+ 289 +1147 + 
+ 241 +1145 + 
+ 196 +1141 

+1814 

+1742 

+1647 

+1604 

+1545 

+1468 

+1328 

+12 77 

+1133 

+1100 

+1130 

+1136 

+1113 

+1128 

+1130 

+1129 

+1125 

+1147 

+1132 

+1145 
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Table 4.10 continued 

+ 505 +1143 + 
+ 427 +1147 + 
+ 344 +1147 + 
+ 261 +1147 + 

+ 340 + 1147 + 
+ 232 +1143 + 
+ 127 +1143 + 
+ 33 + + 
+1071 +1121 + 

+ 461 +1146 + 
+ 245 +1141 + 
+ 33 + + 
+ 962 +1125 + 
+767 +II36 + 

+ 508 +1156 + 
+ 94 + + 
+ 837 +1158 + 
+ 421 +1152 + 
+ 12 + + 
+755 +1159 + 

+ 39 + + 
+ 624 +1163 + 
+ 46 + + 
+ 632 +1162 + 
+ 55 + + 
+ 640 +1164 + 
+ 61 + + 
+ 646 +II65 + 

+1065 

+1039 

+930 

+ 742 

+ 585 

+1146 

+1136 

+1137 

+1156 

+1163 
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Table 4.11: Model 

ASYNCHRONOUS STIMULATION 3 PULSES PER BURST 

P-ST p-p P-R ST-ST P-PM 

+ +1209 + 
+ +1016 + 
+ 241 +1306 + 
+ +1026 + 
+ 393 +1334 + 
+ +1035 + 
+ 508 +1328 + 
+ + 1046 + +2484 +1162 

+ +1034 + 
+ 311 +1315 + 
+ +1034 + 
+ 312 +1314 + 
+ +1034 + 
+ 313 +1314 + 
+ +1034 -h 
+ 314 +1316 + +2350 +1174 

+ +1030 + 
+ 175 +1273 + 
+ +1030 4* 
+ 172 +1271 + 
+ +1030 + 
+ 172 +1270 + 
+ +1029 + 
+ 173 +1270 + +2300 +1150 

+ +1199 + 
+1003 +1025 + 
+ +1197 + 
+1003 +1026 + 
+ +1197 + 
+1002 +1025 + 
+ +1195 + 
+1004 +1023 + +2222 +1110 

+ 92 7 +1030 + 
+ +1169 + 
+ 927 +1031 + 
+ +1170 + 
+ 926 +1033 + 
+ +II69 + 
+ 925 +1033 + 
+ +1168 + +2199 +1100 
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Table 4. 11 continued 

+ + 1105 + 
+ 708 + 1248 + 
+ + 1079 + 
+ 560 +1296 + 

+1059 + 
+ 384 + 1306 + 
★ + 1044 + 
+ 212 + 1275 + 

+ 513 +1288 + 
+ + 1056 + 
+ 245 +1278 + 
+ +1040 + 
+ 4 + 1199 + 
+ 881 + 1062 + 
+ + 1142 + 

+ 305 +1276 
+ 928 + 1056 + 
+ + 1151 + 
+ 620 + 1265 + 
+ + 1066 + 
+ 190 +1251 + 
+ 841 + 1109 + 
+ + 1117 + 

+ +1171 + 
+ 394 +1261 + 
+ 732 + 1213 + 
+ + 1080 + 
+ 37 + 1195 + 
+ 439 + 1264 + 
+ 773 + 1180 
+ + 1088 + 

+ 190 + 1215 + 
+ 271 + 1228 + 
+ 338 +1234 
+ 400 + 1235 + 

+ 155 + 1201 + 
+ 156 + 1201 + 
+ 157 + 1201 + 
+ 158 + 1201 + 

+125 +1192 + 
+ 126 +1194 + 
+ 125 + 1193 + 
+ 124 + 1192 + 

+2179 

+2076 

+1899 

+1599 

+1296 

+1202 

+1176 

+1143 

+1161 

+1181 

+1228 

+1201 

+1193 +1192 
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Table 4.11 continued 

+ 87 + 1182 + 
+ 87 +1184 + 
+ 84 + 1182 + 
+ 84 + 1182 + 

+ 34 +1169 + 
+ 32 + 1168 + 
+ 31 + 1168 + 
+ 29 +1160 + 

+1042 +1132 + 
+1042 +1132 + 
+ 1042 +1131 + 
+1043 +1132 + 

+1017 +1129 + 
+1017 +1129 + 
+1017 + 1128 + 
+1018 +1127 + 

+ 925 + 1128 + 
+ 918 +1130 + 
+ 910 +1129 + 
+ 903 + 1133 + 

+ 320 + + 
+1139 + 1209 + 
+ 750 + 1262 + 
+ 307 + + 
+1127 +1207 + 
+ 740 + 1255 + 
+ 305 + + 
+1124 +1201 + 
+ 743 +1250 + 
+ 313 + + 
+1132 + 1204 + 
+ 7 41 + 1255 + 

+1182 

+116? 

+1132 

+1129 

+1121 

+ 819 

+1182 

+1168 

+1131 

+1128 

+1130 

+1230 
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k.2t Iah Left, 1 PPBi A) eoAbinad., 
Stimulation 
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FIGURE 4.3: Inhibition Curve8, Data, 3 PPB| Bight. 
B) Left, C) Combined Vagal Stimulation 
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PIGUHE 4.4: Inhibition Curves» Data» 5 FPB; A) Right, 
B) Left, C) Combined Vagal Stimulation 
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Figure 4.8* Inhibition Curve Sight Vagus, Data-Points, 
Hodel~GontinuoU9,A) 1 PPB, B) 3 PPB, 
C) 5 PPB 
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Figure 4,9: Synchronous Stimulation: Upper trace is state 
variable, x..(t), of BVP model; Lower trace is 
forcing function, A)P-ST delay is zero, B)P-ST 
delay is larger than A, first period is largest, 
C)P-ST delay larger than B, second period is largest 



Figure 4,10: Asynchronous Stimulation, Right Vagus, Experi 
mental Data 
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Figure 4.11: Asynchronous Stimulation, Left Vagus, 
Experimental Data 
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Chapter 5 

Summary 

5.0 Summary of Results 

A.) The results from cervical vagal stimulation for both 

synchronous and asynchronous stimulus protocols have been 

presented in Chapter 4. These experiments were performed 

in a similar manner to those performed by Dong and Reitz (16) 

As in (16), the beta-receptor blocking agent propranolol 

(1.0mg/kg, i.v.) was administered prior to the experiment 

to eliminate sympathetic influences on heart rate. The 

data obtained from the synchronous stimulation protocol is 

presented in the form of Inhibition curves as described by 

Brown and Eccles (11). The pacemaker curves are also pre¬ 

sented and, as discussed in Section 4.2, any loss of infor¬ 

mation in expressing the synchronous results totally in 

terms of inhibition curves is insignificant and can be 

neglected. The inhibition curves, of course, also contain 

information that is not included in pacemaker curves (ie., 

pacemaker curves describe the phasic change in heart period 

to stimulus interval for only two cardiac cycles; whereas, 

the Inhibition curve describes this phasic relationship 

for as many cardiac cycles following stimulation as required) 

The experimental results obtained in this study, when 

expressed in the form of pacemaker curves, compare quite 

favorably with the results presented by Dong and Reitz (16). 

Likewise, these results, when displayed in the form of inhi- 
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bition curves also agree quite well with results obtained 

by many other Investigators (9. 11. 15). They are essen¬ 

tially of the double wave type described first by Brown 

and Eccles(ll), see Figure 1.8b. The Inhibition curves 

obtained from right vagal stimulation for 1, 3. and 5 

pulses/burst with the ordinate value plotted logarithmically 

are in Figure 5*1 thru 5*3» When a straight line is used 

to approximate the decaying part of the secondary wave 

(best fit by eye) it is seen to intersect the primary peak 

at a value much less than the maximum value. The time 

constants for the straight line approximation for each 

inhibition curve secondary wave decay in Figure 5*1 thru 5*3 

are given in Table 5»1« These values are very nearly the 

same, and they agree quite well with values presented by 

Table Single Exponential Decay Approximation 
for the Secondary Wave of Inhibition 
Curves from Right Vagal Stimulation. 

Time Constants 
Normalized Real Time* 

1 Pulse/burst 7»52/pc 

3 Pulses/burst 6.85/p( 

5 Pulses/burst 6.9/p0 

3.0 sec 

2.?4 sec 

2.76 sec 

♦Note: Real time assumes control heart period 
of 400msec. 

Glaze and Dong (9), le., from Table 1.3 the average value 

is 3.15 sec. From Table 4.5» the peak magnitude of the 

secondary peak is approximately the same for right vagal 

stimulation for 1, 3» and 5 pulses/burst. The difference 
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In the secondary wave is the shift in the time of occurrence 

for the secondary peak maximum as the number of pulses/burst 

increase from 1 to 5 (Table 4.5). The higher the number 

of pulses the greater delay to maximum peak value. The 

major changes in the inhibition curve, as the number of 

pulses/burst are increased, are the increased magnitude of 

the primary wave, the increased magnitude of the negative 

dip between the primary and secondary waves, and the shift 

in the secondary wave. The shape and magnitude of the 

secondary waves is apparently invariant to Increased amounts 

of neural transmitter present at the node. 

Asynchronous stimulation was performed in accordance 

with the procedures outlined by Deng and Reitz (16). The 

results from this stimulation are presented in Figure 4.10 

thru 4.12. The salient characteristics for these curves 

are (1) the increased magnitude and (2) the increased width 

of the entrainment zone for an increase in the number of 

pulses/burst. The higher harmonic entrainment region 

generally tends to be broader than the subharmonic entrain¬ 

ment region for the same ratios of entrainment ie., the 

2:1 zone is larger than the 1:2 zone of entrainment in 

Figure 4.10. The first two characteristics specified above 

agree qualitatively with the results obtained by Dong and 

Reitz (16); however, relative size of the 2:1 and 1:2 en¬ 

trainment zones was not discussed nor was it present in their 

data. It is likely that due to the small number of data 

points obtained by Dong and Reitz in these regions this 
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phenomenon was not noticed. 

B.) The model described in Chapter 2 was tested with both 

synchronous and asynchronous stimulation protocols. The 

results of these simulations are described in Chapter 4. 

For synchronous stimulation the model was capable of matching 

the experimental results almost perfectly. See Figure 4.8. 

The model presented here is the only model which is known 

to be capable of reproducing these inhibition curves. Other 

models have been presented (Weaver and Dong (20)..Glaze and 

Dong (9) ) which have a basic oscillatory nature, as does the 

model presented here; however, only pacemaker curves could 

be matched by these Investigator’s models. The pacemaker 

curve only describes how the model responds during the period 

of stimulation and part of the following period. Glaze and 

Dong state specifically that further research must be done 

in order to describe the dip between primary and secondary 

peaks, (9» PS 98). Weaver and Dong presented simulation 

data in the form of an inhibition curve. This curve did 

possess a two exponential decay but no dip. 

The response of the model presented here to asynchronous 

stimulations is also recorded in Chapter 4, Figure 4.13 

and Tables 4.10 and 4.11. It is evident from the data in 

Tables 4.10 and 4.11 that the model can be entrained at the 

fundamental as well as at higher and subharmonics. However, 

the range over which entrainment occurred was less for the 

model than for the experimental data. It may be possible 
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to Improve on the range of entrainment by changing the satu¬ 

ration curves or by placing a saturation effect on the out¬ 

put of each forcing function individually rather than is 

done in Figure 2.7a. The model does, however, have the same 

relative response to an increase in the number of pulses/burst 

in the asynchronous response as does the data, ie., frequency 

entrainment zones are broadened and the magnitude of the 

curve is elevated. 

5.1 Characteristics of the Model 

The basic Bonhoffer Van der Pol equation was chosen as 

the lowest order model capable of exhibiting limit cycle 

behavior yet complex enough to allow a certain degree of 

freedom to choose the character of the solution. See dis¬ 

cussion in Chapter 2 and Appendix B. The output of this 

oscillator, state variable x^, was treated as an analog to 

the idealized membrane voltage of the SA node without 

attempting at any time to fit values of x^(t) to the mem¬ 

brane voltage. The output of the model was viewed in terms 

of the occurrence of an event in the cycle, namely the zero 

crossing of Xi(t) with positive slope. Other oscillator 

models have used a piece-wise approximation without trying 

to mimic the SA nodal transmembrane potential (Glaze and 

Dong (16) ) whereas the model by Weaver and Dong (20) used a 

slight variation on Noble*s model for Purkinje fibers in 

order to model the SA nodal potential. Where the former 

model is relatively simple, first order; the latter is a 
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non-linear fifth order differential equation. The model 

presented here lies between these two models as regards 

complexity; yet its complexity is sufficient for a macro¬ 

scopic investigation of cardiac pacemaker activity. 

The forcing function in the model was chosen to éause an 

increased oscillation period which would mimic the inhibition 

curves. This was done by constructing a two part forcing 

function; a short duration function to represent the build¬ 

up and decay of the neural transmitter and a delayed slower 

function to represent a secondary membrane response to the 

initial neural transmitter presence. This choice of forcing 

functions differs from that chosen by Weaver and Dong (20) 

which was adapted from the Warner and Cox (13) equation for 

SA nodal stimulation. The presence of Ach corresponds to 

the variable Cg in equation (1.29)» where the impulse res¬ 

ponse of this equation (for fv =0) is a single decaying 

exponential with time constant equal to V2/X9. The two 

potassium channels then had their conductances decreased 

in proportion to the state variable Cg» The time constant 

(V2/kq) was specified by Weaver and Dong to be 0.6sec 

(Warner and Cox used 2.5sec) for which they obtained a two 

exponential decay inhibition curve with time constants of 

0.6sec and 2.5sec. There was however no dip predicted. 

The second time constant (2.5sec) of the inhibition curve 

was obtained with the addition of the variable Ec (a func¬ 

tion of the potassium current) to Noble*s model. Glaze and 
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Dong (9) used a series of three forcing functions, from a 

linear (simple exponential) to a nonlinear system with 

saturation effect Included. The forcing of the first order 

nodal system (see equation (1.42) ) was direct. The time 

constants for decay (from single stimulus) for the three 

forcing functions are 0.722, 0.495» and 0.502 sec (from 

least to most complex)• Since the Glaze and Dong model is 

only first nrder, the response from a single stimulus will 

decay over several cycles, with a time constant of approxi¬ 

mately the same value as the decay of the forcing function. 

Inhibition curves were not presented by Glaze and Dong, 

however; their simulation results were presented only as 

pacemaker curves. 

The model presented in this study has a two component 

forcing term. An initial primary function whinh produces 

the primary wave of the inhibition curve, and the secondary 

delayed function producing the secondary wave of the inhibi¬ 

tion curve are the two components. The interaction of the 

primary and secondary forcing function causes a negative dip 

(for the higher number of pulses/burst simulation) in the 

Inhibition curves; however, both forcing function components 

are positive. The primary forcing term can be considered 

the direct response to Ach presence at the node where the 

secondary forcing term would be an Indirect effect. 

5.2 Summary of Model Capabilities 

The model presented here can simulate inhibition 
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response curves for both single and multiple pulses delivered 

per burst. Increasing the number of pulses/burst required 

only a change in the magnitude of the primary forcing term 

and increased delay in the onset of the secondary term. It 

has been shown that an almost linear relation exists between 

the primary magnitude and the secondary wave delay, Table 4.6, 

and thus, It is possible to control the delay of onset of the 

secondary wave with the magnitude of the primary wave. The 

secondary forcing term is essentially unchanged in magni¬ 

tude or duration as the number of pulses/burst are Increased, 

Entrainment phenomenon, as a result of asynchronous 

stimulation, can be simulated by the model at the fundamental 

as well as at harmonics of the frequency of stimulation. The 

width of the model*s entrainment zones were much smaller 

than the corresponding zones of the experimental data 

entrainment. It is known that the zone of frequency entrain¬ 

ment can be increased by increasing the magnitude of the 

forcing function. Thus a proper choice of the saturation 

effects should allow for a better asynchronous response. 



156 

Figure 5.1s Inhibition Curve, Right Vagus Stimulation, 
1 Pulse/Burst 
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o 

Figure 5»2: Inhibition Curve, Right Vagus Stimulation 
3 Pulses/Burst 
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Figure 5«3* Inhibition Curve, Bight Vagus Stimulation, 
5 Pulses/Burst, 



Appendix A 

Mapping Between Pacemaker and Inhibition Curves 

The results from synchronous stimulation can be presented 

as pacemaker or inhibition curves, as has been discussed in 

Chapter 1. The relation between these two methods of data 

presentation will be discussed and it will be shown that if 

the pacemaker curves meet certain qualifications the result¬ 

ing Inhibition curves will be single valued. If, however, 

the pacemaker curves do not meet these qualifications the 

resulting inhibition curve will be multi-valued, ie., have 

more than one ordinate for a given abscissa. 

First consider the pacemaker curve, Figure A.l, (only 

for the cycle in which the stimulus is applied) where the 

ordinate, y^, is the increase in heart period above the con¬ 

trol period normalized to the control period, pQ, and the 

abscissa, &y as the interval time between the beginning of 
the period (usually P-wave occurrence) to the stimulus 

normalized to the control period, pQ. Thus in terms of the 

0 Ss So f 4 

Figure A.l: Normalized Pacemaker Curve 
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variables defined in Chapter 1 

Cpj-p0)/p0 (A.l) 

<Vpo (A.2) 

where y| is the fractional increase in the first heart period, 

the period in which the stimulus occurs, as a result of the 

normalized stimulus interval, <Tj* The normalized pacemaker 

curve is therefore defined by the coordinate pair (£j, y^j) , 

for j=l, 2, ...., n, where n stimuli are supplied. Physical 

conditions limit the variables, in equation (A.l) and (A.2) to 

the following: 

0 ^-£.<1 for all j 
J 

and 

yjJiO for all j 

The abscissa values <£s and 60, from Figure A.l, can be 

defined as follows: 

<Sg = 6r where y£ > y for all j 

and S = 8 where 8a<6. for all j such that y|=0. 
4. * J A 

Consider a series of stimulations, presented only after 

the system had returned to the control state, which are 

superimposed as shown in Figure A.2. It may be assumed 

that 0é<5*i Sr, • The relation between the pacemaker and 

inhibition curves will now be considered for (1) the positive 

slope region (ie., where the slope is less than one 
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and (2) when the slope is greater than one. Then (3) the 

region of negative slope (ie., <5g £ <$Q) will be considered, 

and finally (4) the region of zero ordinate value (ie., 

c^0-cfj2?l) will be considered. First recall the definition 

of the inhibition curve variables, from equation (1.39) and 

(1.40), or in terms of the notation of this appendices, the 

abscissa is 

z{ = (Pj| - ^)/p0 (A.3) 

and the ordinate is the same as defined by equation (A.l) 

P-i r0 P} P l 
VI 

1 

v2 

Po—- 4 
A 
<  

*- 

~ Pi  ► 

Pi   

Figure A.2: Superimposed Series of Vagal Stimulations 
in the Positive Slope Region 

Case Is Positive felope less than one 

The slope 6f the pacemaker curve in this region, from 

Figures A.l and A.2, is defined by the following equations 

0 < 
1 

(A.4) 

Notice, from Figure A.2, both numerator and denominator are 
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positive. Thus equation (A.4) implies 

p? - pi < *2 - 
or 

v\-*x<v\- 0X 

thus 

zx <rj (A. 5) 

and also pf>pj (from Figure A.2) implies yf>yj and as seen 

in Figure A.3 the slope of the inhibition curve will be 

negative. 

Figure A.3* Inhibition Curve from Pacemaker Curve 
Region with Positive Slope Less Than One 

Case 2: Positive slope greater than one 

For this case the same two points from Figure A.2 will 

be considered now however equation (A.4) becomes 

L -6. > i (A.6) 

thus since numerator and denominator of equation (A.6) are 
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both positive a development similar to the one for equation 

(a*5) can be done on equation (A.6) to yield 

r 1>T{ (A.7) 

Now Figure A.4 provides an inhibition curve with a positive 

slope. Thus there has been a change, from negative to posi¬ 

tive, in the slope of the inhibition curve for an increase 

in the pacemaker curve slope from less than to greater than 

one. 

y} 

A + 
y
i * 

ri r* 
Figure A.4: Inhibition Curve from Pacemaker Curve 

Region with Positive Slope Greater 
Than One 

The slope of the inhibition curve is given by the 

following equation: 

» = <y?-yl)/(ff-îf) = I/(P0U- (4>2-*I)/<PI-PJ) ) ) (A.8) 

For case 1, when the pacemaker slope is less than one, 

equation (A.4) implies 

, 02 * A , 
1 ^—“ 7“ <oo 

Vl - pi 
(A.9) 



Thus as the pacemaker slope increases from zero to one, 

equation (A.4), the inhibition curve slope, equation (A.8), 

decreases over the range 

-oo < m^ 0 (A.10) 

For case 2, when the pacemaker slope is greater than one, 

equation (A.6), implies 

Thus as the pacemaker slope increases from one to infinity, 

the slope of the inhibition curve decreases over the range 

Now, before considering case 3» the mapping of the peak 

value of the pacemaker to the inhibition curve will be con¬ 

ordinate, on the pacemaker curve, is yj>y^ for all 

The ordinate for the inhibition curve is the same; thus, the 

maximum in the pacemaker curve maps into the maximum of the 

inhibition curve. 

Case 3s Negative slope 

For this case the overlayed stimulus responses are 

shown in Figure A.5 where it is assumed that ^s~ ^1 ^^2 “^o, 

from Figure A.l. Thus the pacemaker slope is less than 

(A.11) 

l/pQ<m2^oo (A.12) 

sidered. Recall the definition of (fs; the corresponding 

zero and 
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or 

pi - p2 
1 1 

02 -0! 
> 0 (A.14) 

where both numerator and denominator are positive. Now to 

investigate the relation between the two resulting inhibition 

abscissa points, 

V{ - = (pj - (pf -0,) (A.15) 

1 2 
or = (02 -0X) ( _ 0^ + 1 ) (A.16) 

from equation (A.14) and since 02 ~ 0^^O. Thus the slope 

of the inhibition curve for this case is described by the 

following equation 

m3 =  1 (A.17) 
0 2 " 01 i 

Thus as the pacemaker slope decreases from zero to minus 

infinity the inhibition curve slope increases over the 

following range 

0 <m3 <l/p0 (A. 18) 

Case 4J Zero ordinate 

In the region of the pacemaker curve of zero ordinate 

value, ie., when &s <4<i. the inhibition curve will also 

have a zero ordinate*.value. Thus the only question to 
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Figure A*5J Superimposed Series of Vagal Stimulations 
in the Negative Slope Region 

consider is the inhibition curve abscissa. From equation 

(A.3) where p^ = pQ the abscissa becomes 

= 1 - (A.19) 

Thus as increases from &Q to 1, the inhibition curve's 
abscissa decreases from 1 - S3 to zero for a zero ordinate, 
and the slope is obviously zero. 

The results from cases 1 thru 4 can be summarized in 

Table A.l: Relations Between Pacemaker and 
Inhibition Curve Slopes 

Inhibition 
Curve 
Slope 

Pacemaker Curve Slope 
Positive Slope Negative 

Less than 1 Greater than 1 Slope 

-oo<mj<o l/p0<ni2<oo 0 <m3<l/Po 

Zero 
Slope 

1114=0 

Conclusions: The slope of the inhibition curve becomes 

infinite as the slope of the pacemaker curve approaches one, 

see equation (A.8)• Thus the inhibition curve will be 
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multi-valued, ie., have more than one ordinate value for a 

given abscissa value. If, however, the pacemaker slope never 

exceeds +1, then the resulting inhibition curve will be 

single valued. In either case the peak in the pacemaker 

curve maps into the peak of the inhibition curve. 
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Singular Point Analysis of Bonhoffer Van der Pol Equation 

The Bonhoffer Van der Pol equation, equation (2*12), 

has "been linearized about the singular point, (X^,X2), in 

Chapter 2. The result is equation (2.13)• The characteris 

tic equation is 

| A-^I | 
(1-X2)-A 

<P 
or 

7? + (0b-€(l-xf) )A + 0(l-bé(l-X^) ) * 0 

(B.l) 

Applying the quadratic equation to equation (B.l) and com¬ 

bining terms under the radical, we have 

-(0b-<r(l-xf) ) ) 2 - 40 

* 1 1  (B.2) 
2 

making the following substitutions in equation (B.2) 

A = 0b- f(l-X^) , B = <TXf-(0b+€) , and C = 2v^ 

we have 

(B.3) 

There are two criteria for classification of the roots: 

(1) real or complex and (2) left or right-half plane loca¬ 

tion. If the roots are in the left-half plane then the 

response is said to be stable and in the right-half plane, 

unstable. The combination of these two criteria determine 

the classification of the response of the system, equation (2.12), 
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near the singular point. These classifications are as 

follows (26, pp. 277-288): 

Stable focus: left-half plane and complex roots 

Unstable focus: right-half plane and complex roots 

Stable node: left-half plane and real roots 

Unstable node: right-half plane and real roots 

Saddle point: real roots one in each half plane 

Vortex: all imaginary roots on axis 

From equation (B.3)* the condition for the roots to be com¬ 

plex is 

B2 - C2<0 or -C<B<C (B.4) 

since C>0; and for real roots 

B2 - C2^ 0 

or, where B> 0 B^C 

where B< 0 B ^-C (B.5) 

With complex roots, ie., equation (B.4) satisfied, the 

stability of the system depends only on the sign of the real 

part of the root, in this case the sign of A. Thus for 

unstability of a complex root 

A<0 (B.6) 

and for stable operation (roots in the left-half plane) 

A> 0 (B.7) 

(Recall A was negative in equation (B.3)•) With real roots 

there is a' possibility there may be a root in each half 
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plane. The condition for that to occur here is 

|A| VB
2
 - C

2
 (B.8) 

If on the other hand 

|A| y VB
2
 - C

2
 (B.9) 

both roots will be in the same half plane, which side 

depends on the sign of A. The only other possibility neces¬ 

sary to discuss is the condition of a total imaginary set 

of roots or when 

A = 0 and B2 - C2< 0 (B.10) 

We shall now present the relation between the singular point 

value, X^ and the equation parameters for the different 

cases outlined above. 

Stable Focus 

First let us investigate the case of a stable focus. 

The roots must be complex and in the left-half plane. For 

complex roots equation (B.If) must be satisfied implying 

0^6+ btf> - <6X^<£+ b^+ 2i^ (B.ll) 

The lower limit of zero follows from definlting the parame¬ 

ters to be positive. For the system to be stable equation 

(B.7) must hold, or 

0<£-<£b<€Xj[ (B.12) 

For a stable focus both equations (B.ll) and (B.12) must 

hold simultaneously. Notice that both equations have the 
2 

term £X^ thus if a relationship between the other terms 
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in these two equations can be found it may be possible to 

reduce the criteria for a stable focus to one inequality 

equation. It is possible to relate these terms (and others 

to be encountered) as a function of£X2. For the two 

conditions; 0>l/b2 and0<l/b2f these relationships are 

displayed graphically in Figure B.l. 

for l/b^j 
I 1 1 1 »  
0 €-<po €-l/b £+^b-2i^ £-K&b+2V<F €X^ 

for <p< 1/b2 

1  1 1 1 1 *- 

0 € -1/b € +4>b-2v^ £-<**> £+<*>b+2i0f €Xj 

Figure B.l: Relation between Parameters on the 
6Xj Axis 

With the aid of Figure B.l and equations (B.ll) and (B.12) 

it can easily be seen that the requirement for a stable 

focus is 

for 4>>l/b2; 

0< <£+ b<£ -2V^ <6X2 <€+ b<p+ (B.13) 

or, for ^ —1/b2: 

0 <6 -0b <6X^ < é+ b<*>+ ZV^ (B.14) 

Notice that both lower boundaries are the same for 4>= 1/b2. 

Unstable Focus 

The roots must be complex and in the right-half plane 

for an unstable focus. Thus equation (B.ll) must hold and 

equation (B.6) implies 

0<£Xf < €-#> (B.15) 
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Thus, equation (B.ll) and (B.15) lead to the following: 

for <£»l/b : the two equations cannot exist simultaneously 

for <2>-l/b2: 0<£ + b0- 2V^<exf <£-<*>b (B.16) 

Stable Node 

For a node both roots must be real and in the same 

half plane, thus equations (B.5) and (B*9) must hold. From 

equation (B.5) 

0 < exl < £+ b<£ - 2v^ 

or 
0 <€+ b<£+ Zj$ <c?X2 (B.17) 

and from equation (B.9) it can be determined that 

0<£-l/b<exf (B.18) 

For the stable condition A>0 thus from equations (B.12), 

(B.17). and (B.18) 

for 0>l/b2: 0<6- l/b<6X2 <é + <£b - zVÔ' 

or 0 <6+ <£b + zVcfP <€Xf (B.19) 

and, for Cp£l/bZt Q<e+<pb+ ZV$ < 6Xf (B.20) 

Unstable Node 

For an unstable node equations (B.15)» (B.17). and 

(B.18) must hold simultaneously. Thus 

for 0>l/b2: not possible 

and, for<£^l/b2: 0 <£-l/b <ex\ <€+ b<p - ZV& (B.21) 
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Saddle Point 

A saddle point requires real roots in opposite half 

planes. These conditions are satisfied by equation (B.8) 

and (B.17) . It can be determined that equation (B.8) implies 

0 <<fX^<€-l/b (B.22) 

Thus from equations (B.17) and (B.22) 

for 1/b2: 0 <T 6X^ < € -1/b (B.23) 

and, for 4>^l/b2: 0 <exf<£- 1/b (B.24) 

Vofrtex 

As specified previously a vortex exists if the roots 

are totally imaginary. This condition is specified by 

equation (B.10); ie., A = 0 or 

ÉX* = <T-£b> 0 (B.25) 

and B^ - C2<C,0* or equation (B.ll), thus the following are 

the conditions for a vortex: 

for <py 1/b2: not possible 

and, for1/b2: £X^ = Ê.-<£b>0 (B.26) 

These results specify the system characteristics near 

the singular point as a function of the absclssal value of 

the singular point, X^. The relations, presented in a more 

concise form in Chapter 2, allow the characterization of the 

system to be determined dependent on the choice of the 

singular point abscissa value. See Section 2.1 for further 

discussion. 
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