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CHAPTER 1 

Origin and Aims of the Investigation 

The latency of cardiovascular reflexes affecting heart rate is of interest for 
three reasons. First, in combination with other data it may help to identify the 
afferent pathway (conduction velocities in nerves is related to fibre diameter> and 
elucidate the nature of the receptor and the adequate stimulus. Secondly, it may 
differentiate between the sympathetic and parasympathetic division of the 
autonomie nervous system mediating the initial reflex response (the time course 
of the effector response to each of the two neurotransmitters differs distinctly 
fWarner et al.,1962; Hili-Smith et al.,1978; Spear et al., 1979]). Finally, it may lead 
to an estimate of the central delay of the reflex if data on conduction velocity in 
the afferent and efferent reflex are are available. Assuming roughly one 
millisecond delay per synaps an estimate for the centra} delay provides some basis 
for speculation on the functional complexity of the central neuronal connections. 

For example, a powerful brief isometrie contraction of leg muscles evoked an 
abrupt RR-interval shortening in man that started 0.53-0.58 sec after the onset of 
the contraction. It was inferred that a) either very fast responding muscle receptors 
connected to group 111 afferents constitute the afferent pathway or centra! paths 
assodated with the motor activity, b) parasympathetic fibres constitute the 
efferent pathway, and c) if muscle receptors are involved an approximate 0.05 -
0.10 second centra} d<>lay seems to be incorporated in the reflex cardioacceleration 
at the onset of exercise [Borst et al.,197la;197lb;1972al 

While searching for comparably accurate estimates of delays involved in 
other reflexes affecting heart rate 1 noticed the draft of a manuscript dealing with 
electrostimulation of the Carotid Sinus Nerves (CSN) in angina pectoris 
[Dunning, 19711 An original intra-arterial pressure recording (p.54,fig 14) showed 
that the start of CSN stimulation was followed by the reflex fall of heart rate and 
blood pressure after about one second. In cooperation with Dr.Dunning 
(university department of medicine, Binnengasthuis, Amsterdam) we performed 
a few pilot experiments on the reflex latency of baroreceptor control of heart rate 
in man. The interval between the first stimulus pulse and the onset of the reflex 
RR-interval prolongation was 0.75 to 0.85 seconds [Borst,19731, or some 0.25 
seconds longer than the estimated latency of the 'muscle-heart' reflex. 

During these experiments it appeared that the RR-interval prolongation 
increased with the stimulus frequency in the entire range available on the CSN 
stimulator (20-80 Hz). In subjects with coronary heart disease, however, the 
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frequency of the CSN stimulator had been adjusted clinically to 50 Hz at that time, 
in accordance with both the recommendations of the manufacturer [Medtronic, 
1969] and the 50-60 Hz observed to evoke the largest depressor response 
[Dunning,1971 :p.42,fig 91. 

Another interesting observation was that R-wave triggered stimulus pulse 
trains failed to enhance the reflex response to CSN stimulation. This type of 
intermittent stimulation mimics the endogenous baroreceptor afferent activity 
and is presumed to be a more effective (because more 'natural'> mode of 
stimulation fWarner,1958; Bilgutay atal.,1966;1967; Sjostrand,1971; Korsukewitz 
et al.,1973;19741. 

Thus, we embarked upon the present clinical physiological investigation 
because of a) the observation that incrementing the stimulus frequency of CSN 
stimulation from 50 to 80 Hz enhanced the reflex sinus node inhibition in angina! 
subjects, and b) the unique opportunity to study baroreflex regulation of the 
cardiovascular system in unsedated man. 

At the start of the investigation the manufacturer of the CSN stimulator 
introduced a new model [Medtronic,1971a;1971b], in which the stimulus 
frequency had been fixed at 100 Hz, in contrast to the·previous model (20-80 Hz). 
No published data were available at that time conceming the optimal frequency 
of CSN stimulation in man, hut in the anesthetized cat and dog 20-30 Hz was 
reported to evoke the maximal steady state depressor effects [Seller et al.,1969; 
Richter et al.,19701 Jbe controversy concerning the optimal stimulus frequency 
was emphasized by Koepchen [1972] and led to much discussion during the 
symposium 'Clinical Application of Carotid Sinus Nerve Stimulation in 
Hypertension' [Medtronic,19721 

The aims of this investigation were twofold: 1) to establish the optimal 
frequency of CSN stimulation for the relief of angina pectoris (chapter VIII and 
IX); and 2) to study the time course of the reflex circulatory changes evoked by 
CSN stimulati0n in unsedated man (chapter IV - VID. In addition, we constructed 
a simple linear angina pectoris model to evaluate the possible influence on the 
myocardial oxygen demand/supply ratio of CSN stimulation induced changes in 
the circulation (chapter X). 
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CHAPTER II 

Introduction: the Baroreflex and 

Therapeutic Stimulation of the Carotid Sinus Nerves 

the baroreflex 
therapeutic application of CSN stimulation in the treatment of: 

hypertension 
angina pectoris 
supra-ventricular tachycardia 

present position of CSN stimulation in the management of hypertension or angina pectoris 

The baroreflex 
The baroreflex is the negative feed-back mechanism that keeps systemic arterial 

pressure within narrow limits. This reflex concerns the short-term regulation of blood 
pressure only G.e. seconds to days) because the receptor adapts within a very short period 
(hours to a few days) to an artificially elevated CMcCubbin et al.,1956; Aars,1968;1975; 
Krieger,19701 or depressed [Salgado et al.,1978] level of arterial pressure. Complete 
deafferentiation leads to a highly variable arterial pressure with a normal mean pressure in 
the awake rabbit [Alexander et al.,1966] and dog [Cowley at al.,19731 Thµs, the baroreflex 
opposes short-term blood pressure deviations from any established level and probably plays 
no role of importance in the long-term regulation of arterial pressure [Coleman et al.,1974; 
Cowley et al.,1975; Freis,19761 Sleight [1976] maintains, however, that carotid sinus 
deafferentiation might lead to chronic hypertension in man. 

The afferent reflex are consist of sensory fibres with their receptor endings. In man 
the receptors are located primarily in two areas of the systemic circulation : a) at branching 
points in the aortic arch, and b) in the carotid sinus. The unmyelinated nerve endings form 
a rich arborization in the vessel adventitia close to the media. Thus, the baroreceptor is a 
three-dimensional plexus of nerve endings that is to be considered a distortion receptor 
responding to deformation of the vessel wall in any direction [Paintal,19721 When radial 
expansion of the vessel wall is prevented in the presence of high intra-vascular pressure the 
receptors remain silent [Hauss et al"1949; Angell James,1971cl 

The baroreceptor afferent fibres from the aortic arch region form the left and right 
depressor nerve or Aortic Nerve <AN). In man, in the dog and in the rat these afferents join 
the vagal nerve in the thorax. In the cat and the rabbit the AN runs parallel to the vagal 
nerve for most of its course in the neck, making the latter animal eminently suited for 
studies employing electrical stimulation of all four major baroreceptor afferent nerves, as 
in e.glKaremaker et al.,19771 

The baroreceptor afferents from the carotid sinus region, together with 
chemoreceptor afferent fibres from the carotid bodies, form the left and right Carotid Sinus 
Nerve (CSN} that joins the glossopharyngeal nerve prior to entering the base of the skull. 
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Properties of the fibres in the CSN and AN are discussed in appendix G. 
Centra! connections of the baroreflex in the brainstem are unknown. The concensus 

is that the second neurons of the reflex are are located in the Nucleus Tractus Solitarii 
(NTS), at the level of the obex (in the rat) [Zandberg,19781 The connections to the 
vasomotor neuron pool and the Nucleus Ambiguus have not been definitively established, 
as reviewed in [Korner,1971; Smith,1974; Sagawa et aL,1974; Simon et al.,1975; Calaresu 
et al.,1975; Kirchheim,1976; Zandberg,19781. 

The efferent part of the reflex consists of the sym pathetic nerve fibres to heart and 
vessels, and parasympathetic fibres to the heart. The traditional diagram of the carotid sinus 
reflex summarizes the functional properties of the baroreflex <fig 1): abrupt elevation of 
pressure leads to augmented activation of baroreceptors resulting in more afferent impulses 
per unit of time. The reflex response consists of reduction of sympathetic and 
enhancement of parasympathetic activity. The increase of cardiac vagal activity slows the 
heart abruptly. The reduced sympathetic activity has amore sluggish negative chronotropic 
effect and possibly lowers cardiac output a little (and stroke volume) due toa small negative 
inotropic effect lVatner et al.,1971a;1971b;1972l The large negative inotropic influence 
(and diminished cardiac output) observed in earlier studies, e.g1Sarnoff et al,1960], was 
probably due to the high level of sympathetic tone present in the anesthetized animals 
according to Vatner and coworkers [197Sb;19781 and Kirchheim U9761. Reduced 
sympathetic activity elicits vasodilatation of both resistance and capacitance vessels (fig 1). 
The combined reflex effects lower the arterial pressure: the initia! disturbance is corrected 
through negative feed-back. An abrupt fall of arterial pressure, e.g. due to hemorrhage, 
evokes the opposite effects Cfig 1). 

The diminished peripheral resistance is estimated to account for about 2/3 of the 
reflex fall of blood pressure in unsedated dogs [Kirchheim et al.,19711 The influence of the 
baroreflex on ventricular contractility and stroke volume remains controversial 
CKirchheim,19761. 

It should be emphasized that baroreflex control of vasomotor tone (fig 1) affects the 
capacitance vessels as well. Hèymans and Neil (1958] considered this the Cinderella of 
cardiovascular con trol. However, Epstein and coworkers (1968; 1969b] reported that in man 
the veins in the extremities were not involved at all. Other studies have demonstrated that 
the venous capacitance and vascular compliance are controlled by the baroreflex [Rowell 
et al"1972;1973; Drees et al.,1974; Bassenge et al.,19781 In hemorrhage the baroreflex 
mediated volume shift from the systemic capacitance vessels to the thoracic compartment 
and the systemic arterial side is probably of major importance in the maintenance of 
adequate blood pressure [Shoukas et al"19731 

In a recent review [Kirchheim,1976] important modifications of the traditional 
description of the baroreflex are summarized. First, centra! processing of afferent 
information is not confined to the medulla oblongata. Supra-medullary structures (e.g. the 
hypothalamic defense area) permanently influence medullary information processing and 
anesthesia probably modifies this influence. Even cortical motor neurons are affected by 
baroreceptor afferent activity [Coleridge et al.,1976]. 

The reticular formation neuron pool that is associated with baroreflex control of the 
circulation receives other cardiovascular afferent activity as well from the low pressure 
regions in the circulation (cardio-pulmonary receptors), for reviews see lShepherd, 197 3; 
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Donald et al.,19781 According to Kirchheim [1976], it recieves in addition impulses from 
numerous aspecific viscero-somatic afferents from all parts of the body (the reflex rise of 
heart rate at the onset of exercise might be an example [Hollander,1975bD. Regulation of 
the cardiovascular system is the result of the complex central interaction of many afferent 
inputs [lriuchijima et al.,1963; Daly,1972; Rutherford et al.,1978; Vatner et al.,1978] and 
supra-medullary influences. It should be stressed, in our opinion, that the autonomie 
nervous system is the efferent path of numerous cardiovascular reflexes, of which the 
baroreflex is one, albeit an important and extensivelv studied one. 

ARTERIAL PRESSURE 

Lower Normal 
~ 

Figurt 2-1. The carotid sinus (baro}reflex (from (Rushmer, 1972D. Carotid Sinus 
Nerve (CSN} stimulation, indicated in the diagram, simulates elevated arterial 
pressure. Sympathetic vasoconstriction occurs in both resistance and capacitance 
vessels. 

According to Kirchheim [19761, interpretation of the vast amount of literature on the 
input-output relations of the baroreflex is severely hampered by a} the unpredictable 
influence anesthesia has on synaptic transmission (cf. [Morris,1978D in the medulla 
oblongata, supra-medullary structurès and their interaction, and 2} the convergence of 
'non-cardiovascular' inputs and baroreceptor afferents on 'cardiovascular' neurons in the 
reticular formation. Both anesthesia and tissue trauma alter the non-cardiovascular 
aspecific afferent input profile and hence modify the reflex responses. Thus, the recent 
conclusion of Scher ll 977] may not be that surprising: "lt is surprising that despite the 
many excellent studies in this area [carotid and aortic regulation of arterial blood pressure 
- CBJ there are so many things to learn about the 'oldest' and 'best-known' cardiovascular 
reflexes~. The impressive series of ·studies in the awake dog by Vatner and coworkers 
illustrate the limitations of classical physiology with respect to the cardiovascular reflexes 
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CVatner et al.,1975b; Kirchheim,19761 
It has become clear that there is no generalized alteration of sympathetic activity: 

different vascular beds are differently affected by the baroreflex leading to redistribution 
of the cardiac output CForsyth,19721, for reviews see [Korner,1971;1974; Rowell,1974; 
Sagawa et al.,1974; Simon et al.,1975; Calaresu et al.,1975; Kirchheim,19761 The influence 
of the baroreflex on the cerebral vascular resistance is obscure as long as the regulation of 
cerebral blood flow by vasomotor nerves remains one of the 'Controversies in 
Cardiovascular Research' CPurves,19781 Skeletal muscle vascular bed is controlled toa large 
extent by the baroreflex, in contrast to the skin vessels CWallin et al.,1975] that are mainly 
associated with temperature regulation. Rowell and coworkers [1973], however, observed 
sustained vasoconstriction in skin vessels with reduced baroreceptor activity in man. 
Reported changes in renal vascular resistance are probably to a large extent due to 
secondary autoregulation. Baroreflex control of the intestinal vessels is controversial too. 
In the epicardial segment of the coronary vascular bed both a sympathetic dilator and a 
parasympathetic constrictor innervation has been found in pigs and rabbits [Nakajama et 
al.,1978], hut there is no consensus as to their functional importance in man. 
Intra-myocardial coronary resistance is probably entirely determined by local 
autoregulation. 

The baroreflex modifies the circulation probabJy also indirectly by influencing renal 
function, e.g. the release of renin [Cunningham et al.,1978; Jarecki et al., 19781 Renin 
secretion may be influenced by cardiopulmonary receptors as well (jarecki et al.,19781 
According to the evidence reviewed by DiBona (1978] renal tubular sodium reabsorption 
is controlled in part by the baroreflex. Kunze and Brown [19781 have further complicated 
the picture of baroreflex control of the circulation because their results indicate a role of 
sodium sensitivity of baroreceptors in the regulation of blood pressure, body fluid volume 
and body sodium. The functional importance of baroreflex control of renal function 
remains to be established. 

In summary, baroreflex regulation of systemic arterial pressure.fs primarily achieved 
by controlling the muscle resistance vessels. The functional contribution of changes in the 
function of the heart or the venomotor tone remain controversial. Due to receptor 
adaptation within a few days the reflex is probably of no importance in the long-term 
regulation of arterial pressure. 

Therapeutic application of CSN stimulation in the treatment of hypertension 
McCubbin and associates reported in 1956 that in renal hypertensive dogs the 

baroreceptors had completely adapted to the high pressure level and functioned 
paradoxically: the carotid sinus reflexes operated as if pressure was normal and opposed 
bringing pressure back to normal fMcCubbin et al.,1956; McCubbin,19581. These findings 
have been confirmed in the rat [Krieger,19701 and the rabbit [Aars,1968; Angell 
James,19731. 

It was reasoned in the early sixties that electrical stimulation of baroreceptor afferent 
fibres would compensate for the relative loss of endogenous activity in hypertensives and 
lead to a fall of arterial pressure on the assumption that central processing of baroreceptor 
information was unchanged. Warner [1958] had demonstrated that it is feasable to lower 
arterial pressure during 90 minutes by CSN stimulation in the Nembutal dog. 
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After pilot studies in renal hypertensive dogs [Griffith et al.,1963;1964] chronic 
stimulation was tested for the first time in 1964 in patients with refractory hypertension 
[Schwartz et al.,1967al Figure 1 shows schematically how CSN stimulation simulates high 
pressure in the carotid sinus by activating baroreceptor afferent fibres. Initially continuous 
CSN stimulation appeared to be moderately successful in the treatment of hypertension 
[Brest,1972a;1972b], but after several months stimulus intensity had to be raised 
progressively in a number of patients till side effects of stimulation in the neck prevented 
further effective application [Dunning,19711 

CSN stimulation in the treatment of angina pectoris 
Braunwald and coworkers reported in 1967 on two subjects with coronary heart 

disease who were refractory to conventional treatment hut benefitted greatly from CSN 
stirnulation that produced quick relief from angina! attacks [Braunwald et al.,19671 The 
therapeutic effect of CSN stimulation in angina is attributed mainly to the reduction of 
arterial pressure and ventricular contractility [Epstein et al.,1969a; 1969b;Dunning, 
1971;19721. Dunning concluded in 1971 that "CSN stimulation offers a relatively safe and 
effective treatment fora small, selected group of anginal patients who are incapacitated by 
their disease and refractory to conventional rnedical therapy". 

CSN stimulation in the treatment of supra-ventricular tachycardia 
Braunwald and coworkers have tested the use of CSN stimulation to obtain 

dromotropic changes by reflex enhancement of vagal tone. They reported successful 
termination of frequent bouts of supra-ventricular tachycardia in three subjects that did not 
respond to anti-arrhythmic agents [Braunwald et al"19691 No more reports on this 
application have appeared since. 

_, 

Present position of CSN stimulation in the management of hypertension or angina 
pectoris . 

The concensus is that CSN stimulation is inferior to other therapeutic measures 
currently available. Anti-hypertensive drug therapy has greatly improved over the past 
decade and the sometimes dramatic initia! lowering of pressure in severely hypertensive 
subjects did not last very long. The aorta-coronary bypass procedure, developed in the same 
period as the CSN stimulation technique, is to be preferred as causa! therapy for angina 
compared to CSN stimulation as palliative therapy. The therapeutic rationale of the 
aorta-coronary bypass operation seems to have been accepted without much discussion and 
its favourable results are considered establised by many CMundt et al.,19751 However, it 
appears from a recent critica} review that after some 300,000 operations "available data in 
the literature do not indicate that initia! symptomatic improvement necessarily persists, or 
that myocardial infarctions, arrhythmias, or congestive heart failure will be prevented, or 
that life will be prolonged in the vast rnajority of operated patients" lMclntosh et al., 19781. 
The qualilty of life, however, seems to be improved as long as life lasts [Kloster et al.,19791 
Although multiple grafts are common practise at present, drug resistant stable angina! 
patients with diffuse coronary heart disease orwith excessive operation rnortality risk might 
still be candidates for CSN stimulation [Rotem,1974; Geha et al"19741. 





17 

CHAPTER 111 

Methods 

brief description of the anginal and hypertensive patients 
- 'programmed' CSN stimulation 

right atria] pacing 
- experimental protocol 

recordings 
signal analysis with the digital computer 
computations and graphical analysis 

Brief description of the angina[ and hypertensive patients 
Eighteen patients participated in this investigation, 1to57 months (mean: 19 months) 

after implantation of the receiver and electrodes (see appendix A). The primary aim of most 
experiments was to establish the optimal frequency of CSN stimulation, i.e. the stimulation 
frequency that evokes the largest fall of arterial pressure and heart rate. All subjects gave 
inforrned consent. 

Fifteen subjects with coronary heart disease were studied, 12 in Amsterdam, in the 
cardiology section (head: Dr.A.J.Dunning) of the university department of rnedicin 
(Binnengasthuis), and three in Bonn, in the department of cardiology (head: 
Prof.Dr.J.Wagner) of the Universitätsklinik (Bonn-Venusberg, W.-Gerrnany). Three. 
hypertensive subjects were studied also in Bonn. During the initia! stage of the 
investigation we observed less than 5°/o RR-interval prolongation in four subjects with 
coronary heart disease and these subjects were not included in the results presented here, 
hut for a casuistic observation on A V-conduction changes in one of those subjects. 

Clinical history, operation and post-operative course of most anginal subjects have 
been described previously by Dunning [19711: Mrs.vG, Mr.J, Mr.vdM, Mrs.R, Mr.vdV and 
Mr.Wi. Clinical data on the german angina! and hypertensive subjects are to be found in 
reference CWagner et al.,19731: Mr. Ba, Mr.S, and Mr.Wa. (case numbers: 4, 15 and 14) The 
subjects not listed in one of both references were similar to the other subjects with respect 
to their clinical history. 

The subjects with coronary heart disease form a select, fairly homogeneous group 
[Dunning,19711: a) age about 50-70 years; b) angina pectoris of long standing and complete 
invalidity in the year prior to implantation; c) often a history of one or more myocardial 
infarctions; d) insufficient relief of angina by conventional treatment (nitroglycerin and 
beta-blocking agents); e) sometimes use of long-acting nitrates, sedatives or 
anti-coagulants; f) absence of heart failure, although in some patients easy to provoke. 

The follow-up study of the dutch patients (3-33 months after implantation) showed 
that all subjects alive at that moment had improved and had resurned their job or 
household. Eight of nine subjects had abolished nitroglycerin. CSN stimulation terminated 
angina} attacks faster, better and more often than nitroglycerin did. Prophylactic 



Table 3-1 

Angina 
duration blood heart subject age implant Hyper- pressure ra te drug regimen tension [beats 

[years] [months] [mm Hg] per min] 

Mr Ba 44 57 A 110/64 66 digoxine, carbocromen, glymidine Mr Bi 54 15 A 134/62 61 digoxine 
MrD 35 17 H 198/113 82 digoxine, clonidine, reserpine, dihydralazine, hydro-

chlorothiazide, oc-methyldopa, furosemide Mrs E 67 1 A<+H) 191/109 112 glybenclamide, acenocoumarine, propranolol Mrs v G 72 47 A 150/100. 96 glybenclamide, acenocoumarine, digoxine, furosemide Mrj 50 10 A 150/90· 77 -
MrK 51 17 H(+A) 168" 152 ... digoxine, reserpine, dihydrochlorothiazide, chlorothiazide Mr vd 57 20 A 119/64 62 -
M 
Mrs R 65 22 A 138/74 72 acenocumarine, furosemide 
MrS 57 21 A 138/70 60 digoxine, nitroglycerine retard, oxprenolol, clofibrate Mr vd 68 25 A 127/78 57 reserpine, dihydralazine, hydrochlorothiazide v 
MrWa 37 23 H 222/116 62 reserpine, dihydralazine, hydrochlorothiazide, oxprenolol, 

carbocromen, betanidine 
MrWi 57 10 A 135/95" 99 digoxine, furosemide 
Mr Will 59 2 A 182/93 64 acenocoumarîne, propranolol, diazepam 
MrZ 55 1 A 129/70 62 acenocoumarine, furosemide, digoxine, diazepam 

Table 3-1. Patient data. 
• measured non-invasively. 
"" atrial fibrillation (mean value). 
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application of CSN stimulation enabled these patients to go shopping, to work in the 
garden, to drive a car, and the like [Dunning,19711. 

At the time of the measurements for the present investigation the medical condition 
of these patients had not changed with respect to the follow-up study. Signs of heart failure 
were absent. 

Medication, if present, was not interrupted prior to the measurements because 
cessation was not an absolute requirement for the problem under investigation. The 
extensive drug regimen in the hypertensive subjects, however, should be kept in mind 
when interpreting the experimental results. 

Table 1 lists the principal clinical data of the angina! and hypertensive subjects, 
together with average values of heart rate and intra-arterial blood pressure recorded during 
the measurements dealing with the influence of the stimulus frequency and pulse width. 

Programmed' CSN stimulation 
The transmitter of the Angistat CSN stimulator is described in appendix A. We 

modified the transmitter (model 4020) by disconnecting the astable multivibrator and 
connecting instead a physiological stimulator (dept. of electronics) to the switching circuit 
of the high frequency oscillator (fig 0. As a result, we could remotely a) switch the CSN 
stimulation on and off at predetermined moments, and b} adjust the stimulus parameters 
frequency and pulse width. The batterywas replaced by a stabilized power-supply at 9 Volts 
<Delta 030-0. 

A special purpose 'programmable unit' (dept. of electronics) determined when the 
physiological stimulator was turned on and off by means of a logic signal (fig 1). The 
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Figure 3-1. Diagram of 'programmed' CSN stimulation with variable parameters 
(see text>. Progr. Unit = programmable unit that determines the duration of the 
four phases of an experimental run: 1 = flush (30-60 sec), 2 = control (30 sec>, 
3 = CSN stimulation (90 sec>, 4 = post-stimulation (90 sec). The dotted 
connection is used for intermittent, R-wave triggered pulse train stimulation. 

programmable unit consists of four counters of three decades each. The input of each 
counter consists of output pulses of a crystal doek. At any moment only one counter is 
active and its logica! output is high. When the counter has reached a preset value (adjusted 
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by the operator) it starts the next counter if, and only if, a logic pulse is fed to the second 
input of the programmable unit (fig 1). The gate-out of an oscilloscope triggered by the 
R-wave is connected to the second input. Thus, only an R-wave enables a counter to start 
when the previous counter has reached its preset value. The first of the four counters is 
started either manually or by the fourth counter. The four-counter cycle can be run once 
or continuously until the stop button is pushed. 

The four counters were set at values corresponding with the duration of each of the 
successive phases that constitute an experimental 'run'. The 'flush' phase (I) lasted 30-90 
sec, the 'control' phase (2) lasted usually 30 sec, the 'stimulation' phase (3) lasted 90 sec and 
the 'post-stimulation' phase (4) lasted 90 sec too. The real duration of each phase was the 
presetvalue + ~1 RR-interval. The logic output of counter 3 (stimulation phase) gated the 
physiological stimulator that modulated the transmitter oscillator (fig 1). 

During the first part of the investigation the input of the programma bie unit consisted 
of R-waves converted to logica} pulses. Each phase lasted a preset number of successive 
RR-intervals, and hence the stimulation period ranged from about 1 to 2 minutes (100 
RR-intervals), depending on the heart rate. 

The arterial catheter could be flushed during phase 1 when a green light was on (fig 
1). The stimulation phase was indicated by a red light. These lights were shielded from the 
patient. By using another stimulator to gate the physiological stimulator, R-wave triggered 
pulse trains could be generated of variable duration and intra-train frequency. The delay 
after the R-wave was variable too. The latter was used when single brief pulse trains were 
applied in order to determine the reflex latency of sinus node inhibition. After inverting 
the logica! output of counter 3 in the programmable unit (fig 1) the mirror experiment 
could be performed: continuous CSN stimulation, interrupted for a brief period with a 
variable delay after the R-wave in the ecg. 

Right atrial pacing 
In four subjects with coronary heart disease a cardiac pacing catheter was advanced 

through an ante-cubital vein to the right atrium and heart rate was maintained constant by 
pacing Cinterval: 450 - 8.50 ms). 

Experimental protocol 
In this section only those parts of the protocols are described that are common to the 

majority of experiments. 
When arterial pressure was recorded the resting subject was recumbent or 

semi-recumbent. Otherwise the subject sat in an easy chair and read a magazine. The 
subject had been informed as to the nature and purpose of the measurements hut during 
the experiment possible anticipation reactions were avoided by supplying no information 
on when and how the stimulation was to be applied. . 

The antenna coil was carefully taped on the skin overlying the receiver (see appendix 
B). The antenna coil was connected to the modified transmitter with one or two extension 
cables. The stimulus intensity was adjusted by turning the intensity dial on the transmitter 
until the patient indicated that the onset of stimulation elicited the same sensations in the 
neck as he was used to feel at home (a short-lasting pricking sensation). If the stimulus 
intensity was too high, reflex coughing could be induced - one patient bas been reported 
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with even laryngospasm CYatteau et al"1971] due to inadvertent stimulation by leakage 
current of neighbouring structures in the carotid sinus region. The real stimulus voltage 
applied to the nerve is unknown by nature of the stimulation technique (appendices A,B 
and C). 

By means of programmed stimulation (see previous section) the CSN stimulator was 
automatically switched on every 4-5 minute for 90 seconds Gnitially: for 100 RR-intervals). 
Different stimulus frequencies and/or pulse widths were applied in pseudo-random order. 
When only brief stimulus trains were applied 20-30 seconds appeared to be sufficient for 
the cardiovascular variables to return to èontrol levels. 

During the measurements noise was kept at a minimum and we attempted to avoid 
any disturbance during phase 2-4 of each run (see previous section). 

Recordings 
Figure 2 shows a schematic diagram of the equipment for stimulation and recording. 

The electrocardiogram (ecg) was recorded with two precordial chest leads, amplified and 
filtered. Electrode location insured a large deflection of the R-wave that was relatively 
insensitive to respiration in order to facilitate triggering the oscilloscope. Sequentia} 
RR-intervals were measured by an interval meter (dept. of electronics) triggered by the 
oscilloscope gate-out. 

Respiration was monitored by means of a thermistor in the center of a little cylinder 
in one nostril. The thermistor was part of a Wheatstone bridge (dept. of electronics). Output 
of the bridge circuit was amplified and filtered. Monitoring respiration with a nose 
thermistor has several drawbacks: a) temperature variations in the nose are measured rather 
than air flow; b) signal variations are small when room ternperature is high; and c) when 
respiration temporarily stops in end-inspiration or end-expiration the thermistor 
temperature quickly assumes a value between 37 degrees and room temperature, with 
superimposed small heart beat associated fluctuations. In spite of these disadvantages the 
method has some value because it is easy, imposes little discomfort and enables monitoring 
the respiratory frequency. Abrupt changes of importance in the tidal volume can be easily 
recognised in the recording and proper identification of the inspiratory and expiratory 
phase is possible with only few exceptions. 

Arterial pressure was measured either with a needle in the brachial artery connected 
toa fluid filled catheter and pressure transducer CElema EMT 33), with electromanometer 
(Eleina EMT 31 or 311) or with an 150 cm Vygon fluid filled catheter Gnternal diameter 
1.0 mm) the tip of which was lodged in the left axillary artery. The catheter was connected 
toa Statham P23Db pressure transducer and electromanometer. The pressure recording 
system was calibrated against a mercury manometer with the plane 5 cm below the angle 
of Louis as zero reference level. According to calibrations perfonned previously by 
Dunning and by Wagner the frequency response of both recording systems was flat up to 
at least 12 Hz, sufficient for the measurement of pulse pressure in the peripheral arterial 
system CMcDonald,1960; Krovetz et al.,19741 Mean pressure was obtained by low-pass 
filtering the phasic pressure signa! at 1.0 Hz (Krohn-Hite 3321). 
· The stimulus pulses were recorded and the proper functioning of the transmitter was 
regularly checked with a dummy receiver. 

The logica! output of counter 2 in the programmable unit was monitored to mark the 
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control phase of each run (not shown in fig 2; see fig 5-1) 
All variables were displayed during the experiment on oscilloscopes, written on an 

ink-jet galvanometer writer CMingograph, Elema-Schonander) and recorded on an 
instrumentation recorder <Ampex 1300). Mean arterial pressure and the RR-interval were 
also written at slow paper speed on a 2-channel ink-pen writer (Servogor RE 520) (fig 2). 
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Figure 3-2. Schematic diagram of hardware configuration during the experiment. 
For a more detailed diagram of 'programmed' stimulation, see figure 1. 
ECG = electrocardiogram. Respiration, arterial pressure and the ecg are each 
amplified and filtered~ schematically indicated by a box containing a triangle. 
Scope = oscilloscope. LP filter = low-pass filter. Progr. Unit = programmable 
unit. Physiol. Stim. = physiological stimulator. CSN Stimulator = carotid sinus 
nerve stimulator. 

Signa/ analysis with the digital computer 
In the course of the investigation the author attempted to analyse the data on Ampex 

with the help of a signal averager CDIDAC 800, Intertechnique) and four different digital 
computer systems <IBM 1800, PDP/9, PDP Lab 8/e, and PDP 11/40). Unless stated 
otherwise the present results were derived from the data analysis with the system present 
in our laboratory, the PDP 11/40 (Digital Equipment Corporation). 

In appendix D the series of computer programs is described that was written for data 
input, data reduction, data editing, computations, numerical output and graphical display 
<about 6500 lines of Fortran). 
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Computations and graphical analysis 
We measured the RR-inteival, respiratory inteival, systolic and diastolic pressure, the 

interval between the R-wave and the pressure trough and peak, mean arterial pressure and 
pulse pressure <appendix D). 

The aim of the investigation was twofold: to establish the optimal frequency of 
stimulation, and 2) to study the time course of the cardiovascular changes. The two aims 
required slightly different approaches to the data analysis problem. 

The cardiovascular response to CSN stimulation was quantified by computing the 
mean deviation from control (absolute and percentage) for mean systemic pressure, pulse 
pressure and RR-interval. The deviation averaged over the first minute of stimulation was 
arbitrarily defined as the 'transient response'. The deviation averaged over the successive 
30 seconds is referred to as the 'steady state response'. In addition the peak deviation was 
determined that occurred in the first minute after the start of stimulation. The mean value 
recorded in the 30 second control period prior to switching the stimulator on was 
considered the control value. 

The effect evoked by one stimulation frequency was normalized with respect to the 
result obtained by pooling the responses to stimulation with 80 to 120 Hz. The latter is 
referred to as the 'reference response'. Normalization with respect to the reference response 
was necessary because of: a) large inter-individual variations, and b) intra-individual 
differences in the effect recorded at different moments on the same day. The latter may be 
due to small displacements of the antenna causing a variable interaction between the 
transmitter oscillating circuit and the receiver cicuit when not tuned to the same frequency 
<appendix B). Exaggerating chance fluctuations was avoided by refraining from 
normalization if the reference response (percentage deviation from controD was not 
significantly different from zero at the p < 0.01 level (Studenes t-test, lArmitage,1971D. 
Student's t-test or the Sign-test [Dixon et al" 19571 was used for statistica} analysis of the 
difference between two groups of observations. A p < 0.05 was considered significant. 

Automated peak finding for the location of systolic and diastolic pressure resulted 
sometimes in a curieus collection of movement artefacts. Therefore, all runs were 
graphically displayed by an interactive program that enabled visual verification of the 
locations of peaks and troughs. Chance fluctuations may bias the average peak effect when 
the response is small, as is illustrated by the relatively large variation in both the magnitude 
and the time to peak effect. Consequently, in addition to numerical calculation of the peak 
effects we determined the maximum RR-interval prolongation and minimum arterial 
pressure from ensemble average plots described in the next paragraph. Peak effects were 
normalized with respect to the peak effects in the reference response. 

The time course of the cardiovascular response was obtained by ensemble averaging 
the reference runs (80-120 Hz; 0.35 ms), after linear interpolation of the sequentia! heart 
beat data at 0.5 sec intervals (appendix 0). Ensemble averaging improves the 
signal-to-noise ratio with the square root of the number of runs, provided the noise 
components are independent of the signa1 [Sayers,1970], i.e. independent of the CSN 
stimulation. The procedure is especially suited to evaluate the initial transient changes in 
the circulation at the onset and end of stimulation. 





25 

CHAPTER IV 

Time Course of the Circulatory Changes Evoked by CSN Stimulation: 

Latency to Onset of the 'On' and 'Off Response 

SUMMARY 

1) CSN stimulation evoked an almost instantaneous and abrupt RR-interval 
prolongation and a more gradual fall of mean arterial pressure and pulse pressure. 
The improvement of the signal-to-noise ratio by ensemble averaging several 
responses is illustrated. The immediate sinus node inhibition precluded 
estimating the latency to onset of arterial pressure changes unless heart rate was 
maintained constant. 

2) In three subjects CSN stimulation was applied before and during atria! 
.pac1ng. 

3) We estimated from ensemble average plots of the reflex effects the latency 
of baroreflex modulation of arterial pressure, RR-interval and atrio-ventricular 
conduction time. 

4) When heart rate remained constant diastolic arterial pressure began to 
change 2-3 sec after the stimulation was switched on or off. Pulse pressure changes 
started after 1.5 - 5 sec. 

5) The PP-interval began to change within 0.6 - 0.7 sec, the AV-interval 
between 0.8 and 1.6 sec. After cholinergic blockade small, sluggish chronotropic 
and dromotropic changes were observed beginning after about 3 sec. 

6) The reflex latency for sympathetically mediated effects after an abrupt 
increase of baroreceptor afferent activi ty seemed to be 0.5-1.0 sec longer than af ter 
an abrupt decrease. 

7) We infer that baroreflex con trol of the circulation incorporates a functional 
latency of 2-3 sec for the resistance vessels, a similar latency (l.5-5 sed for 
inotropic changes and the same latency (2-3 sec) for sympathetically mediated 
chronotropic and dromotropic changes. Chronotropic reflex effects in rest, 
however, are primarily mediated by the vagal nerve and have a latency of 
approximately 0.6 seconds. 

8) The ;;?; 1 second difference in latency between vagally and sympathetically 
mediated effects is very likely of peripheral origin. 
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INTRODUCTION 

A disturbance of the systemic arterial pressure leads to altered baroreceptor afferent 
nerve activity after about ) ms [Katona et al., 1968], within a hundred milliseconds followed 
by reflex changes in vagal and syrnpathetic nervous activity <in the anesthetised dog and 
cat> [lriuchijima et al., 1963;1964; Richter et al., 1970; Higgins et al., 19731 The resulting 
change of arterial pressure starts a few seconds afterwards CHeymans and Neil, 19581 
Control system analysis of the cardiovascular system, e.glGuyton et al.,1972a;1972bl, 
requires precise estimates of the delays involved in baroreflex regulation of the heart and 
the circulation, but few such estimates are available in man. 

Electrical stimulation of the carotid sinus nerve (CSN) in subjects with coronary heart 
disease provided a unique opportunity to obtain estimates of the latencies between both 
an increase and a decrease in baroreceptor afferent nerve activity and the onset of the 
ensuing reflex circulatory changes in unsedated man. Preliminary results have been 
presented previously [Borst et al.,19771 

METHODS 

CSN stimulation was applied in four subjects with coronary heart disease before and 
during angina! stress testing by atrial pacing (cf. table 5-2) and the reflex circulatory 
responses were analysed as described in chapter 111. In one subject frequent ventricular 
premature beats precluded assessment of the initia! reflex changes. 

The interval between onset or end of stimulation and the beginning of the arterial 
pressure change was estimated from graphs of the time course of systolic, diastolic and 
pulse pressure, each plotted as the ensemble average of 8 to 20 runs. The R-wave that 
triggered the onset or end of stimulation was taken as t = 0. Whether or not a curve began 
to deviate from its course was estimated visually at 0.5 second intervals. Tuis measurement 
yielded a value with an accuracy of ± 0.5 seconds. As a latency estimate this value is a 
minimal value due to the leading effect of linear interpolation. In some instances the results 
had to be corrected with 0.2 5-0.50 seconds to allow for the fact that CSN stimulation did 
not start or end at an R-wave. 

All cardiovascular responses to stimulation with 40-200 Hz were used for analysis 
provided distinct reflex changes were induced without movement artefacts or premature 
beats just prior to or following the start or end of stimulation. Consequently, in the results 
the number of runs for the 'on' latency does not always equal the number for the 'off 
latency. 

A V conduction time was measured as the interval between the atrial pacing artefact 
in the electrocardiogram and the peak of the R-wave (St-R interval) and/or the trough of 
the S-wave (St-S intervaU. The latency of RR-interval changes was also measured from 
ensemble average graphs. 

In one subject the reflex delays were measured after cholinergic blockade with atropin 
sulphate (2 mg i.v.>. 

RESULTS 

Figure 1 (top paneD shows an example of the fall of arterial pressure evoked by CSN 
stimulation with 80 Hz (0.35 ms pulse width) during 90 seconds. The concomitant 
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Figure 4-1. Fall of systemic arterial pressure, pulse pressure and heart rate 
evoked by a 90 second period of CSN stimulation in a subject with coronary heart 
disease (top panelJ. Stimulus frequency: 80 Hz. Pulse width: 0.35 ms. Stimulus 
intensity: 8.0 on the scale of the transmitter <appendix B). 
Note the abrupt RR-interval changes at the start and end of the stimulation 
period. The stimulator was switched on and off by the occurrance of the R-wave. 
(The ecg was high-pass filtered to remove baseline instability). Switching 
stimulation on led to instantaneous inhibition of the sinus node resulting in 
prologation of the RR-interval (bottom panel). 
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Figure 4-2. Left panel: Change of mean pressure <MAP), pulse pressure (pp) 
and RR-interval (RRD evoked by three stimulation periods, separated in time by 
about 20 minutes. Ordinate: percentage change (.ó 0/o) from control <average value 
during the last 30 seconds preceding the onset of stimulation). 
Right panel: The same date as in left panel after linear interpolation at 0.5 
second intervals and ensemble averaging. (Plots made with CalComp plotter 
PDP/9, dept. of Medica! Physics). 

RR-interv2l prolongation was due to instantaneous inhibition of the sinus node (fig 1 -
bottom paneD. 

In figure 2A the percentage deviation from control is displayed for mean arterial 
pressure, pulse pressure and RR-interval, with superimposed the responses to the same 
stimulation applied 20 and 40 minutes later. Figure 2B illustrates the improvement of the 
signal-to-noise ratio obtained by ensemble averaging the three runs shown in figure 2A. 
Note in figure 2B that the abruptly extended cardiac cycle length delayed the onset of the 
pulse pressure declîne. 

Two examples of the blood pressure fall during atrial pacing are shown in figure 3. 
Expandîng the time scale permitted estimating the latencies of the reflex circulatory 
changes after the onset and end of stimulation, as illustrated in figurè 4. This figure 
combines the results of four experimental series in one subject on the same day. 

The latent periods estimated from figure 4 are given in table 1, togetherwith the results 
for the other two subjects. <In figures 3 and 4 some details of the original ensemble average 
graphs have been lost in redrawing from the original hard-copy made of the computer 
display>. 



29 

Inhibition and enhancement of SA-node automatidty 
Without atrial pacing the first RR-interval after the start of CSN stimulation was 

prolonged (figs 1 and 2B). Consequently, the linear interpolation procedure resulted in an 
estimated latency of zero seconds due to the leading effect of linear interpolation (table 1). 
Since the stimulator was switched on by the R-wave SA-node automaticity was inhibited 
within the interval between the R-wave and the onset of the anticipated P-wave, i.e. within 
0.6 - 0.7 sec. Correspondingly, the RR-interval became instantaneously shorter after 
cessation of the stimulation. Thus, SA-node rate was altered in either direction within 0.6 
- 0.75 sec resulting in immediate systemic pressure effects if the RR-interval change was 
large. In one subject the pulse pressure showed a distinct initia! rise during the first three 
seconds of CSN stimulation (fig 4). 

Fall and rise of systolic, diastolic and pulse pressure 
When CSN stimulation was switched on during atria! pacing diastolic arterial pressure 

began to drop after 2.5 - 3.0 seconds. When stimulation stopped diastolic pressure began 
to climb after 2.0 - 2.5 sec. In contrast, the pulse pressure records showed reflex changes 
after 1.5 - 5.0 seconds. Minor inconsistencies in table 1 as to the latencies for systolic, 
diastolic and pl:llse pressure changes within one subject are due to errors inherent in 
estimating inflexion points on the ensemble average graphs. 
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Figure 4-3. Reflex fall of blood pressure and pulse pressure during atria! pacing 
in two subjects (top and bottom paneD. Stimulation frequency: 40-200 Hz. Pulse 
duration: 0.35 ms. The vertical lines indicate the start and end of the stimulation 
period. Top panel: pacing interval 700 ms; 18 runs averaged. Bottom panel: 
pacing interval 800 ms; 20 runs averaged. 
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Increase and decrease of A V-conduction time 
The interval between the pacing artefact and the R-wave or S-wave in the 

electrocardiogram increased during CSN stimulation. The duration of the QRS complex 
remained unchanged. Thus, CSN stimulation had a negative dromotropic effect on AV 
conduction. The results in table 1 indicate that baroreflex modulation of A V conduction 
had a latency between 0.9 and 1.6 seconds in one subject, between 0.8 and 1.4 seconds in 
another. In one subject no dromotropic effects were found hut CSN stimulation elicited 
neither a steady state RR-interval prolongation (p > 0.05). However, in the ensemble 
average curve small hut distinct 'on' and 'off' effects were present in the RR-interval signal. 
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Figure 4-4. Example of the reflex circulatory changes in one subject (R.) during 
the first 10 seconds after the onset and cessation of CSN stimulation indicated 
by markers. Ordinate: percentage deviation from control of several 
cardiovascular parameters. Each tracing is the ensemble average of 3 - 18 runs 
(table i>. The results of different experiments on the same day are shown. The 
pressure tracings are from figure 3 (top paneD, after converting the pressure values 
to percentage deviation from control values and expanding the time scale of the 
ordinate and abcissa. 
Top panel: without atrial pacing. Tracings represent from top to bottom, with 
mean control values in brackets: systolic pressure (137 mm Hg), diastolic 
pressure (73 mm Hg), pulse pressure (63 mm Hg), RR-interval (841 ms) and 
RR-interval after cholinergic blockade (505 ms). 
Bottom panel: during atrial pacing. Tracings represent from trop to bottom, 
with mean control values in brackets: systolic pressure (134 mm Hg), diastolic 
pressure (7 4 mm Hg), pulse pressure (59 mm Hg), conduction time from pacing 
stimulus artefact in ecg to R-wave before cholinergic blockade (272 ms) and 
afterwards (247 ms). 
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Cholinergic blockade 
After atropin the latency for chronotropic and dromotropic effects of CSNS became 

distinctly longer and the changes were sluggish (fig 4). The short RR-interval (505 ms} and 
the absence of the normal RR-interval variability (see fig 5-10} demonstrate that the 
blockade wa~ complete. The negative chronotropic and dromotropic effects became 
apparent about 3 seconds after switching the stimulator on, the positive effects about 2 
seconds after switching it off. Figure 4 clearly demonstrates the initial differences between 
parasympathetically and sympathetically mediated changes in SA node frequency and AV 
conduction. 

DISCUSSION 

The start of CSN stimulation was followed by reflex prolongation of the PP-interval 
within 0.6-0.7 sec, i.e. well within the duration of one cardiac cycle. The end of stimulation 
led to reflex shortening of the PP-interval within the same time. 

The instantaneous change of SA-node automaticity at the start and end of CSN 
stimulation had immediate effects on the blood pressure and the pulse pressure. Figures 
1,2 and 4 illustrate that it is not feasable to measure the baroreflex latency of arterial pressure 
changes when the RR-interval is allowed to change in response to the stimulus, as in 
[Eckberg et al.,1976bJ. 

When heart rate remained constant due to atria! pacing the diastolic arterial pressure 
began to change 2 - 3 seconds after switching the stimulator on or off <figs 1 and 2). In one 
instance the initia! fall of blood pressure was not accompanied by a decrease of pulse 
pressure until 5 sec after the start of stimulation (fig 4, bottom paneD. Tuis fin ding indicates 
that in this case the first two seconds of the decline of systemic arterial pressure must have 
been due to the reduction of total peripheral resistance alone. 

The latency of pulse pressure changes ranged from 1.5 to 5 sec, a finding we find 
difficult to interpret. Since the time course of the relative fall of pulse pressure parallelled 
that of mean arterial pressure remarkably but not exactly, we presume that a decrease of 
myocardial contractility [Dunning,19711 contributed to the pulse pressure drop, as well as 
an increase in vascular compliance. The present findings suggest that peripheral resistance 
control by the arterial baroreceptors has a Iatency of 2-3 seconds and that modulation of 
cardiac contractility (and arterial wall compliance) begins after about the same latent 
period, i.e. through variation of sympathetic activity [Hill-Smith et al.,19781. We do not 
know to what extent meaning should be attached to the slightly shorter 'off' latency for 
arterial pressure changes because the difference is close to the estimated level of accuracy 
of the measurement. 

The limited data on the latency of dromotropic changes suggest a value between 0.8 
and 1.6 seconds, corresponding with the 1.4 sec latency observed in a subject with atrial 
fibrillation who responded to CSN stimulation with a sudden and dramatic fall of the mean 
ventricular rate (fig .5-8). 

After parasympathetic blockade CSN stimulation resulted in strongly enhanced vagal 
tone and inhibition of a small resting sympathetic tone. Eckberg and coworkers [19721, 
however, reported that atropin abolished the chronotropic effects completely. It is clear 
that the rapid modulation of SA-node frequency was entirely mediated through the vagal 



Table 4-1 

RRI RRI A-V time A-V time Systolic Diastolic Pulse 
pressure pressure pressure 

Subj. CSNS N (ms) ó. aft er St-R St-S /). af ter /). af ter ó. aft er /). af ter sec. Cms] [ms] sec. sec. sec. sec. 

Without Pacing ON 9 955 t 0.0 ! 3.0 ! 2.5 ! 3.0 OFF 9 988 ! 0.0 t 1.0 t 2.0 t 1.0 Will. 

Atrial Pacing ON 12 798 - ! 2.5 ! 2.5 ! 2.5 OFF 8 798 - t 2.5 t 2.5 t 3.0 

Without Pacing ON 18 841 t 0.0 ! 2.0 ! 0.5 t, ! 0.0,3.0 OFF 18 925 ! 0.0 t 2.5 t 0.0 !, t 1.0,4.0 

Atrial Pacing ON 16 701 - 272 310 t 0.5 ! 3.0 ! 3.0 ! 5.0 OFF 16 701 - 275 311 ! ? t 2.5 t 2.25 t 5.0 R 
Atropin ON 6 505 t 3.0 ! 4.25 ! 4.25 ! 6.25 (2 mg i.m.> OFF 6 518 ! 1.75 t 3.75 t 3.25 t 4.75 

Atropin & ON 6 450 - 247 280 t 3.5 ! 4.75 ! 4.25 ! 5.25 Pacing OFF 3 450 - 257 291 ! 2.0. t 2.75 t 2.75 t 4.25 

Without Pacing ON 13 974 t 0.0 ! 0.0 ! 0.0 ! 1.5 OFF 13 1013 ! 0.0 t 2.0 T 2.0 t 2.0 

Atrial Pacing ON 20 808 - ! 2.0 ! 2.5 ! 1.5 (800 & 850 ms) OFF 20 808 - t 1.75 t 2.0 t 1.5 vdM. 
Atrial Pacing ON 3 629 - 229 t 0.5 ! 1.5 ! 1.0 ! 1.0 

(n = 2) 
(600 & 700 ms) OFF 6 662 - 252 ! 0.5 t 2.25 t 2.25 t 2.0 

(n = 2) 
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nerve. The sympathetically mediated changes of heart ra te were small and sluggish and had 
a long latency (2-3 sec>. Vagally mediated changes were usually large and abrupt and had 
a short latency (0.6 sec, cf. chapter VD. 

Our results confirm in man previous reports that the initial time course of the heart 
rate response to some stimulus may distinguish between the sympathetic and the 
parasympathetic division of the autonomie nervous system for the identification of the 
efferent pathway of the reflex are CWarner et al., 1962, 1969; Scher et al.,19631 

Both efferent vagal and sympathetic activity alters within a hundred milliseconds after 
the start of CSN stimulation in the anesthetised cat and dogCiriuchijima et al., 1963;1964; 
Richter et al., 19701 In the dog the SA-node responds after about 200 ms to vagal 
stimulation [Brown et al., 1934;Levy et al., 1970; Warner et al., 1969; Spearet al., 19731 
In contrast, the SA node responds after about 1 - 3 seconds to sympathetk )timulation 
CAmory et al., 1962; Warner et al., 1969; Toda et al., 1968; Spear et al., 19731 After vagal 
or stellate stimulation in the dog the latency to the beginning of the AV conduction change 
was found to be similar to the latencies observed for chronotropic changes [Levy et al., 1970; 
Spear et al., 19731. Spontaneously beating heart cell clusters, cultured from neonatal rats, 
responded to iontophoretically applied acetylcholine after 2 50 ms and to catecholamines 
after 3 - 6 seconds. The time constants of the rate changes showed a similar difference: 
short for the response to acetylcholine, long for the response to catecholamines [Hill-Smith 
et al., 19781 

Thus, different lag times in the effector organ response to noradrenalin and 
acetylcholine most likely account for the ~ 1 second difference in latency for 
sympathetically and vagally mediated effects. There are no data indicating that the centra} 
part of the reflex would give rise to a difference of that order of magnitude. 

Tahle 4-1. Latency of baroreflex modulation of phasic arterial pressure, 
SA-node automaticity and A V-conduction in three subjects with coronary heart 
disease. N = number of runs; CSNS = carotid sin~s nerve stimulation. RRI = 
RR-interval. AV-time (St-R) or (St-S) = interval between atrial pacing stimulus 
and R-wave or S-wave in the ecg. The absolute values are mean con trol values over 
10-30 seconds preceding the onset of the stimulation. Arrow up or down 
indicates increase or decrease. The tabulated values are minima with an estimated 
accuracy of ± 0.5 seconds in the worst case. The zero second latency for 
RR-interval changes is an artefact due the leading effect of linear interpolation. 
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CHAPTER V 

Time Course of Circulatory Changes Evoked by CSN Stimulation: 

SUMMARY 

Comparison of the Initial and Steady State Response 

Influence of right atrial pacing, 
cholinergic blockade and anesthesia 

1) We compared initia! with steady state circulatory effects evoked by CSN 
stimulation with 80 - 120 Hz (0.35 ms) in 9 subjects with coronary heart disease 
<CHD) and in 3 hypertensive subjects. 

2) Chemoreceptor fibres were probably not activated in CHD subjects 
because the respiratory rate did not change, whereas it increased in hypertensive 
subjects. 

3) Mean arterial pressure and pulse pressure fell to a minimum after about 2 5 
seconds (range: 15-40 sec), peak RR-interval prolongation and peak AV-interval 
prolongation were usually reached within 10 seconds (range: 2-30 sec>. 

4) The time course of circulatory changes following the start and end of 
stimulation were characteristic and reproducible within subjects hut varied 
remarkably between subjects. The response overshoot varied from none to almost 
200 °/o. 

5) We infer that the reflex fall of mean systemic pressure was determined 
primarily by the fall of vascular resistance. Diminished stroke volume due to 
reduced ventricular contractility probably contributed to the depressor effect hut 
the reflex heart rate decrease had little or no influence. 

6) CSN stimulation evoked reflex inhibition of sympathetic tone that resulted 
in approximately the same time course for vascular resistancè changes on the one 
hand, and negative inotropic, chronotropic and dromotropic effects on the other 
hand. In rest, negative chronotropic and dromotropic effects were predominantly 
mediated by enhancement of parasympathetic tone affecting rapidly bath the SA 
node and the A V node. 

7) The characteristically different time course of the abrupt, vagally mediated 
effects and the sluggish, sympathetically mediated effects is very likely of 
peripheral origin. 

8) During nitrous oxide anesthesia the reflex circulatory effects were 
preserved, possibly enhanced. 
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INTRODUCTION 

Previous reports on the circulatory effects of CSN stimulation dealt primarily with 
steady state changes [Epstein et al.,1969b; Dunning,1971; Wagner et al.,1973; Rotem et 
al.,1974; Geha et al.,1974i or with peak effects [Eckberg et al"19721, orwith a combination 
of transient and steady state changes [Borst et al.,19741 Studies in the awake chronically 
instrumented dog CVatner et al.,1970;1971a;1971b1 concemed CSN stimulation during 30 
seconds, too short a period in man for the cardiovascular variables to attain stable levels. 
We have compared the steady state response evoked by CSN stimulation in unsedated man 
to the peak effect and to the 'transient' respons~, i.e. the average of the transient changes 
during the first minute of stimulation. 

In a few subjects anginal stress testing by right atrial pacing permitted evaluation of 
a) arterial pressure changes without simultaneous heart rate changes, and b) 
atrio-ventricular conduction. 

The efferent path for baroreflex control of the SA node and AV node was identified 
by means of cholinergic blockade. . 

In one subject unilateral infection of an electrode required its removal. We have added 
here . - to our knowledge for the first time ·- a brief note on the reflex circulatory effects 
evoked before and during nitrous oxide anesthesia. 

METHODS 

Nine subjects with. coronary heart disease (CHD) and three hypertensive subjects were 
studied as described in chapter III. The results reported here concern the CHD subjects 
unless stated otherwise. Right atrial pacing (450-850 ms) was applied in four subjects as 
described in chapter 111. Frequent ventricular premature beats precluded the assessment 
of response details in one. Atropin sulphate (2 mg i.v.> was administered in two subjects. 

Experiments dealing with the optima} frequency of CSN stimulation khapter VIID 
were analysed and runs in which stimulation at 80 - 120 Hz (0.35 ms) was applied were 
pooled, because the largest effects were observed in this range. The peak response and the 
time to peak response were read from the ensemble average plot and compared to the 
corresponding values calculated from individual runs. The response overshoot was 
expressed as percentage of the steady state effect. The maximal rate of change of pressure 
during the initial fall was read from the ensemble average plot and, similarly, the rate of 
recovery after the end of stimulation. 

Nitrous oxide anesthesia 
Ina 58 year old subject with CHD the left electrode had to be removed 38 months 

after implantation because a small neck lesion, inflicted during shaving, had become 
infected resulting in a fistula to the electrode cable. Switching the CSN stimulator on did 
no langer produce the familiar pricking sensations in the neck at the left side. 

In cooperation with the surgeon (Dr.J.N .Keeman), the _anesthesist (Dr.M.H.Bettman) 
and the cardiologist (Dr.A.J.Dunning) all equipment for 'programmed' CSN stimulation 
and for recording was installed in the operating theater during the night preceding the 
operation in the department of surgery (head: Prof.Dr.W.H.Brummelkamp) in the 
University Hospital, Binnengasthuis. In advance the patient was informed why we 
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intended to extend the anesthetic period by about 30 minutes. lnformed consent was given 
to apply CSN stimulation after induction. 

Premedication consisted of Phenergan (25 mg) and Fortral (30 mg) given the evening 
before and Valium (5 mg) given at 7.30 in the morning. Digoxin (0.25 mg daily) was 
interrupted for one day. 

Measurements were performed in the afternoon. Phasic.arterial pressure was measured 
in the left femoral artery as described in chapter 111, hut only mean pressure was analysed 
due to technica! problems that had resulted in a damped pressure · recording. CSN 
stimulation (100 Hz; 0.35 ms) was applied four times before and tour times during 
anesthesia as soon as heart rate and arterial pressure had attained stable levels. 

RESULTS 

Figure 1 shows an example of the time course of the circulatory effects· evoked by CSN 
stirnulation with 0.3 5 ms pulses at different frequencies in a subject with CHD. Respiratic;>n 
was unaffected hut CSN stimulation elicited a distinct fall of the systemic pressure and a 
prolongation of the RR-interval. The magnitude of .the circulatory response depended on 
the stimulus frequency, 80 - 120 Hz causing the largest reflex effects Cchapter VIID. 
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Figure 5-1. Continuous record of the fall of arterial pressure and the 
prolongation of the RR-interval evoked by CSN stimulation with 0.3 5 ms pulses 
in a subject with coronary heart disease. CSN stimulation was applied at different 
frequencies in 90 second periods. 
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Respiratory frequency 
In three subjects with CHD the respiratory frequency did not change during the 

stimulation period, in contrast to the three hypertensive subjects (table 1). It increased in 
the hypertensive subjects, with the exception of one who reacted with an initially 
diminished respiratory frequency associated with stimulation induced pain and bouts of 
coughing. 

Table 5-1. Influence CSNS on respiratory frequency 

Pulse duration 0.35 ms 2.00 ms 

Respiratory A B A B Frequency 

Subject N [mean ± SDJ - + - + - + -

s <CHD> 24 15.9 ± 3.4 3 4 5 4 1 9• 2 
Ba. <CHD> 26 18.1 ± 1.5 1 4 5 5 2 3 6 
Bi. <CHD) 16 13.8 ± 3.2 2 4 1 4 0 6. 4 

Total 6 12 11 13 3 18 ... 12 

K CHypJ 16 11.5 ± 2.6 0 s· 0 s· 0 s· 1 
D (HypJ 16 18.4 ± 1.5 s· 0 3 3 4 3 4 
Wa CHypJ 20 10.9 ± 1.4 0 6. 1 7 1 6 2 

Total 8 14 4 1s· 5 1r 7 

Table 5-1. Influence of CSN stimulation on the respiratory frequency in 
subjects with coronary heart disease (CHD) or hypertension (HypJ. Pulse width: 
0.35 or 2.0 ms. 
The numbers indicate the number of times the inspiration count had decreased 
(-)or increased (+)in the first 30 seconds of CSN stimulation kolumn A>, and 
in the following 60 seconds (column B). N = number of runs. ·p < 0.05; 
"p < 0.01 (Sign-test [Dixon et al., 1957D. 

Mean systemic pressure, pulse pressure and RR-interval 

+ 

8 
5 
2 

15 

5 
2 
5 

12 

Figure 2 shows the circulatory effects observed after one minute of stimulation in the 
nine CHD subjects and table 2 tabulates all results. 

Mean arterial pressure fell from a mean control level of 102 mm Hg toa minimum 
(-27.8 ± 1.7°/o, mean ± sem) after 26 seconds <range: 15-39 sec), recovered toa variable 
extent and reached a stable level (-21.0 ± 1.9%) after about 40 - 60 seconds. 

Pulse pressure feil from a mean control level of 65 mm Hg toa minimum (-23.0 ± 
3.6%) after 24 seconds <range: 16-40 sec), recovered toa variable extent - sometimes less 
than mean pressure did - and attained a stable level (-18.9 ± 2.7°/o) after about 40 - 60 
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seconds. Pulse pressure changes parallelled mean systemic pressure changes remarkably 
hut not exactly when heart rate remained constant due to atrial pacing. 

The RR-interval increased usually within 10 seconds (range: 2 - 30 sec) from a mean 
control level of 910 ms toa peak prolongation of 23.1 ± 6.6°/o, hut the response diminished 
quickly and was after one minute reduced to 10.4 ± 2.4°/o. 

After the end of stimulation arterial pressure returned to con trol after a variable period 
(from about 10 seconds to > 90 seconds) hut the RR-interval returned usually within 10 
seconds to control level. 

All angina! subjects responded to CSN stimulation with a significant fall of arterial 
pressure and pulse pressure (p < 0.01 in each case - table 2). In one subject no significant 
RR-interval prolongation was observed, whereas mean pressure and pulse pressure were 
reduced by 10°/o. 
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Figure 5-2. Circulatory effects evoked by CSN stimulation in 9 subjects with 
CHD. 
C = control. CSNS == after one minute of stimulation with a modified Angist.at 
CSN stimulator <Medtronic, IncJ. Stimulation frequency: 80 - 120 Hz. Pulse 
duration: 0.3 5 ms. Stimulation intensity: 3.5 - 8.0 on intensity scale of the 
transmitter (see appendix B). Difference Ca) and percentage difference from 
control <a 0/o) indicated as mean ± standard deviation. 

Comparison initial and steady state response 
When the initia! reflex responses are compared to the steady state effects Cfig 3) it 

appears that the initia} responses increased with the steady state effect. In the individual 
subject, however, the magnitude of the peak changes poorly predicted the circulatory 
effects observed after one minute of stimulation. The response overshoot in the fall of mean 
systemic pressure was 40°/o (range: ..:2 to 122°/o), the overshoot in the fall of pulse pressure 
was significantly less (p < 0.05, sign test>: 24°/o frange: -5 to 63 °/o). The RR-interval 
prolongation displayed a conspicuous hut highly variable overshoot: 116°/o <range: 28 to 
192°/o). The changes averaged during the first minute of stimulation (the 'transient 
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Figure 5-3. Peak ( .&.) and transient response (e) vs. the steady state response 
elidted by CSN stimulation in nine subjects with CHD (percentage deviation 
from control (Li 0/o)). 
The 'transient' response was arbitrarily defined as the average change in the first 
minute of stimulation. 

response') were larger, the same or smaller than the steady state response (fig 3; table 2), 
depending on the time course of the initial reflex changes. 

Table 3 illustrates that the ensemble averaging procedure was useful for locating the 
peak response when the signal-to-noise ratio was poor. The procedure had some low-pass 
filtering effect because the interpolation interval was large compared to the duration of the 
cardiac cycle. However, the peak in the ensemble average plot was lower than the calculated 
average of the individual peaks primarily when the time to peak effect varied. 

Table 5-2. Reflex changes of mean arterial pressure CMAP), pulse pressure (pp) 
and RR-interval (RRD evoked by CSN stimulation in nine subjects with coronary 
heart disease. 
Stimulus pulse amplitude of the Angistat CSN stimulator CMedtronic, Ine.> was 
3.5 - 8.0 on the intensity scale of the transmitter (see appendix B). Stimulation 
frequency: 80 - 120 Hz. N = number of runs; Av. stim. freq. = average 
stimulus frequency. 
C = control. P = peak effect. T = transient effect Ci.e. change averaged during 
the first minute of stimulation). S = steady state effect Ci.e. change averaged over 
the next 30 seconds). 
Mean and standard error of the mean (SEM) are given for the absolute values and 
for the percentage difference from control (Li %). 
The overshoot of the peak effect at time t Cseconds] is expressed as percentage of 
the steady response. 
·Reduced stimulus intensity. 
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Table 5-3. 

PEAK EFFE CTS 

MAP t MAP t RRI t RRI t 
[b_ O/o) [s] [b_ O/o) [s] [~%] [s] [~%] [s] 

cakulated estimated calculated estimated 

Will Mean -25.6 14.5 -25 15 13.5 19.4 
±SEM 1.3 0.7 2.0 6.5 

R Me an -28.3 21.7 -27 20 23.9 10.7 20 
±SEM 0.9 2.4 1.7 5.4 

vd M Me an -32.0 41.4 -29 39 18.3 20.3 12 
±SEM 1.3 4.4 2.0 7.0 

z Mean -31.3 22.4 -26 19 45.4 18.4 44 
±SEM 4.2 6.3 5.2 15.6 

vd V Me an -27.4 22.8 -26 21 12.5 14.2 11 

E 

s 

Ba 

Bi 

±SEM 0.6 1.8 0.6 4.7 

Mean -38.7 26.2 -38 25 20.4 10.0 18 
±SEM 2.0 0.8 4.4 1.4 

Me an -36.0 32.9 -33 35 78.7 5.3 66 
±SEM LO 3.9 4.5 3.3 

Mean -22.1 42.9 -20 37 16.5 19.6 12 
±SEM 0.7 6.0 1.6 4.6 

Me an -28.1 17.9 -26 18 24.4 8.9 22 
±SEM 1.3 1.1 2.4 0.8 

Table 5·3. Comparison of the peak effect calculated from individual runs and 
peak effect read from the ensemble average plot. 
When the time to peak effect varied the peak of the ensemble average was lower 
than the calculated average of individual peaks. 
MAP = mean arterial pressure [percentage deviation from controll 
t = time to peak effect [secondsl. RRI = RR-interval. 
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We noted that within one individual the time course of the reflex 
cardiovascular changes following the onset and end of stimulation showed 
characteristic and reproducible features, whereas it varied considerably between 
subjects (tables 2 and 3). 

Mean Arter i e ! 
Pressure 

20 % 

L_ 
30 5 

RR Interval 
9 7 5 ms 

AV Interva l 
2 2 6 ms 

CSN Stimulat ion 
( 80 - 120 Hz ; 0.35ms) 

Figure .5-4. RR-interval prolongation and AV-interval prolongation evoked by 
CSN stimulation in a subject with CHD. The interval between the atrial pacing 
artefact in the ecg and the R-wave CA V-intervaD was measured when heart rate 
remained constant due to right atria] pacing (600 and 700 ms). n = number of 
runs. Note the similar time course of the negative chronotropic and dromotropic 
effects. 

Initial rate of change of mean pressure 
When heart rate remained constant mean arterial pressure fell until 8 - 13 seconds 

after the onset of stimulation at a virtually constant rate (-1.65 to -3.84 mm Hg/sec) after 
which pressure declined more gradually. A comparable phenomenon was observed after 
the end of stimulation: pressure rose at a virtually constant rate (1.33 to 4.00 mm Hg/sec) 
until after 8-12 sec the recovery showed a distinct discontinuity, followed by more gradual 
pressure changes (cf. figs 4-3 and 8-1). No relation could be recognised between the 
moment the discontinuity occurred and the pressure level. The impression is conveyed that 
the large pressure deviation from con trol, present when the stimulator is switched off elicits 
a maxima! regulatory action through the baroreflex that is abruptly halted after some 10 
seconds whether or not the control level has been reached. lf response adaptation during 
stimulation was large, the fast recovery sometimes led to an overshoot of mean pressure 
beyond the control level. Hence a proportional control mechanism seems to have been 
absent. Thus, the time course of pressure recovery after cessation of CSN stimulation 
suggests that a non-linear control element (bang-bang element?) is incorporated in the 
baroreceptor reflex loop. 
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Influence of right atria/ pacing 
Maintaining heart rate constant had little effect on the steady state depressor effects 

(table 2), hut the time course of the changes that followed onset or end of stimulation was 
modified during the first 10-20 seconds: the immediate fall or rise of mean pressure was 
prevented~ as well as the immediate increase or decrease of pulse pressure, all the result of 
abrupt (and sometimes large) RR-interval changes. The initial rate of change of pressure 
was reduced (see fig 4-4). Thus, the reflex heart rate changes played a minor role in the 
steady state regulation of mean systemic pressure. 

Mean Arterial 
Pressure 99 mm Hg 

RR Interval 

A V 1 nterval 

Mean Arterial 
Pressure 

RR Interval 

A V 1 nterval 

268 ms 

508 ms 

245 ms 

Before At ropin 

AF ter At rop i n 

CSN Stimulation 
{80-l20Hz;0.35ms) 

___ n_=_9 __ I 20"' 

n=9 
J 20" 

n=9 

30 . 

I 20" 

n=3 

n=2 r 10" 

Figure 5-5. Composite figure of the circulatory effects evoked by CSN 
stimulation in a subject with CHD prior to and following cholinergic blockade. 
The AV-interval was measured during atria! pacing (700 ms before, 450 ms after 
administration of atropin). n = number of runs. 
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Atrio-ventricular conduction 
The bottom trace in figure 4 represents the time course of the A V-interval 

prolongation evoked by CSN stimulation during right atrial pacing (700-850 ms) in one 
subject. Comparison with the RR-interval prolongation when pacing was interrupted 
(middle trace) shows that the augmented parasympathetic influence depressed the SA node 
and AV node in parallel fashion. This observation was confirmed in another subject (fig 5 
- top paneD. 

Tbree casuistic observations on the negative dromotropic influence of CSN stimulation 

One subject developed fever while in hospita!, accompanied by atria! fibrillation that 
was replaced shortly afterwards by a supra-ventricular tachycardia of 240 beats per minute 
and a 2: 1 bloc k. Figure 6 shows a continuous monitor ecg registration from precordial chest 
leads. During stimulation the degree of atrio-ventricular block increased to 4 :1. 

van G. 30- 1-'75 

Figure 5-6. Continuous ecg record from a subject with CHD (monitor 
registration). Supra-ventricular tachycardia with 2:1 atrio-ventricular block. 
When the stimulator was switched on (CSNS on - 100 Hz; 0.35 ms) the partial 
block increased to 4:1. 

In two subjects His-bundle activity was recorded (Dr.J.C.Roos). We measured the 
AH-interval and HV-interval as described in [Roos,1977], hut for the timing of the His 
complex. lts occurrance was accorded to the fast zero-crossing of the biphasic deflection 
rather than to the less well defined onset of the deflection. During right atrial pacing CSN 
stimulation resulted in AH-interval prolongation from about 159 ms to about 175 ms in 
one subject, whereas the HV-interval and the duration of the QRS complex did not change 
(fig 7). In the other subject the AH-interval (123 ms) and the HV-interval remained 
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unaltered. However, the latter subject developed three days later supra-ventricular 
tachycardia with a partial A V block that was sensitive to CSN stimulation (fig 6). 

A-H 
[ms] 750 ms 

176 

;IV~ 
N=10 

174 lsem 

172 

170 

168 

166 

164 

-rf,r~ 162 

160 

158 

1 CSN Stimulation 100 Hz 1 5 sec 

v.d. M f 58 yrJ 

Figure 5-7. Prolongation of the AH-interval evoked by CSN stimulation (100 
Hz; 0.35 ms) in a subject with CHD. The AH-interval was measured from 
His-bundle recordings during atrial pacing (7 50 ms). The HV-interval remained 
constant. 

In a hypertensive subject with atrial fibrillation mean ventricular rate rose to about 150 
beats per minute when the permanently switched on stimulator (Barostat> was 
disconnected. 

Figure 8 shows that after a latent period of about 1.4 sec CSN stimulation produced 
abrupt depression of atrio-ventricular conduction as demonstrated by the sudden 
RR-interval prolongation from about 400 ms to > 1000 ms. It took about 30 seconds for 
the effect to subside after terminating the stimulation. The maximal negative dromotropic 
effect was found most of the time after only 20-30 seconds (see fig 8-6). A similar gradual 
waxing and waning of the RR-interval changes was observed in another patient with atria! 
fibrillation who was not included in this study. 

From the RR-interval signa! histograms, joint-interval distributions and 
auto-correlation functions were constructed before and during stimulation. During 
stimulation the mean, the minimum, the maximum and the range of the RR-interval 
distribution increased (fig 8). The shape of the RR-interval distribution was related to the 
mean RR-interval length (see fig 8-6). The augmented minimal RR-interval suggests that 
the refractory period of the A V-node was prolonged. The random character of the 
RR-interval sequence in atrial fibrillation was unaffected by stimulation (fig 9), whereas the 
sequentia! plot (fig 8) and the histogram were profoundly altered. 
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30 sec 
CSNS 100 Hz 

• ... +-- + -+ + +- 1- ...... 

Figure 5-8. Fall of mean arterial pressure (top panel) and dramatic 
prolongation of the average RR-interval (bottom panelJin a hypertensive subject 
with atria! fibrillation. Mean ventricular rate rose to about 150 beats per minute 
when the patient's stimulator was disconnected. 
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Figure 5-9. Me an autocorrelation 
function (rk) of the RR-interval signal vs. 
the correlation coefficient (k) during the 
last 30 seconds prior to CSN stimulation 
and during the last minute of the 90 sec 
stimulation period. Each autocorrelation 0.0 

function is the average of 16 functiolis. 
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Influence of cholinergic blockade 
Figure 10 illustrates partial (top paneD and complete vagal blockade (bottom panel) 

after administration of atropin (2 mg i.v) in two subjects (tab Ie 2). The sta bie level of short 
intervals combined with the absence of RR-interval variability proves that the blockade was 
for all practical purposes complete in the latter subject. The findings in the former subject 
were disregarded. 

Figure 5 (bottom panel) summarizes the results in the completely blocked subject. 
Rapid RR-interval changes were absent and the sluggish small RR-interval prolongation, 
reaching its peak after 2 5 seconds demonstrated that in res~ next to the fair amount of vagal 
toae, a small sympathetic accelerator tone was present that could be inhibited by CSN 
stimulation. The time course of sympathetically mediated chronotropic changes 
parallelled the fall and recovery of the systemic pressure. 

The AV-interval increased as sluggishly after cholinergic blockade. Note that the short 
atrial pacing interval required after atropin (450 ms) compromised A-V conduction more 
than before atropin when the pacing interval was 700 ms. Consequently, the CSN induced 
inhibition of the slight sympathetic resting tone produced a relatively larger AV-interval 
prolongation after atropin than before, as opposed to the RR-interval prolongation (fig 5). 
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Figure 5~10. Influence of 2 mg atropin i.v. on the RR-interval. Mean and 
standard deviation is indicated for consecutive control periods. Incomplete (Jeft 
panelJ and complete (right panelJ cholinergic blockade in two subjects with 
CHD. The trend in the mean RR-interval prior to the administration of atropin 
reflects probably the gradual disappearance of the stress imposed on the patients 
by the experimental situation. 

Influence of nitrous oxide anesthesia 
In spite of the stress Oying on the operation table prior to the induction of anesthesia) 

the subject demonstrated a bradycardia with frequent ventricular premature beats. Figure 
11 shows the circulatory response to CSN stimulation before ·and after the start of nitrous 
oxide anesthesia. 

The first stimulation period during the anesthesia was interrupted and 0.75 mg atropin 
was quickly injected. In the first 20 seconds of stimulation the fall of systemic pressure and 
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the RR-interval prolongation were about the same as before the induction, and possibly 
even enhanced. The diminished arterial pressure drop after administration of atropin 
suggests that part of the large depressor effect before (and during) anesthesia was due to 
excessive RR-interval prolongation. 

Hypertensive subjects 
In three hypertensive subjects CSN stimulation reduced mean arterial pressure 

significantly (p < 0.01). The 11-23 mm Hg pressure reduction, however, was small 
compared to the control pressure level (mean: 143-170 mm Hg) (table 4). 

The time course of the circulatory responses, if present, was not conspicuously 
different (by eye) from the CHD subjects. Note irt table 4 that one subject, similar to one 
in the CHD group, showed a definite, albeit small, reduction of mean arterial pressure 
without any prolongation of the RR-interval. 

DISCUSSION 

The results of this investigation are in accordance with previous reports on the steady 
state effects evoked by CSN stimulation in angina! subjects at rest: mean arterial pressure 
is reduced reflexly by decreasing primarily vascular resistance and to a lesser extent cardiac 
output CEpstein et al.,1969b; Dunning,19711 We did not measure cardiac output but we 
infer from the time course of the pulse pressure drop that, in addition to the increase of 
arterial vessel compliance, ventricular contractility probably diminished because of 
discrepancies in the time course of the pulse pressure and mean pressure changes when 
heart rate remained constant. 

Like Monasch and Dunning we found no respiratory change in subjects with coronary 
heart disease [Dunning,19711, hut in hypertensive subjects CSN stimulation activated other 
afferents (chemoreceptor fibres?) resulting in an augmented respiratory rate. 

In contrast to most authors, e.g. [Dunning,1971], we found that the RR-interval 
prolongation persisted for at least 1.5 minutes during continuous stimulation. 

The steady state fall of mean arterial pressure was little affected by the RR-interval 
prolongation. In addition, the magnitude of the RR-interval prolongation did not 
correspond very weil to the depressor response (table 2). In our opinion both findings imply 
that quantifying baroreflex function by relating the reflex RR-interval prolongation to a 
pharmacologically induced pressure rise makes little sense. 'Baroreflex sensitivity' CBristow 
et al.,1969a;1969b;Smyth et al.,19691 is a misleading concept: the vagally mediated reflex 
sinus node inhibition does by no means predict quantitatively the reflex release of 
sympathetic vasoconstrictor tone. The regulated parameter in the baroreflex con trol system 
is pressure rather than RR-interval. An extreme example is the observation that CSN 
stimulation induced a fall of systemic pressure without any change of heart rate. 

The peak fall of mean pressure (-28°/o) and pulse pressure (-21 °/o) was found about 25 
seconds after the onset of stimulation <range: 15-40 sec>, hut peak RR-interval prolongation 
( + 23 °/o) occurrëd usually within 10 seconds (range: 2-30 sec). Circulatory variables reached 
stable levels after about 40 to 60 seconds. After the end of stimulation arterial pressure 
returned to control after a variable period (from about 10 sec to > 90 sec), the RR-interval 
attained con trol level ususally within 10 secónds. 
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Table 5-4. Circulatory changes evoked by 
CSN stimulation with the Angistat (Barostat) in three hypertensive subjects. 
Abbreviations and legend: see table 2. Stimulus intensity: 4.6-7 .8 on the intensity scale of the transmitter. 
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An interesting finding was that the time course of the circulatory changes following 
the onset and end of CSN stimulation was characteristic and reproducible within subjects 
hut remarkably variable between subjects. The peak effects observed initially had limited 
predictive value for the changes evoked after one minute. One explanation for the 
inter-individual variation in response overshoot might be a difference in the interaction 
between conflicting afferent information reaching the brainstem from the carotid sinus 
and from the aortic arch region. The time course of the initially linear fall of mean pressure, 
when heart rate was maintained constant, and the distinct discontinuity in the initially 
linear recovery after cessation of stimulation suggest that a non-linear element is 
incorporated in the reflex loop. 

The negative dromotropic effect of CSN stimulation in supra-ventricular tachycardia 
[Braunwald et al.,1969;19701 resulted in enhancement of a partial AVblock from 2:1to4:1. 
We also observed a dramatic fall of the mean ventricular rate in a subject with atria! 
fibrillation when the stimulator was switched on. When heart rate remained constant due 
to atrial pacing A V conduction time increased due to prolongation of the AH interval, the 
HV interval did not change. The time course of negative dromotropic and chronotropic 
changes was closely similar. 

Baroreflex modulation of SA node and A V node function was primarily achieved 
through the parasympathetic division of the autonomie nervous system. Baroreflex 
modulation of sympathetic tone influenced the SA node and the AV node a little_ at rest, 
as shown by the small and sluggish changes after cholinergic blockade. The time course 
of these changes paralleled the fall of mean systemic pressure. 

Thus, our results suggest that baroreflex modulation of sympathetic tone affecting 
various regions of the heart and affecting the resistance vessels occur simultaneously, 
because the time course of the reflex changes in the effector organs was roughly the same. 
The results suggest similarly that baroreflex modulation of parasympathetic tone affecting 
different parts of the atrium probably occur simultaneously. The characteristicalJy different 
time course of vagally and sympathetically mediated effects is probably largely determined 
by the interaction between neurotransmitter and effector organ [Hill-Smith et al.,1978; 
Spear et al.,19791, as discussed in the previous chapter. 

In one subject CSN stimulation before and during nitrous oxide anesthesia 
demonstrated that the reflex effects were not blunted hut remained the same during 
anesthesia, or were possibly enhanced. Thus, nitrous oxide anesthesia does not depress 
baroreceptor reflexes in man (at least the centra! and efferent reflex arcs). Surprisingly, the 
vagally mediated intense sinus node inhibition was still present after induction. 
Consequently, CSN stimulation or manual traction at baroreceptor areas during surgery 
under nitrous oxide anesthesia may result in abrupt and severe reflex circulatory 
depression. 

Figure 5-11. Circulatory effects evoked by CSN stimulation (100 Hz; 0.35 ms) 
before and during nitrous oxide anesthesia. Por explanation, see text. <The 
RR-interval signal has been retouched to remove the effects of multiple 
premature beats). 
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CHAPTER VI 

Latency of Baroreceptor Control of SA-Node Frequency. 

Indirect evidence for a long (0.3 5 sec) poly-synaptic centra! part 
of the reflex are. 

SUMMARY 

1) RR-intervals were analysed in 11 subjects with coronary heart disease prior 
to and following the start and end of CSN stimulation. 

2) If the interval between the first stimulus pulse and the beginning of the 
anticipated P-wave was~ 0.55 - 0.60 sec the PP-interval became longer than the 
last pre-stimulus PP-interval. 

3) If the interval between the last stimulus pulse and the beginning of the 
anticipated P-wave was ~ 0.55 - 0.60 sec the PP-interval became shorter. 

4) The results applied equally toa group of 10 subjects who sensed the onset 
of stimulation, and one subject who was usually unaware of it. 

5) The latency of sinus node inhibition was little or not influenced by the 
duration of the control cardiac cycle. 

6) We conclude that baroreceptor control of the SA-node incorporates a 
functional latency of 0.5 5 to 0.60 sec which is independent of a) the direction of 
afferent activity change, and b) the duration of the cardiac cycle. 

7) We estimate that in unsedated man an approximate 0.35 sec central delay 
exists between arrival of afferent activity at the Nucleus Tractus Solitarii and 
departure of reflexly modified parasympathetic activity from the brainstem. This 
implies a long and complex poly-synaptic path involved in centra} processing of 
baroreceptor afferent information. 

INTRODUCTION 

The SA-node is inhibited within 0.6 - 0.7 sec after the start of CSN stimulation 
Cchapter IV>, i.e. well within the duration of one cardiac cycle. Previously published 
estimates of the latency involved in baroreflex control of the SA-node range from 0.2 sec 
[Carlsten,1965] to 9.2 sec [Pickering et al.,19721, hut most authors report values < 0.5 sec. 

We have extended the observations described in chapter IV by analysing a) the 
PP-interval response when the CSN stimulator was switched on or off with a variable delay 
after the QRS complex, and b) the initia! PP-interval prolongation in experiments 
performed with the aim to establish the optimal frequency of the Medtronic CSN 
stimulator (chapter VIII). 
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METHODS 

PP-interval data from 18 experiments concerning the influence of the stimulation 
frequency in 11 subjects were analysed first. 

The latency of baroreflex inhibition of the sinus node was determined by searching 
for the shortest interval between the onset of CSN stimulation (80 - 200 Hz) and the first 
P-wave in the electrocardiogram that occurred later than anticipated, assuming that two 
consecutive RR-intervals had been be equal ffig 1). The interval between stimulation onset 
and the anticipated P-wave was denoted St'-P interval. The beginning of the P-wave was 
assumed to precede the R-wave by the PR time measured from ink trace records at a paper 
speed of 100 mm per second. The average of 10 consecutive PR times was used. The 
negative dromotropic effect CSNS has on A V conduction was neglected. 

The latency of baroreflex enhancement of SA-node frequency after the end of a 
stimulation period (80 - 160 Hz) was determined correspondingly. The interval between 
the last stimulus pulse and the anticipated P-wave was denoted St' -P interval. 

ECG 

CSN 
Stimulation 

R 

1 
1 

.""'- anticipated P 
1 

l 
1 St-P 1 1" ". 
Interva l 

Figure 6-1. RR-interval analysis for the measurement of the latency of CSN 
stimulation induced sinus node inhibition and enhancement. Traces represent 
from top to bottom: electrocardiogram CECG) with the RR-interval In and ln+H 
marker indicating when CSN stimulation is switched on, and schematic 
electrocardiogram. In the latter the P-wave marks the onset of the true P-wave, 
the R-wave marks the moment the true R-wave crosses the trigger level used for 
the measurement of the sequentia! RR-intervals. The PR-time is the time 
between the P-wave and the R-wave in the schematic ecg. I0 is the last pre-stimuls 
RR-interval. The interval between the onset of stimulation and the anticipated 
P-wave, assuming In+ 1 = In, is the St-P interval. If CSN stimulation starts with 
a delay D after the R-wave, the St-P interval equals In - D - (PR-time). 
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Figure 6-2. Latency to onset of RR-interval prolöngation evoked by continuous 
CSN stimulation in a subject with CHD (80 Hz; 0.35 ms). 
Abcissa: interval between start of stimulation and the onset of the anticipated 
P-wave. 
A: RR-interval prolongation [percentage deviation from last pre-stimulus 
RR-intervall Mean pre-stimulus RR-interval was 1083 ms. 
B: Cumulative distribution of St-P intervals for the same data. Top line : total 
number of St-P intervals. Bottom line: excess number of times RR-interval I0 + 1 

was longer than In. 
When CSN stimulation started 5 .50-600 ms or more in advance of the anticipated 
P-wave the RR-interval became longer, thus a 5 50-600 ms latent period was 
present between switching the stimulator on and the ensuing PP-interval 
prolongation. 

In seven additional experiments in four subjects a variable delay was introduced 
between the R-wave and switching CSN stimulation on or off for a brief period. Stimulus 
pulse duration was 0.35 ms and frequency was 80 or 110 Hz Gn oneinstance accidentally 
180 Hz). As a result an even distribution of St-P intervals was obtained in the range 0 - 1000 
ms. 
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The St-P intervals were sorted in 50, 250 or 500 ms bins and the corresponding pairs 
of RR-intervals in each bin were analysed. The percentage prolongation of In+i relative to 
In was computed (mean ± sem). We assumed any two randomly taken pair of consecutive 
RR-intervals, In and ln+ 1, to be of equal length on average <fig 1) [Hershberg et al.,19671 
Students t-test was used to assess the mean difference between In+ 1 and In. A p < 0.05 was 
considered significant. In another approach we only assumed that there was an even chance 
to observe In+ 1 > In or In+ 1 < In. The excess number of times RR-interval In+ 1 was longer 
than In was counted in each bin. The cumulative distribution of the excess number was 
plotted vs. the St-P interval. Tuis distribution is expected to fluctuate randomly around zero 
if no trend is present in the RR-interval signal, and if no systernatic disturbance occurs. In 
order to detect a possible trend prior to the start or end of stirnulation RR-interval In was 
cornpared to In-i· In is the last pre-stimulus RR-interval. Several authors have previously 
used a similar approach to the measurement of the latency of heart rate changes, e.g. 
Koepchen and collaborators [1961a;1961b], Borst and coworkers [1971a;1971bl, Eckberg 
Cl976al. 

RESULTS 

Switching the CSN stimulator on with a variable delay after the R-wave resulted for 
one subject in figure 2A which shows the relative PP-interval prolongation plotted vs. the 
interval between the start of stimulation and the onset of the anticipated P-wave (St-P 
intervaD. The absence of significant PP-interval changes when the St-P interval was less 
than 0.55 sec and the significant PP-interval prolongation from 0.55-0.60 sec onwards 
implies that the latency between the start of CSN stimulation and the onset of PP-interval 

. prolongation was 0.5 5 to 0.60 seconds. A sharp transition between the region in figure 2 
with no effect and the onset of the PP-interval prolongation is to be expected in these 
experiments because of the extensively documented abrupt slowing of the sino-atrial node 
resulting from vagal stimulation, e.g. [Brown et al.,1934; Levy et al.,19701 Inferring 
physiological significance from the statistically significant PP-interval prolongation in the 
50 ms bin from 0.55 to 0.60 sec was thus based on the results for St-P intervals > 0.60 sec 
as well (fig 2). The accuracy of the latency determination is estimated to be one bin width 
of 0.05 seconds. 

The cumulative distribution of the excess number of times PP-interval In+ 1 was Jonger 
than In for the same data as in figure 2A is represented by the lower staircase in figure 2B. 
The upper staircase is the cumulative distribution of the number of observations with St-P 
intervals from 0 to 1000 ms. The lower staircase shows a steep increase from 0.55-0.60 sec 
onwards, parallel to the relative PP-interval prolongation (fig 2N. Pooling similar data from 
all experiments in 11 subjects in which CSN stimulation was applied for ~ 1.5 sec (Table 
1) yielded figure 3A. 

Figure 3B shows the corresponding cumulative distribution of the excess number of 
times PP-interval I0 + 1 was shorter than In vs. the St'-P interval. This figure demonstrates 
that the PP-interval began to decrease if the interval between the end of a ~1 min 
stimulation period and the anticipated P-wave was~ 0.55 - 0.60 sec. Thus, the 'on' and the 
'off latency appeared to be equal. The transition between no effect and PP-interval change 
is less abrupt in figure 3B than in figure 3A because the initial transient of the 'on' response 
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Figure 6-3. RR-interval prolongation in the first second after the start of CSN 
stimulation (80-200 Hz.). Legend as for figure 2B. 
Cumulative distribution of St-P intervals when CSN stimulation was switched on 
(AJ and of St' -P intervals when it was swichted off (B). Pooled data from 11 
subjects with CHD. 
AJ Top solid line: total number of observations, bottom line: excess number 
of times RR-interval In+ 1 was langer than In. The breken lines represent the 
results in one subject who was unaware of the stimulation. Mean pre-stimulus 
RR-interval ranged from 518 to 1201 ms. 
B) Top line: total number of observations, bottom line: excess number of times 
RR-interval In+ 1 was shorter than In. Mean pre-stimulus RR-interval ranged from 
541-1363 ms, and the average prolongation prior to switching the stimulator off 
was 10°/o (range 4 - 34°/o). 
The cumulative distribution of the excess number began to increase rapidly 
beyond 5 50 ms demonstrating a 5 50-600 ms latency between switching the CSN 
stimulator on (AJor off (BJand the ensuing PP-interval change. Thus, baroreflex 
modulation of the SA-node was symmetrical as to the latency for inhibition and 
enhancement. 



Stim. In VS. In-1 
Freq. RRI St-P: 0-500 ms 

Subject CSNS N Mean Mean ~xcess Mean ±SD ±SEM p N In> N ±SEM p N 
[Hz] 6% Sign In-1 6% Sign 

Rl 80-200 63 872 -0.01 ns 63 -3 34 0.04 ns 34 
± 50 ±0.30 ±0.38 

R2 80 202 844 -0.08 ns 190 -8 199 0.08 ns 96 
± 39 ±0.12 ±0.18 

vd.M.1 80-200 27 1006 -0.13 ns 26 4 0 
± 55 ±0.22 

vd.M.2 80 200 1083 0.13 ns 190 4 95 0.30 ns 90 
± 44 ±0.10 ±0.18 

Wi 80-200 33 623 0.06 ns 24 8 33 0.02 ns 21 
± 30 ±0.06 ±0.08 

J. 80-200 30 749 0.40 ns 29 9 30 0.04 ns 29 
± 31 ±0.22 ±0.24 

Zl 100-200 6 938 1.30 ns 6 4 0 
± 124 ±0.80 

~ 

Z2 120 4 12.01 3.19 ns 4 2 0 
± 33 ±3.68 

vdV.1 80-200 17 1056 -0.02 ns 17 -1 0 
± 39 ±0.16 

E. 80-200 14 518 0.13 ns 13 3 14 -0.17 ns 8 
± 30 ±0.17 ±0.18 

s 20-100 27 1002 0.62 ns 27 3 0 
± 81 ±0.79 

Ba. 80-100 13 920 1.34 . 13 5 0 
± 24 ±0.52 

Bi. 80-100 8 976 0.13 ns 8 2 0 
± 34 ±0.22 

Wa. 30-100 19 1031 0.27 ns 19 5 0 
<HypertJ ± 47 ±0.34 

CHD (n = 10) 644 610 32 305 278 

In+ 1 VS. In 
St-P: 500-1000 ms 

Excess Me an Excess 
In+1 > N ±SEM p N In+ 1 > 

In 6% Sign In 

2 39 3.30 .... 39 25 
±0.57 

10 131 2.45 .... 129 93 
±0.23 

27 6.31 .... 27 27 
±0.36 

12 94 2.64 .... 83 11 
±0.22 

-1 33 1.13 .... 30 28 
±0.11 

-3 22 3.57 .... 21 21 
±0.53 

6 18.14 .. 6 6 
±3.00 

2 9.21 ns 2 2 
±7.03 

17 2.78 .... 17 17 
±0.19 

2 14 3.54 .... 14 12 
±0.53 

27 36.81 .... 27 25 
±6.57 

13 1.04 ns 12 0 
±0.50 

8 1.79 -· 8 8 
±0.28 

19 15.84 ... 19 15 
± 5.55 

22 452 434 290 

St-P: 1000-1500 ms 

Mean 
N ±SEM p N 

60/~ Sign 

40 10.40 .... 40 
±0.97 

132 7.34 ... 132 
±0.25 

0 

91 4.11 .... 91 
±0.19 

14 1.57 ... 13 
±0.32 

10 7.95 ... 10 
± 1.50 

2 57.66 . 2 
9.44 

2 18.10 . 2 
±3.63 

0 

14 3.5S .... 13 
±0.63 

1 34.20 1 

1 6.07 1 

0 

0 

307 305 

Excess 
In+l > 

I" 

36 

128 

87 

11 

10 

2 

2 

13 

1 

1 

291 

\JI 
00 



Table 6-lB. 

Stim. 
I. vs. 1._1 In+ l VS. In 

Fee;}. RRI St-P: 0-500 ms St-P: 500-1000 ms St-P: 1000-1500 ms 
Subject es s N Mcan ' 

±SD Me an Excess Me an Excess Me an Excess Me an Exccss 
±SEM p N I.> N ±SEM p N In + 1 > N ±SEM p N 1 •• , > N ±SEM p N ln+ l > 

!Hzl 6.% Sign 1 •. J 4% Sign In 6.% Sign 1. !:1% Sign 1. 

R3 108 231 1159 0.05 ns 228 2 94 0.10 ns 93 -3 110 5.27 ... 110 66 82 8.06 ." 82 68 
± 99 ±0.28 ±0.40 ±0.69 ±0.62 

R4 177 166 1221 -0.02 ns 164 -14 70 1.27 " 66 16 76 6.27 ." 75 33 58 11.74 - 58 52 
±106 ±0.36 ±0.53 ± 1.09 ±1.04 

vdM.3 108 128 1052 0.22 ns 125 3 41 0.15 ns 39 7 80 3.40 - 80 72 42 2.25 ... 42 26 
± 45 ±0.18 ±0.25 ±0.24 ±0.39 

wm. 108 132 n5 -0.33 ns 127 -25 74 -0.02 ns 40 8 91 1.75 ... 89 47 95 4.02 ... 94 70 
± 42 ±0.22 ±0.37 :1: 0.28 ±0.48 

vdV.2 108 56 896 0.03 ns 48 -2 16 -0.02 ns 13 1 45 0.63 - 42 26 18 0.44 ns 16 8 
± 19 :1: 0.11 ±0.19 ±0.14 ±0.35 

CHD 713 692 -36 295 291 29 402 396 244 295 292 224 
<n=4> 

CHD ALL 1357 1302 -4 600 569 51 854 830 534 602 597 515 
(n = 11} EXP. 

Table 6-1. RR-interval prolongation at the onset of CSN stimulation. 
Percentage deviation of RR-interval 10 +1 from In, in relation to the St-P interval lumped in three classes: 0-500, 
500-1000, 1000-1500 ms. The percentage deviation of 10 from In-i is included to validate the assumption that 10 + 1 == 
In. 
• = P<0.05; ... = P<0.01; and ... = P<0.001. Nsign = number of times 10 + 1 differed from 10 • Excess n0 + 1 >10 ) = 
number of times (ln + 1 > In) minus number of times (ln + 1 <In)· 
A: RR-interval prolongation after the start of continuous stimulation. Note that in most subjects relatively few St-P 
intervals between O and 500 ms were present because the start of stimulation was locked to the R-wave with zero delay. 
CH D (n = 10): pooled results of 10 subjects with coronary heart disease. 
B: RR-interval prolongation elicited by a 300 ms burst of stimulus pulses, starting with variable delay after the R-wave. 
In the bottom row the pooled results from table lA and 1 B are listed. 
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was much larger than the 'off' response due to the often large initia! overshoot in the 
RR-interval response to CSN stimulation (see table 5-2). 

The broken Iines in figure 3A represent the results for one subject who was studied 
several times because she was very cooperative and because she was unaware of the CSN 
stimulation most of the time. 

Similar experiments with brief bursts of stimulation, performed four years later (Table 
1), confirmed the findings displayed in figures 2 and 3A (see fig 7-5). Figure 4 combines 
all results regarding the 'on' latency of baroreflex inhibition of the sinus node: the 
inhibitory effect began to appearwhen the St-P intèrval was between 0.55 and 0.60 seconds. 
Separating the data from figure 4 into two groups, one with control PP-intervals ~ 1.0 sec 
(fig 5A> and one > 1.0 sec (fig 5 B>, did not reveal a distinct influence of the cardiac cycle 
length on the reflex latency of SA-node inhibition. 
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Pi gure 6-4. Onset of RR-interval prolongation in the first second after the start 
of CSN stimulation in 11 subjects with CHD. Legend as for figures 2B and 3A. 
Pooled results of the response to continuous stimulation Ctable lA and fig 3A> and 
the response toa 300 ms stimulus burst with 110 Hz (table lB). 
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DISCUSSION 

The onset of CSN stimulation was followed after 0.5 5-0.60 seconds by prolongation 
of the PP-interval. The ~nd of stimulation resulted after 0.5 5-0.60 seconds in PP-interval 
shortening. Thus, parasympathetically mediated modulation of SA-node frequency was 
symmetrical with respect to the reflex Iatency. The accuracy of these results is estimated 
to be ± one bin width of 0.05 seconds. 

CSN stimulation offered a unique opportunity to arrive at an accurate estimate of the 
reflex latency involved in modulation of SA-node frequency by the baroreceptors, because 
both the abrupt increase and decrease of baroreceptor afferent nerve activity were precisely 
defined with this method. The baroreceptors themselves constitute an additional delay that 
is probably negligible CKatona et al.,1968] with respect to the transmission time in the 
entire reflex loop (see below). 
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Figure 6-5. RR-interval prolongation in the first second after the start of CSN 
stimulation. Legend as for figure 2B. 
Data identical to figure 4, but the experiments have been separated according to 
the level of the mean pre-stimulus RR-interval. 
A: Pre-stimulus RR-interval ~ 1000 ms. 
B: Pre-stimulus RR-interval > 1000 ms. 

We assume that we have studied the response to CSN stimulation in subjects with 
normal baroreflex regulation of sinus node frequency. Defective parasympathetic control 
of the heart CEckberg et al.,1971; Higgins et al.,1972] was unlikely because of 1) the normal 
variation of RR-intervals in rest, and 2) the usually large peak RR-interval prolongation 
shortly after the onset of CSN stimulation (chapter V>. Baroreflex control of heart rate 
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('baroreflex sensitivity') is diminished in hypertensive subjects [Bristow et al., 1969a] and 
in borderline hypertension [julius et al.,1975; Takeshita et al., 19751. In one subject with 
CHD a moderate hypertension was observed during the measurements, but the results did 
not differ from the other ten subjects without hypertension. It is interesting that one 
severely hypertensive subject responded to CSN stimulation also within one second with 
a large RR-interval prolongation. Thus, there are no indications that in our study the 
coronary heart disease of the subjects had impaired the baroreflex regulation of heart rate. 

Ashman and Gouaux estimated the latency of baroreflex control of heart rate for the 
first time in a subject with complete AV nodal block. They related the R-wave to the 
following P-waves and concluded that the latency was about 370 ms CAshman et al., 19381. 
Mechanica! distortion of the carotid sinus produced a retarding effect on the P-wave after 
200 ms in one subject, and after 400 ms in another [Carlsten et al., 19651. Ina larger series 
Bevegard and coworkers noted that the latency increased from 400 to 650 ms when the 
control PP-interval increased from 550 to 800 [Bevegard et al., 19671. Our findings 
concerning the latency fall in the middle of this range, but they do not support the relation 
between the duration of the control PP-interval and the latent period (control PP-intervals 
ranged from 513 to 1221 ms in the present experiments). 

Pickering and coworkers measured the interval between the start of a drug induced 
change of arterial pressure and the reflex RR-interval change. They found a mean 'on' 
latency of 1.6 or 9.2 seconds, depending on the experimental situation. They reported a 
mean 'off' latency of 4.5 or 2.9 sec CPickering et al., 1972], to our knowledge the only 
estimates of the 'off latency available in man. These authors arrived at an 'on' latency of 
475 ms using a different approach [Pickering et al., 19731. They computed the 
cross-correlation function between the RR-interval and the systolic arterial pressure during 
a phenylephrine induced transient pressure rise, and related the position of the peak in the 
cross-correlation function to the duration of the pre-injection RR-interval. The authors 
explained the difference between the latter latency and the previous estimates by assuming 
some pressure threshold for the initiation of the reflex bradycardia CPickering et al., 19731 
However, the basis for the conjecture that the position of the peak of their cross-correlation 
function will yield the latent period of the baroreflex effect on the heart rate is not clear. 

We observed the same latency for the 'on' and the 'off effect on heart rate, but since 
the estimated accuracy of our latency determination is ± 0.0 5 sec, a difference in the order 
of 50-100 ms cannot be excluded. Katona and coworkers [1969] reported a 200 ms 
difference between the 'on' and 'off latency ofvagal activity change in the anesthetized dog. 
With respect to the latency, however, our data do not support a centra! origin of asymmetry 
in the carotid sinus reflex in unsedated man. 

Recently Eckberg employed a novel neck suction chamber to elicit the baroreceptor 
heart rate response CEckberg et al., 19751 and concluded that the latency averaged 240 ms 
[Eckberg, 1976al Since the true baroreflex stimulus <increase of carotid transmural 
pressure) will have lagged about 10 - 40 ms with respect to the moment the pressure in the 
suction box became less than -2 mm Hg, a latency in the order of 200 ms would imply a 
negligible duration for the afferent and centra! parts of the baroreflex, unless the SA-node 
responds much faster to an abrupt increase of vagal tone in man than in other mammals 
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(see below). An altemative explanation for the short latency would be mechanica! traction 
at the vagal nerve at the onset of suction. (Brief suction was applied at -60 mm Hg and peak 
dP/dt in the chamber reached -3000 mmHg/sec. In contrast to earlier designs of a suction 
chamber the device Eckberg used did not enclose the neck. It was positioned in front, the 
edges were apposed to the sternum,clavicles, sternocleidomastoid muscles and the 
mandible). 

Central delay 
The 0.5 5 - 0.60 sec latency for the sinus node response is sufficiently accurate to 

venture estimating the central transmission time for the parasympathetic part of the 
baroreflex. One needs for the afferent and efferent reflex are additional data from animal 
experiments, assuming that the anesthesia did not affect peripheral nerve conduction or 
the SA node response to acetylcholine. Only data obtained in dog studies were used. 

In figure 6 the estimated conduction times are given for the constituent parts of the 
reflex are: from baroreceptors to the CSN stimulating electrodes requires about 20 ms 
[Katona et al" 19681 From the electrodes along the glossopharyngeal nerve to the Nucleus 
Tractus Solitarii takes about 5 ms [Humphrey, 1967; Richter et al., 19701. Along the vagal 
nerve to the right atrium takes about 55 ms Uriuchijima et al., 1963; Jewett, 1964; Levy et 
al., 1970; Kunze,1972; Spear et al., 1973] and the time required to alter SA node discharge 
rate and postpone the appearance of the P-wave is about 170 ms [Levy et al., 1970; Spear 
et al., 197 31. Thus, centra} processing of baroreflex information requires approximately 0.3 5 
sec, suggesting a large and complex poly-synaptic network (one synaps adds in the order 
of 1 ms to transmission time). 

Most estimates of central conduction time in the dog are less than 100 ms [Koepchen 
et al.,1961a;l961b;lriuchijima et al., 1963,1964; Jewett, 1964; Kunze,1972; Levy et 
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al.,1972]. The discrepancy may be due to species differences. However, anesthesia probably 
affected central conduction in those studies because anesthesia profoundly modifies the 
heart rate response to baroreceptor input (for recent reviews, see [Kirchheim,1976; Vatner 
et al.,1971b;1975bD. 

Figure 7 shows the PP-interval shortening following the end of CSN stimulation 
(closed circles) and following the onset of exercise (open circles). The latter data were 
obtained previously in a different group of subjects by methods similar to those employed 
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Figure 6~ 7. Relative RR-interval shortening after cessation of CSN stimulation 
(filled circles) and after the onset of exercise (open circles). Mean ± sem is 
indicated. 
Abcissa: St' -P interval [ms] for baroreflex experiments; start contraction-P 
interval for muscle-heart reflex experiments. The latency of both reflexes differed 
by about 0.25 sec. 
The data on the cardioacceleration at the onset of exercise were obtained in a 
different group of subjects and are reproduced in modified from reference [Borst 
et al., 1971b1, after correction for the PR-time (assumed to be 200 ms). 

in the present study [Borst et al.,1971a;1971bl The effect of both stimuli (start muscle 
contraction and end CSN stimulation) is the same: cardioacceleration. The latency of the 
heart rate rise at the onset of exercise was approximately 0.3 5 sec <af ter correction of the 
original 0.55 sec [Borst et al.,1971a;1971bJ for an estimated 200 ms PR-interval>. Those 
experiments were subsequently repeated and confirmed [Hollander et al., 1975al The 
efferent path of the reflex is the vagal nerve, but there are two possible afferent pathways: 
a) central irradiation of the motor command to cardiovascular centres in the brainstem, 
b) muscle afferents (for review, see [Hollander, 197 5bD. Figure 8 illustrates that both reflexes 
share the efferent path. 

The shorter latency of the muscle-heart reflex (fig 8) implies a constraint on the 
minimum time required for centra! transmission of the baroreflex in man: it should require 
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at least 0.25 sec. Thus, comparison of the present findings with the muscle-heart reflex 
experiments provides a limit to the possible error in the centra! delay estimate introduced 
by the use of conduction times in the afferent and efferent are that were measured in the 
anesthetized dog. It should be emphasized that figures 7 and 8 deal with two different 
groups of subjects. 

It is intriguing that the reflex times of the baroreflex and the muscle-heart reflex would 
differ .by some 0.25 sec. lf we presume the fast group 111 fibres to be the afferent path of 
the muscle-heart reflex and the receptors ~o be extremely fast responding receptors [Borst 
et al.,1971b;Hollander et al.,1975a], we have to account for an approximate 275 ms 
difference in central transmission time (fig 8). We propose that this difference may be 
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Figure 6-8. Schematic diagram of the vagally mediated control of the sinus 
node by the baroreflex and (tentatively) the muscle-heart reflex. Legend as in 
figure 6. Note the difference in estimated centra! delay. 

interpreted as an indication of the site of the site of interaction between both reflexes in 
the brain stem: convergence of information from baroreceptors and muscle receptors can 
only :occur towards the end of the centra! baroreflex pathways Cfig 8). · 

The possibility that 'cardiovascular' afferent inputs may interact at various levels in the 
brainstem (fig 8) may offer an explanation for two observations: 1) the failure to retrace the 
phasic baroreceptor information after the second neuron [Koepchen et al.,1975]; 2) the 
reappearance of cardiac beat related phasic activity in efferent cardiac vagal branches 
[jewett, 1964; Kunze, 197 21 

The disappearance of the phasic aspect of the baroreceptor afferent input is to be 
expected in a large poly-synaptic network. R-wave triggered intermittent CSN stimulation 
failed to elicit an augmented heart rate response in man <chapter IX> which supports the 
·concept of a low-pass filtering network of interneurons [jewett, 19641 We suggest that 
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phasic afferent information originating in the heart and mediated through afferent vagal 
fibres [Paintal,1972;1973] converges in the brainstem with tonic baroreflex information at 
the level of the Nucleus Ambiguus. Hence, the cardiac beat related bursts of efferent vagal 
activity may not be related to systemic arterial pressure changes, they may be related to 
mechanica! cardiac events. 

· Retuming from speculation to experimental findings, the results of this study show 
that bath an abrupt increase and an abrupt decrease of baroreceptor afferent activity was 
followed after 0.5 5-0.60 sec by the onset of parasympathetically mediated reflex PP-interval 
changes. The centra! de lay involved in baroreflex control of the SA-node seems to be about 
0.35 sec (at least 0.25 sed, suggesting complex poly--synaptic pathways in the centra! part 
of the reflex are. 



SUMMARY 

67 

CHAPTER VII 

Respiratory Modulation of Reflex Bradycardia 
Evoked by Brief CSN Stimulation: 

Additive Rather Than Gating Mechanism 

1) Studies in anesthetized animals have shown that brief CSN stimulation 
fails to evoke reflex bradycardia when delivered during inspiration. This led to 
the hypothesis that baroreflex afferent input is gated centrally by the respiration. 

2) We applied 0.3 sec bursts of CSN stimulation in unsedated man breathing 
quietly. The stimulus burst was delivered at random in the cardiac cycle and at 
random in the respiratory cycle. 

3) PP-interval prolongation started 0.55-0.60 sec after the first stimulus pulse, 
peak prolongation averaged 7°/o (range 1-15°/o) and the response subsided after 
about 5 sec <range 3-5.5 sed. 

4) The peak effect depended on the phase of the pacemaker action potential 
in which the augmented vagal activity reached the SA-node. 

5) In inspiration, as well as in expiration, brief CSN stimulation evoked 
bradycardia, and a stimulus burst starting early in the inspiratory phase was 
followed after 0.6 sec by reflex inhibition of the sinus node, if the PP-interval 
response was compared to the spontaneous changes due to the respiration. 

6) The interaction of baroreflex and respiratory effects on the sinus node 
resembled an additive process rather than a gating mechanism. 

INTRODUCTION 

Brief stimuli to the carotid sinus baroreceptors or brief stimulation of the carotid sinus 
nerve <CSN) reflexly evoke bradycardia when delivered in the expiratory phase of the 
respiratory cycle, hut evoke little or no effect when given during inspiration. This 
respiratory modulation of baroreceptor (and chemoreceptor) reflexes affecting heart rate 
bas been well documented in a number of studies in the anesthetized dog [Koepchen et 
al., 1961c; Haymet et al., 1975; Neil et al., 1975; Davidson et al., 1976; Gandevia et al., 
1978aJ and cat [Lopes et al" 1976;19781. 

The latter authors proposed a respiratory 'gating' mechanism for cardiac slowing: the 
inspiratory neurones in the Nucleus Tractus Solitarii may be part of a 'gate' which controls 
the passage to the Nucleus Ambiguus of impulses from all known afferent stimuli which 
cause reflex bradycardia [Lopes et al., 19761 Recent findings on the oculo-cardiac reflex and 
the diving reflex both in the anesthetized dog and in unsedated man would seem to support 
the genera! nature of this postulated respiratory 'gate', because the reflex slowing of the 
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heart was reduced by centra! inspiratory activity [Gandevia et al., 1978bl 
Because of the qualitative character of the latter study it is still uncertain whether or 

not in unsedated man inspiratory activity is sufficient to block baroreceptor reflex effects 
on heart rate as effectively as in the anesthetized dog and cat. 

We have extended the observations described in the previous chapter by analysing the 
PP-interval prolongation evoked by a brief burst of CSN stimulation with respect to the 
respiratory phase in which the stimulus pulses were delivered. The PP-interval 
prolongation was compared to the PP-interval changes observed after a virtual burst in the 
same part of the respiratory cycle. 

Table 7-1. Patient data. 

Age Duration Blood he art 
Subject implant. pressure ra te drug regimen 

[beats 
[years] [months] [mm Hg] per min] 

Mr vd M 61 63 110/65 57 acenocumarine 
Mes R 68 65 130/65 50 digoxine, propranonol, furosemide 
Mr vd V 71 63 135/90 67 -
Mr Will 62 45 140/90 79 acenocumarine, propranolol 

METHODS 

Four subjects participated in the investigation after giving informed consent (table 1). 
One subject was studied twice. The subject sat in an easy chair in a quiet room and read 
a book. Brief bursts of stimuli were delivered to the CSN independent of the respiratory 
phase at intervals of 20 - 30 seconds. The number of applied bursts ranged from 56 to 231. 

The hardware configuration for these experiments has been described in chapter IIL 
A variable delay was introduced after the R-wave that triggered the start of the stimulus 
burst. The burst lasted 300 ms. Stimulus parameters were: frequency 110 Hz '(in one 
instance accidentally 180 Hz) and pulse width 0.35 ms. 

The stimulus bursts were classified afterwards as inspiratory when the first impulse 
had coincided with the inspiration, as judged from the ink trace record of the nose 
thermistor signa!. Inspiration and expiration were each subclassified in begin, mid and erid. 
Begin and end were arbitrarily defined as the first 500 ms, respectively last 300 ms in each 
respiratory phase. When irregular respiration precluded proper classification the run was 
discarded. 

Con trol measurements on the effect of the respiration were obtained by classifying in 
the same manner virtual stimulation onset points 6.0 seconds in advance of the real 
stimulation bursts. 

The PP-înterval prolongation evoked by the stimulation was expressed as percentage 
deviation from control. The last pre-stimulus PP-interval was used for reference. The data 

· from five experiments were pooled after sealing the PP-interval changes to the peak 
prolongation evoked by the CSN stimulation burst. 
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The latency to the onset of bradycardia was determined with the method described 
in the previous chapter. Since the assumption that PP-interval In+ 1 = In is of course invalid 
when observations are grouped according to the respiratory phase, the effect of CSN 
stimulation was compared to the effect of the respiration itself. Statistica! analysis of the 
difference between two means was performed with Student's t-test. A p < 0.05 was 
considered to be significant. 

ECG 

RR-lntervol 
(sec] 

Respiration 
..J.INSP 

C S N Stimu lat ion 
(180 Hz; 0 .35ms) 

- + · : - -- -·"- - : - - -- - -·- · · - · - · ·-··-+·J __ _ .. 
-- ~ ··...+-· --- --- :- · ...... - - -- - · . •. · - - - - ~~-~ ··~ · ·-~ -·· 

.. ~l ·-·: ·-~ -+- . _:~~ -~- .F.:-~ - - ~.:·_ ~-+1:~ : __ : -~-1 ·;~ :_ '~ 

~---·- - ----·--·---- ________ , _ ___._~ 

- - ·---··---- · · ········--·- ··-·· --· ---- .. ...._ ____ .....:._ - · ------·~- ... --·-- ·- . . -- - ---+------------- ----..._.,_...........+-+--
~ -:·~=~~.- ~~-· .. : :.: ~ : . ~ -... :._ ::..~~~~-~~-~ _:_=~--~-=-~ =::.r:F=~-= ~-- ~::=~=:-:. :::._~ .. : :~.-~ :~ :: 
- -- --- ····-· .. ···· ·-· ·-- -· -·- ~---~,___·-4-··--------- · - ·--·· .. . ·-· · 
-,-·----
--+-- · --·- -. -··-- ... . - -··-. ·-- . ·---~--~-· 

-i·-······ --· ···- ··-· ··----··- -·-·· ··~--==:t--

Figure 7-1. RR-interval prolongation evoked by brief CSN stimulation 
delivered in expiration and next in inspiration. Cross-talk of CSN stimulation is 
evident in the ecg. Heart rate was about 50 beats/min. Respiratory rate was about 
20/min. The respiratory signal represents the temperature changes in a nostril 
(inspiration downwards). 
Respiratory arrhytmia was absent in this subject and the stimulus burst elicited 
an RR-interval prolongation both when delivered in inspiration and when 
delivered in experation. Note that the output of the interval meter (second trace 
frorn the top) lags one cardiac cycle. 

RESULTS 

Figure 1 shows the spontaneous PP-interval changes occurring in one subject during 
several respiratory cydes and the perturbation evoked by brief CSN stimulation. In figure 
1 no distinct respiratory arrhythmia is present <i.e. cardio-acceleration caused by 
inspiration, followed by cardio-deceleration coinciding with expiration [Davies et al., 



Table 7·2 

Subject N 

R.1 217 

R.2 162 

vdM 121 

wm. 130 

vdV 45 

Con trol Con trol Il PP-Interval Peak 
PP-Interval !!:. PP-Interval t = 0.25-0.5 seconds t = 0.5-0.75 seconds & PP-Interval 

ms Ci±SD> %Ci±SEM) p %Ci±SEM> p %<x±SEM> p %Ci±SEM> 

1169± 91 0.16±0.29 >0.05 -0.01 ±0.56 >0.05 1.45 ±0.69 <0.05 8.96±0.96 

1219±107 -0.08±0.36 >0.05 0.54±0.54 >0.05 2.67 ±0.80 <0.001 15.44 ± 1.62 

1051± 45 -0.01 ±o.n >0.05 0.23±0.43 >0.05 2.93±0.24 <0.001 4.29±0.34 

755± 41 -0.34±0.23 >0.05 -0.81 ±0.48 >0.05 1.63 ±0.34 <0.001 4.53 ±0.98 

898± 18 0.07±0.12 >0.05 0.24±0.28 >0.05 0.60±0.25 <0.05 1.05 ±0.18 

Table 7-2. The reflex effects on the PP-interval of a 300 ms burst of CSN 
stimulation (110 Hz), delivered randomly in the respiratory cycle and ran-
domly in the cardiac cycle. Results have been averaged at 0.25 sec intervals. 
N = number of runs. 
The PP·interval change (À PP-intervaD is the percentage change with 
respect to the last pre-stimulus PP-interval. Control À PP-interval is the 
percentage change of the last pre-stimulus PP-interval with respect to the 
last but one. In each subject baroreflex inhibition of the sinus node started 
0.50 - 0.15 sec after the onset of the stimulus butst. 

p 

<0.001 

<0.001 

<0.001 

<0.001 

<0.001 

Dura-

J'ime-to-Peak tion 
Res-

pon se 

seconds seconds 

1.0 -1.25 4.5 
(1.0-1.1) 

1.0 -1.25 5.5 
(1.1-1.2) 

0.75-1.0 5.0 
(0.9-1 .0) 

1.5 - 1.75 4.5 
(1.5-1.6) 

0.75-1.0 3.0 
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1967D. Table 2 lists for all subjects the onset of the PP-interval prolongation and the peak 
effect evoked by bursts applied randomly in the cardiac cycle and randomly in the 
respiratory cycle. 

Time course of PP-interval prolongation 
A 300 ms lasting burst of stimulus pulses resul ted in slowing of the heart after 0.50 

- 0.7.5 sec in all subjects (Table 2). The peak PP-interval prolongation averaged 7 % (range 
1-15°/o, p < 0.001 in all subjects) and the effect subsided after about 4.5 sec (range 3.0 - 5.5 
sed. Figure 2 shows the time course of the average baroreflex response. Note that the 
duration of the effect on the sinus node lasted almost 20 times longer than the afferen~ 
stimulus itself. 

100 

50 

0 

-20 Time (s) 

0 1 2 3 4 5 · 5 

Figure 7-2. Average baroreflex PP-interval prolongation evoked by a brief burst 
of stimuli delivered randomly in the respiratory cycle and randomly in the 
cardiac cycle <open squares). After sealing the PP-interval profongation with 
respect to peak effects (Table 2) all responses have been pooled. The crosses 
represent the response to a virtual stimulation burst (see methods). The peak of 
the average response is less than 100°/o because the time to peak effect depended 
on the length of the control cardiac (Table 2). · 
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The time to peak effect depended on the duration of the control cardiac cycle. When 
the average PP-interval prolongation was determined at 0.1 sec intervals, the peak occurred 
close to one cardiac cycle length after the start of stimulation (table 2, values between 
brackets). In the subject wi~h the highest heart rate, however, the peak response occurred 
at twice the control cycle length. Thus the peak effect depended on the phase of the 
pacemaker action potential in which the augmented vagal activity reached the sinus node. 

Baroreflex response to inspiratory and expiratory CSN stimulation 
The respiratory interval averaged 3.0 sec (range 2.9 - 3.2 sec) and the inspiratory phase · 

lasted about one third of the respiratory cycle. Table 3 lists the PP-interval prolongation 
evoked when the stimulation started in inspiration or expiration, together with the 
PP-interval changes associated with the respiratory phase itself. Pooling these data, with the 
exception of the responses evoked by bursts that overlapped the end of one and the 
beginning of the next respiratory phase, resulted in figure 3. This figure shows the average 
baroreflex response to stimulus pulses delivered in inspiration Cleft paneD or in expiration 
(right paneI>. lnspiration caused a pronounced shortening of the PP-interval, hut after 0.50 
- 0.75 sec the trend was reversed by CSN stimulation. Expiration was followed by 
PP-interval prolongation that was augmented after 0.50 - 0.75 sec by CSN stimulation. 

Subtraction of the respiratory effects in figure 3 from the PP-interval prolongation 
evoked by the CSN stimuli resulted in figure 4. The for respiration corrected baroreflex 
responses appeared to be roughly similar in both phases of the respiratory cycle, hut the 
response lasted longer when the CSN stimuli were delivered in expiration, and individual 
differences in respiratory and baroreceptor reflex interactions were noted in Table 3. In one 
instance (R.2) the peak effect seemed to have been facilitated during expiration. 

Thus, during inspiration baroreceptor afferent nerve activity was not blocked 
centrally. On average baroreflex and respiratory effects on heart rate appeared to have been 
added roughly algebraically. 

Figure 7-3. Average baroreflex PP-interval prolongation (o) evoked by stimuli 
delivered durling inspiration rleft panel) or expiration (right panelJ and the 
respiratory PP-interval changes after a virtual stimulus burst in the same part of 
the respiratory cycle (x). Stimuli were delivered randomly in the cardiac cycle. 
The inspiration caused shortening of the PP-interval. After 0.5 sec. this trend was 
significantly reversed by the effect of CSN stimulation. The baroreflex inhibition 
of the sinus node seems to have been superimposed on the respiratory effects. 
When the stimuli were delivered during expiration (right panel) the effect of the 
stimulations again seems to have been superimposed on the respiratory effects. 

Figure 7-4. PP-interval prolongation evoked by CSN stimulation in inspiration 
(Q) or expiration ( + ), corrected for the respiratory effects on the PP-interval by 
algebraic subtraction (cf. fig. 3). The baroreflex effect on the PP-interval was not 
blocked when the stimuli were delivered in inspiration. The interaction of 
baroreflex and respiratory effects on the sinus node resembled an additive 
process rather than a gating mechanism. 
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Table 7-3 

6 PP-lnterval [%] after t seconds 

subject Resp. CSNS t- 0.0-0.5 t= 0.5-1.0 h• 1.0-1.5 t- 1.5-2.0 t" 2.0-2.5 t ... 2.5-3.0 

R 1 

R2 

vdM. 

Wilt. 

vdV. 

Insp. + -0.64 :t 0.65 1.13 ::t:0.76 6.91 :t0.83 4.02±0.98 6.01:t1.25 6.52::1:1.17 
- 0.14±0.20 -2.16±0.80 -0.92 :t 0.90 -1.56±0.84 -0.25 :t 1.59 - 1.44 :t 1.08 

&p. + -0.33 :t 0.44 5.13 ±0.66 9.33 :t 1.05 6.89 :t 1.06 5.22 :t 1.39 5.64 :t 1.39 
- 0.67±0.H 2.15 :t0.72 2.42 :t:0.69 2.44±0.98 1.99±0.86 1.34±0.93 

Insp. + -0.()8 :t 0.57 1.69±0.96 5JO± 1.51 7.69±2.00 3.0H: 1.99 4.10± 1.93 - -0.43±0.78 -3.48 :t 0.65 -0.12 :t 1.06 -1.82± 1.02 - 2.09 :t 1.05 -1.01±1.53 

Ezp. + 0.57 ±0.60 5.62 ±0.93 17.11±1.23 9.3H: 1.12 7.27 ±1.34 7.45 :t 1.38 
- 0.96±0.75 1.27±0.57 0.84±0.80 -0.19± 1.01 1.14 ±0.92 1.29 :t 1.31 

Insp. + -0.76 :t 0.42 2.Sl::t:0.48 1.82 ±0.73 153 ±0.37 1.10±0.78 0.50±0.50 
- -0.81 :t0.22 -1.07 :t 0.41 -0.03 :t0.40 0.24±0.36 1.00±0.60 -0.61 ±0.40 

Bzp. + 0.55 ±0.26 3.91 ±0.20 3.53 ±0.64 1.05±0.27 1.10 ±0.37 0.35 :t0.25 
- 0.38±0.18 -0.12±0.23 0.12 ±0.27 -0.54±0.31 -0.25 ±0.25 -0.2H:0.31 

Insp. + -1.59±0-57 0.62±0.50 0.96±0.78 1.96 ±0.96 2.00 :t 1.01 0.69± 1.19 
- -1.60 :t 0.40 - 2.41:t0.40 0.18:t1.38 -0.91 ±0.50 2.00 :t 1.34 0.15 :i:0.56 

Exp. + 0.15±0.35 2.71 :t0.29 4.87 :t0.38 4.46 :t0.86 2.43 ::t:0.45 4.44 :t0.64 
- 1.29±0.59 1.02 ±0.35 0.50 :i:0.49 2.3H:l.39 - 0.29::1:0.61 0.3H:0.75 

Insp. + -0.76±0.32 0.50 ±0.25 0.10±0.27 0.50 :t0.27 0.32 ±0.67 0.37±0.26 
- -0.38±0.45 -0.54 :t 0.66 0.36±0.30 0.21 ±1.14 0.22 :t 0.43 O.H:i:0.73 

Ezp. + 0.30±0.21 1.01 ±0.19 0.62 ±0.62 0.30 ±0.25 0.33 :t 0.46 0.36±0.47 
- 0.24 :t 0.12 0.39±0.27 0.03 :t:0.26 0.08 ±0.48 0.02 ::1:0.38 - 0.53 ±0.54 

Table 7-3. The reflex PP-interval prolongation evoked by a brief stimulus burst 
starting in the inspiratory UnspJ or expiratory (ExpJ phase of the respiration 
(Resp.) t = time [sec] after onset of stimulus burst. 
CSNS + / - denotes with/without CSN stimulation. The mean ± SEM of the 
PP-interval change is indicated. 

Latency to onset baroreflex response in inspiration and expiration 
The latency of baroreflex heart rate slowing was 0.5.5 - 0.60 sec (p < 0.01) whtn the 

response to the stimulation bursts was detennined irrespective of the respitatory phase (fig 
5). 

The latent periods in the initial baroreflex response to a stimulus butst in earfy 
inspiration and early ·expiration were both about 0.6 seconds. Because of the limited 
number of runs in which the stimulus burst started in the first 500 ms of the inspiration 
the approach used in the previous chapter is most appropriate to demonst~ate t'hat bursts 
in begin inspiration do evoke an effect on the sinus node after about 0.6 sec. In the top half 
of figure 6 the excess number of times PP-interval In+ 1 was > In began to increase frorn 
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0.6 - 0.7 sec onwards. We noted in figure 6 that the PP-interval began to shorten due 
to inspiratory activity itself after about the same latent period. The data were not sufficiently 
homogeneous to allow a definite conclusion as to different latencies in inspiration and 
expiration. However, figures 3 and 6 indicate that a difference, if present, is unlikely to 
exceed 0.2 sec. As a consequence, our results are incompatible with the postulated 
respiratory 'gate' that. would block the centra) transfer of baroreceptor afferent activity 
during inspiration. 

100 A PP - Interval 
( % of peak effect) 

50 Hft 
f 
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-20 St -P Interval (s) 

0 0.5 1.0 

Figure 7- .5: Latency to onset of PP-interval prolongation measured as in chapter 
VI (fig. 6-2A). 
The latency of baroreflex sinus node inhibition was 0.55 - 0.60 sec (p < 0.01). 

DISCUSSION 

The principal finding of this investigation is that in inspiration, as well as in 
expiration, brief CSN stimulation evoked PP-interval prolongation in unsedated man. Our 
results are incompatible with a respiratory 'gate' [Lopes et al., 19761 that blocks the synaptic 
transfer of baroreceptor afferent impulse traffic towards the Nucleus Ambiguus during the 
inspiratory phase of the respiratory cycle. 

This study confirmed the findings reported in the previous chapter: when a brief burst 
of stimuli was applied to the CSN the heart rate began to slow after 0.5 5 - 0.6 sec. The same 
latency of baroreflex inhibition of the human sinus node was observed when continuous 
CSN stimulation was applied. 
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When the 300 ms train of stimulus pulses was applied about one cardiac cycle length 
in advance of the anticipated P-wave the largest PP-interval prolongation was elicited. The 
effect of the abrupt reflex augmentation of cardiac vagal tone apparently depends on the 
phase of the pacemaker cycle [Brown et al.,1934; Reid,1969; Dong et al.,1970; Stuesse et 
al.,19781 A similar finding was reported in the anesthetized dog [Levy et al., 19721 

About one second after the onset of the stimulus burst the sinus node was maximally 
inhibited, hut the cardio-acceleration due to the inspiration partly masked the baroreflex 
effect on heart rate. Correcting the baroreflex responses for respiratory effects showed that 
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Figure 7·6. Comparison of the latency to onset of the PP-interval response to 
brief CSN stimulation that started in begin inspiration (top half) with the 
response to a virtual burst in the same part of the respiratory cycle (bottom half). 
The latency was measured as in chapter VI (figs 6-2B and 6-3). 
The latency of both baroreflex and respiratory modulation of the sinus node was 
about 0.6 seconds. No respiratory 'gate' blocked the 300 ms lästing train of 
afferent impulses during inspiration. 
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the interaction of baroreflex and respiratory activity resem bied a summating process more 
than a gating mechanism (fig 4). 
The onset of the sinus node inhibition after delivering CSN stimuli in begin inspiration 
was not postponed until the start of the ensuing expiration (fig 6), as reported in animal 
studies [Neil et al" 1975; Lopes et al., 1976; 19781 Thus, our results in unsedated man are 
at variance with the inspiratory inhibition or block of the effect on the sinus node of 
baroreceptor afferent activity in the anesthetized dog and cat [Koepchen et al., 1961c; 
Jewett,1964; Iriuchijima et al., 1964; Katona et al., 1970; Kunze, 1972; Haymet et al., 1975; 
Neil et al., 1975; Davidson et al., 1976; Davis et al., 1977; Gandevia et al., 1978a; Lopes et 
al. 1976; 1978] The discrepancy may be due to species differences. The effects of the 
anesthetic in the anima] studies, however, and the often extremely low respiratory 
frequency (with concomitant fluctuations of P c02) may have influenced the centra} 
interaction of baroreceptor and inspiratory activity. 

The absence of an inspiratory block of the baroreflex effect on heart rate in unsedated 
man was recently reported also by Eckberg and Orshan [1977] who used ~ modified neck 
suction technique commented upon in the previous chapter. They found that inspiration 
reduced the sinus node response to moderate (-30 mm Hg) stimuli evoking 10 - 20 °/o 
PP-interval prolongation, but not to intense baroreflex stimuli (-60 mm Hg). We found that 
on average small effects on the sinus node in the present investigation (1-5% prolongation 
of the interval> had been added to the respiratory changes of the vagal restraint of the sinus 
node (table 3). 

Our findings illustrate two differences between the sinus node inhibition by brief neck 
suction and by brief CSN stimulation that are hard to reconcile: the latency differs by a 
factor of 2, the duration of the effect differs by a factor of 3 - 4. Suction at -60 mm Hg caused 
up to 50°/o prolongation of the PP-interval beginning 0.24 sec after initiating the suction 
and lasting about 1.5 sec [Eckberg, 1976al In the appendix these discrepancies receive 
some further comment. 

In summary, the interaction between baroreceptor afferent activity and respiratory 
activity affecting the sinus node appeared to resemble an additive proces rather than a 
gating mechanism. The respiratory 'gate' that has been repeatedly observed to close during 
inspiration in animal experiments is most likely due to direct and indirect effects of the 
anesthetic and the surgical tissue trauma. 

APPENDIX 

Two possible explanations for the discrepancies between the effects of brief CSN 
stimulation and brief neck suction need to be considered. First, electrical stimulation of the 
CSN may excite chemoreceptor afferent fibres , resulting in enhanced vagal restraint of the 
sinus node via different centra! pathways. This possibility is unlikely because a) no effect 
on the respiratory rate was observed with continuous stimulation with the same frequency 
and intensity (chapter V>, and b) no systematic influence on the respiratory pattern was 
noted in the present study (cf. fig 1). On the other hand, activation of chemoreceptor fibres 
cannot be definitively excluded and chemoreflex bradycardia without respiratory changes 
remains an - albeit remote - possibility. 

The second explanation was suggested in the previous chapter: the modified neck 
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suction technique may cause abrupt mechanica! traction on neck structures. The time 
course of the sinus node inhibition by suction CEckberg, 1976al resem bles both the classical 
[Brown et al., 1934] and a recent CStuesse et al., 1978] picture of the response to brief vagal 
stimulation: short-latency, abrupt prolongation of the cardiac cycle that abrupt subsides 
quickly. 

Especially the difference in the duration of both responses points to the possibility 
of mechanica! traction with neck suction. Suction during 0.6 sec elicited maxima! sinus 
node inhibition when initiated about 0.75 sec before the anticipated appearance of the 
P-wave in subjects with control PP-intervals exceeding 1.0 sec. However, the same suction 
failed to evoke any effect when initiated about 1.5 sec before the anticipated P-wave, i.e. 
0.9 sec after the end of suction the effect had disappeared. In contrast, the peak effect of 
0.3 sec CSN stimulation was obtained if the stimulation began about 1.0 sec before the 
anticipated P-wave in a subject with a PP-interval of about 1.0 sec. 

Kunze l1972l found in the anesthetized dog centra! delays for the baroreflex of 26 -
90 ms (mean: 51 ms), with an unimodal distribution and she concluded that there is no 
evidence for the existence of several reflex pathways. We suggest that in unsedated man 
various pathways are taken simultaneously. In the previous chapter we arrived at a centra] 
delay of about 350 ms and we suggested that many intemeurons are involved in the central 
transfer of baroreceptor afferent activity. A complex network of interneurons may well 
explain the long latency and the extended duration of the sinus node inhibition evoked 
by brief es~ stimulation in unsedated man. 
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CHAPTER VIII 

Optimal Frequency of CSN Stimulation in Man 
Influence of the Angistat stimulus pulse width 

1) The stimulus frequency of the (modified) Angistat CSN stimulator was 
varied between 20 and 200 Hz. The reflex reduction of mean arterial pressure, 
pulse pressure and heart rate was measured in subjects with coronary heart disease 
and in hypertensive subjects. The results were normalized with respect to 80-120 
Hz and plotted vs. stimulus frequency. 

2) Peak, transient and steady state effects were analysed separately. 
3) In anginal subjects the reflex effects increased with stimulus frequency up 

to about 100 Hz and began to diminish when frequency exceeded 120 Hz. 
4) Prolongation of the stimulus pulse width from 0.3 5 ms (standard in the 

Medtronic CSN stimulators) to 2.0 ms resulted in the largest responses at 80 Hz 
in anginal subjects and rapid decline of the reflex effects when stimulus frequency 
was incremented to 100 Hz. 

5) The ámplitude of the pulses generated by the implanted receiver appears 
to depend on the duty-cycle of the transmitter. If frequency is raised amplitude 
drops, and this reduction is augmented by prolongation of the pulse width. The 
limiting properties of the receiver account for most of the response reduction 
when the pulse duration is long. At 400 Hz (0.3 5 ms), however, synaptic 
information transfer may have been hampered. A decrease of afferent nerve fibre 
action potential amplitude and dV/dt max may have contributed also to the 
diininished steady state responses as well. 

6) Hypertensive subjects were relatively sensitive to stimulation at 30-40 Hz. 
7) The optimal frequency of the Medtronic CSN stimulator in treatment of 

angina pectoris is 80-120 Hz and 100 Hz appears to have been an excellent choice 
for the Angistat. The previous model CSN stimulator functions equally well at its 
maxima! frequency (80 Hz). Hypertensive subjects may require individual 
adjustment of all three stimulus parameters. 

INTRODUCflON 

The advised frequency of therapeutic CSN stimulation was 50 Hz during the first five 
years of its clinical application CMedtronic,1969; Dunning,19711 The Schwartz-Medtronic 
CSN stimulator is equipped with a variable frequency between 20-80 Hz, but its successor, 
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the Angistat CSN stimulator, generates pulses at a fixed rate of 100 Hz (see appendix Al. 
Dunning [1971] had found that in the range 20-80 Hz the largest fall of arterial 

pressure is evoked by stimulation with 50-60 Hz. A pilot study in two angina! subjects, 
however, demonstrated that the RR-interval prolongation increased with stimulus 
frequency from 20 to 80 Hz. 

The choice of stimulus parameters for therapeutic CSN stimulation appears to have 
been incompletely documented (appendix F) and a search in the physiological literature 
demonstrates that in anesthetized animals the largest reflex fall of arterial pressure is 
reported at stimulus frequencies anywhere between about 20 and 120 Hz (appendix G). 

The primary aim of this investigation was to establish the optimal frequency of CSN 
stimulation in the treatment of angina pectoris. The stimulus rate that evokes the largest 
reflex effects is considered here to be the optima! frequency for the Angistat CSN 
stimulator. In cooperation with other investigators (Prof.Dr.J.Wagner and 
Prof.Dr.E.Zerbst) we studied hypertensive subjects as well. In addition, we analysed the 
influence of the pulse width of the Angistat on the relation between stimulus frequency 
and reflex cardiovascular effects. 

METHODS 

Nine angina) and three hypertensive subjects participated in the investigation after 
giving informed consent. Details on their medical histories and medication have been 
given in chapter III. 

We applied 'programmed' CSN stimulation during periods of 1.5 min with a modified 
Angistat (see chapter IID. The stimulus pulse width was either 0.3 5 ms Cstandard) in series 
I, or 2.0 ms in series II. Stimulus frequency ranged from 20-200 Hz and the intensity was 
adjusted to produce the same short lasting pricking sensation in the neck as the subject was 
used to experience at home when switching on the stimulator. The reader is referred to 
chapter III for a detailed account of the experimental protocols, the measutements and 
the data analysis. 

Briefly summarized, mean arterial pressure, pulse pressure and RR-interval responses 
were analysed by expressing the effect as percentage deviation from control. Peak effect, 
transient effect (averaged over the first min) and steady state effect <in the subsequent 0.5 
min) were analysed separately. The reflex effect was normalized with respect to the 
response obtained by pooling the effects observed with 80, 100 and 120 Hz stimulation. 
The normalized reflex effect (mean ± sem) was plotted vs. stimulus frequency. 

The data from hypertensive subjects were analysed seperately (series IB and IIB>. 
because it is to be expected that baroreflex control of the citculation is abnormal. 

In one subject the receiver was repositioned under local anesthesia CScandicaine) 5 
years after implantation because of cosmetica! reasons <Series llU. Tuis procedure offered 
the unique opportunity to disconnect, with permission of the patient, the receiver and 
electrode cables fo.r a short period. For direct stimulation of the CSN a special purpose 
stimulator designed for this occasion was used (dept.of electronics, head: Mr.A.A.Meijer>. 
In the stimulator the circuitrywas electrically fully isolated from the voltage source (battery) 
by means of photo-diodes. Both separate and combined stimulation of the left and right 
CSN was applied with 0.3 5 ms pulses at 40, 120 and 200 Hz. 
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RESULTS 

Sen·es IA - 0.35 ms pulses applied in anginal subjects (n=9) 
In chapter Van original registration was shown that illustrated the stimulus frequency 

dependent reflex effects of CSN stimulation (fig 5-0. Stimulation with 80-120 Hz resulted 
after one minute in a fall of mean arterîal pressure (-21.0 ± 7.0 mm Hg, mean ± SD) a 
reduction of pulse pressure (-12.6 ± 5.7 mm Hg) and a prolongation of the RR-interval 
(97 ± 7 3 ms). The reflex effects (see fig 5-2) were significant at the p < 0.001 level. Table 
5-2 lists the individual results. 

Figure 1 shows an example of the time course of the depressor responses to stimulus 
frequencies ranging from 40 to 200 Hz. Note the response reduction that occurred after 
about 15 seconds during stimulation with 200 Hz. Figure 2 summarizes the results in nine 
subjects: the reflex effects increased with stimulus frequency up to 100 Hz. Both peak and 
transient and steady state effects were augmented by incrementing the frequency to 100 
Hz. The value 1.0 in figure 2 corresponds with the percentage change listed in table 5-2. 

When the stimulus frequency exceeded 120 Hz the reflex effects diminished with 
increasing frequency (fig 2), with the exception of the peak effects that showed little or no 
response reduction. Similar results were obtained during right atrial pacing Cfig 3). 

a: 
a: 

700 ms 

CSN S t i m u 1 at i o .n 

'.16 %: . . ·---c----. . . . . . . . . . . . . . . . .. 
. . . - . . . - ~- -. 20: s . 

Figure 8-1. Reduction of mean arterial pressure evoked by CSN stimulation 
with 40 - 200 Hz during atrial pacing (700 ms) in a subject with coronary heart 
disease <CHD>. 
MAP = mean arterial pressure. RRI - RR-interval. Bach of the superimposed 
traces is the ensemble average of 3 - 5 responses. The stimulation frequency is 
indicated in Hz. Pulse duration: 0.35 ms. Note the similar peak effects evoked 
by 80 - 160 Hz stimulation and the progressive response reduction with time 
when the frequency increased from 80 to 200 Hz. 
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Figure 8-2A. Influence of the frequency of the Angistat CSN stimulator on the 
reduction of mean arterial pressure and pulse pressure in 9 subjects with coronary 
heart disease. 
Pulse duration: 0.35 ms. Peak (.A) transient (e) and steady state ( •) effects (mean 
± sem) were normalized with respect to the pooled results of stimulation with 
80 - 120 Hz (see table 5-2). The numbers above the abcissa indicate the number 
of subjects. 

Series IB - 0.35 ms pulses applied in hypertensive subjects (n = 3) 
CSN stimulation with 80-120 Hz lowered mean arterial pressure by 11-23 mm Hg 

(p < 0.00 but this result was disappointing in view of the severely hypertensive control 
levels: 143-170 mm Hg. Table 5-4 lists the individual results. The higher stimulus intensity 
that is commonly required in the treatment of hypertension resulted in an increased 
respiratory rate (table 5-1). In the hypertensive subjects 40 Hz was as effective as 80 and 100 
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Figure 8-2B. Influence of the frequency of the Angistat CSN stimulator on the 
RR-interval prolongation in the same 9 subjects as shown in figure 2A. Legend: 
see figure 2A. 
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Figure 8-3. Influence of the frequency of the Angistat CSN stimulator on the . 
reduction of mean arterial pressure and pulse pressure in 4 subjects with CHD 
when heart rate remained constant due to atrial pacing (700-8 50 ms). Legend: see 
figure 2A. 



Table 8-1. 

Stimulation Frequency Pulse 10 Hz 20 Hz 30 Hz 40 Hz 80 Hz 100 Hz 
. 

Duration 
PeakfJ'nmsient/Steady state [ 6. %) Cmsl p T s p T s p T s p T s p T s p T s 

MAP 0.35 5 3.6 3.5 13 5.2 2.3 9 6.6 5.8 12 9.1 10.1 13 10.7 10.7 2.00 13 10.2 10.1 19 15.5 20.3 27 22.2 26.2 22 19.1 19.9 15 12.l 12.6 12 8.7 9.0 

Wa. Hyp. pp 0.35 0.9 2.0 - 1.4 2.0 3.8 2.8 ).3 5.3 7.6 2.00 2.9 3.6 6.2 12.0 10.3 14.6 9.0 12.0 6.4 8.9 4.2 5.9 

RRI 0.35 13 6.3 5.8 30 - 2.4 20 10.2 5.3 25 11.5 9.1 21 11.2 6.8 2.00 31 13.4 11.7 43 16.2 11.9 71 31.8 29.0 62 20.5 14.8 28 15.6 12.0 26 11.9 8.7 

MAP 0.35 9 4.8 4.2 11 7.3 8.4 19 15.2 17.7 22 17.4 20.0 2.00 8 5.4 5.5 13 8.4 11.9 15 11.7 15.7 15 12.2 13.2 

Ba. CHD pp 0.35 1.3 0.4 2.2 2.9 4.3 5.3 6.5 6.1 2.00 2.3 2.1 2.5 3.0 3.5 5.3 2.9 3.6 

RRI 0.35 0 -0.2 0.9 5 2.3 3.9 11 7.1 5.2 1) 9.5 7.0 2.00 0 0.6 1.6 7 3.0 2.9 14 8.0 6.8 10 6.8 5.6 

MAP 0.35 5 3.1 4.4 17 12.9 12.3 24 16.9 15.0 29 21.9 19.6 2.00 18 13.8 9.7 21 16.l 14.8 21 15.4 14.1 25 15.7 9.6 

Bi. CHD pp 0.35 3.9 4.9 15.0 15.8 19.0 18.3 22.9 21.0 2.00 14.4 9.7 16.8 16.8 16.3 14.7 17.2 11.6 

RRI 0.35 4 0.7 3.0 13 4.7 3.5 20 7.9 4.7 26 14.6 11.1 
2.00 10 5.6 4.8 16 9.3 5.4 15 7.0 8.3 16 8.3 5.0 

Table 8-1. Peak (P), transient (T) and steady state (S) reflex changes (6. 0/o) evoked by CSN stimulation with the Angistat 
using either 0.35 ms (standard) or 2.0 ms pulse width. Stimulus intensity was the same (4.6-7.8 on the transmitter scale 
- see appendix B). Hyp. = hypertension. CHD = coronary heart disease. MAP = mean arterial pressure. PP = pulse 
pressure .. RRI = RR-interval. 
Mean percentage change is listed relative to the control value tabulated in table 5-2 and 5-4. The absence of a large 
response augmentation at 100 Hz when pulse width was extended to 2.0 ms is due to stimulus pulse amplitude 
reduction in the receiver (appendi_x C). Note the enhanced effects elicited by 30 Hz (2.0 ms) stimulation in the 
hypertensive subject. 
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Figure 8-4. Influence of the frequency of the Angistat (Barostat> CSN 
stimulator on the circulatmy effects evoked in 3 hypertensive subjects. Legend: 
see figure 2A. Normalization with respect tot the pooled results of stimulation 
with 80 - 100 Hz (see table 5-4). 
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Figure 8-5. Influence of the frequency of the for pulse duration modified CSN 
stimulator applied in 3 subjects with CHD. 
Pulse duration: 2.0 ms. The altered relation between stimulation frequency and 
reflex effects Ccompare with figs 2 and 3) is due to stimulus amplitude reduction 
in the receiver (see appendix C). 
Legend: see figure 2A. 



200-
0I o_:r 

<rE 
~ E 0.35 ms 

o.l----l- - --++----1 
2000 

- 111 
~E 

200-
0I a..:r 

~E 
1 20 Hz l 

E i 2.0 ms : 0.:.-... - - · - . .. . . . . . ... . 
2000: : 

~e l ! 1.~~.1 1 
~'r'll"'ll',~.J.~.'!{·'Á~ 

o-: -. ~ .. ----.. : . . 
l CSNS f 

40 Hz . 
2.0 ms i 

86 

1CSNS1 

fi~ 
j o~ ~: ! 
t. -+---~ 

1 : 

, ~-: ' . . . 

l~_; ; __ 
: l : 
! : : . . . . . . 
~j 
. . .. . . . .. .. . . . . . .. . . . . 

(CSNSl 
Time : 1 div. =10 s 

Figure 8-6. Interaction between frequency and pulse width of the Angistat 
CSN stimulator applied in a hypertensive subject with atrial fibrillation. 
CSNS = Carotid Sinus Neive Stimulation. Stimulation period: 90 sec. Top: 
0.35 ms pulse duration (standard). Bottom: 2.0 ms pulse duration. The 
prolonged pulse width required stimulus intensity reduction from 6.5 to 5.2 on 
the scale of the transmitter (see appendix B). The altered relation between 
stimulation frequency and baroreflex effects is due to pronounced stimulus 
amplitude reduction (see appendix C). 
After disconnnecting the subjects's own stimulator that he used permanently in 
order to lower the severe hypertension, mean ventricular rate rose to about 150 
beats per minute. Note the large negative dromotropic effect of stimulation 
resulting in a much lower mean ventricular rate. 

Hz (fig 4), in contrast to angina} subjects (figs 2 and 3), hut in the forrner patients the 
respiratory rate changed at the onset of stimulation. Both in angina! and in hypertensive 
subjects little cardiovascular response to 20 Hz stimulation was observed (figs 2 and 4). 

Series IIA - 2.0 ms pulses applied in anginal subjects (n == 3) 
The stimulus intensity had to be reduced in one subject because the onset of 

stimulation with 20 or 40 Hz was painful and induced bouts of coughing. The variable 
results are listed in table 5·2. Figure 5 shows that the largest reflex effects were elicited at 
80 Hz. Incrementing stimulus frequency to 100 Hz resulted in response reduction to the 
level of the effects evoked by 40 Hz. Table 1 compares the reflex effects of 0.35 and 2.0 ms 
pulse width in two subjects in whom stimulus intensity was the same for both pulse 
durations. 
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Series IIB - 2.0 ms pulses applied in hypertensive subjects (n = 3) 
Table 5-4 lists the highly variable effects of stimulation with the enlarged pulse 

duration. For one subject the effects of bath pulse widths are listed in table 1. The maxima} 
response was obtained at 30 Hz with 2.0 ms pulses. Figure 6 clearly illustrates the large 
response reduction at 80 and 100 Hz when 2.0 ms pulses were applied. With 2.0 ms pulses 
the intensity had to be reduced in this subject with atrial fibrillation. CSN stimulation 
depressed AV-conduction and mean ventricular rate dropped dramatically when the 
stimulator was switched on. It is interesting to note that during stimulation with 100 Hz 
(2.0 ms) no depressor response was observed in contrast toa distinct negative dromotropic 
response Cfig 6). 

Series 111 - Direct vs. indirect stimulation of the CSN (n = J) 
The reflex effects of direct CSN stimulation during local anesthesia of the receiver 

pocket are listed in table 2, together with the effects evoked half a year earlier by indirect 
stimulation with the Angistat. 

The control levels of mean arterial pressure, pulse pressure and RR-interval differed 
on both occasions, as well as the response to stimulation with 120 Hz (table 2). We 
compared in figure 7 direct and indirect stimulation at 200 Hz with respect to the reflex 
effects observed at 120 Hz. At 200 Hz response reduction occurred also with direct 
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Figure 8-7. Comparison of CSN stimulation with the Angistat (closed symbols 
= indirect stimulation) and CSN stimulation with a physiological stimulator 
connected to the electrode leads (open symbols = direct stimulation). Direct 
stimulation was delivered when the several years previously implanted receiver 
was repositioned under Jocal anesthesia. Legend: see figure 2A. Normalization 
with respect to 120 Hz (table 2). Indirect and direct stimulation was not applied 
on the same day in this subject with CHD. 

stimulation, but the difference with 120 Hz was less than during indirect stimulation. The 
stea~y state effects showed the largest response reduction at 200 Hz, the peak effects were 



Table 8-2. 

N CSNS 

<120 Hz> 

3 DIRECT 

4 INDIRECT 

Mean Arterial Pressure Pulse Pressure 

c p T s c T s c 
Cmm Hgl Ct&%l Ct&%l Ct&%l [mm Hgl (À%] [6%] Cmsl 

115±3 -33.6±4.6 -26.0± 1.6 -30.3 ±2.2 86±2 -21.2 ± 0.5 -31.7 :t0.6 755 :t 4 

101 ±3 -30.2± 1.2 -21.5±1.2 -18.9± 1.4 64± 1 -13.1±1.6 -14.4±1.7 836 ± 16 

Table 8-2. Comparison of reflex effects (6. 0/o) evoked by CSN stimulation 
with the Angistat <indirect CSNS) and with a physiological stimulator con-
nected to the electrode leads (direct CSNS}. N = number of runs. 
C = control. P = peak effect. T = transient effect. S = steady state effect. 

RR-Interval 
p T 

[À°lol [L\%1 

34.0± 3.5 21.1±2.1 

28.5 ± 2.5 14.8 ± 1.4 

s 
[L\%1 

17.8 ± 3.0 

12.2 ± 1.5 

00 
00 
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little or not modified by incrementing the stimulus frequency from 120 to 200 Hz during 
direct stimulation of the CSN. 

Separate stimulation of the left and right CSN revealed that the left electrode did not 
evoke any depressor response. Sometimes small paradoxical effects were noted. Stimulation 
pain occurred predominantly at the Jeft side of the neck when stimulus intensity was 
increased. Combined direct stimulation of the 1eft and right CSN resulted in the same 
cardiovascular effects as unilateral stimulation on the right side. 

DISCUSSION 

Tuis study confirms the preliminary findings in subjects with coronary heart disease 
reported previously [Borst et aL,19741: CSN stimulation at about 100 Hz evoked the largest 
reflex effects when 0.3 5 pulses were applied (standard in both versions of the Medtronic 
device). Not only the peak effects but also the steady state effect.s were enhanced when the 
stimulus frequency increased from 20 to about 100 Hz. Thus, in unsedated man no 
response reduction occurred up to about 100 Hz, in contrast to observations in anesthetized 
animals [Koepchen et al.,1965; Seller et al.,1969; Richter et al.,1970; Jonzon et al.,1972; 
Sedin, 1976] or the awake dog [jonzon et al.,1973al (see appendix G). 

The response reduction we observed at 160 and 200 Hz (figs 1, 2 and 3) appears to be 
partially due to an artefact: the pulse amplitude generated by the subcutaneously implanted 
receiver is frequency dependent. Jonzon and coworkers [1973bl had noted that the output 
of the receiver diminished at high frequencies. Analysis of the receiver circuit and in vitro 
measurements have led to a mathematical description of the behaviour of the Medtronic 
CSN stimulator (appendix C) that accounts for most of the unexpected findings in this 
investigation: 1) The output amplitude of the receiver be gins to diminish when frequency 
exceeds 20 Hz and is reduced by about 18% at 200 Hz. 3) Extension of the pulse width 
from 0.35 to 2.0 ms strongly enhances the amplitude reduction with increasing frequency 
(pulse height down to about 64% at 100 Hz). Figure 8 displays the cakulated amplitude 
reduction of the pulses generated by the receiver. The reduction also depends on the 
(unknown) electrode impedance (appendix C). 

In the receiver an output coupling capacitor is present. When the duty-cycle of the 
transmitter becomes relatively large this capacitor bas insufficient time in between two 
pulses to discharge completely. The partially charged capacitor limits the amplitude of the 
next pulse (appendix C). Electrode polarization is negligable compared to the amplitude 
limiting properties of the receiver. 

In angina] subjects CSN stimulation activates only part of the baroreceptor fibre 
population. Incrementing the stimulus intensity beyond the therapeutically used (and in 
our investigations employed) value always enhanced the reflex circulatory effects. Thus, any 
pulse amplitude reduction can be expected to lead to subliminal stimulation of some fibres 
that were originally activated. Consequently, when the frequency of the Angistat is raised 
the increase in total number of nerve impulses that will reach the Nucleus Tractus Solitarii 
per unit of time will also depend on the number of fibres for which _stimulation becomes 
subliminal in relation to the originally activated number of fibres. This may depend on a) 
pulse width, b) electrode impedance, c) nerve fibre diameter distribution, and d) position 
of individual fibres in the CSN relative to the electrode geometry. 
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It fellows from the analysis given in appendix C that the results of this investigation 
should be interpreted with figure 8 in mind: the values at the left of 100 Hz in figure 2 and 
3 are slightly biased upwards, at the right downwards. In figure 5 normalization of the reflex 
effects was made with respect to the pooled results of 80 and 100 Hz. Pulse amplitude 
reduction at 2.0 ms is considarable (fig 8) and consequently a similar hut more severe bias 
is present in figure 5 to the left and right of 90 Hz. 

We have unique experimental support for this contention: direct stimulation of the 
CSN under local anesthesia of the receiver pocket resulted in less response reduction than 
stimulation with the Angistat at 200 Hz (fig 7). In addition, separate stimulation of the left 
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Figure 8-8. Reduction of the receiver output with increasing stimulus pulse 
frequency. Ordinate: peak amplitude of the generated steady state pulses as 
fraction of the amplitude of the first pulse. Upper curve: 0.35 ms pulse width; 
lower curve 2.0 ms pulse width. 
Recalculated from figure C-3. The output reduction is complete about 100 ms 
after switching the stimulator on (see fig C-2, left paneD. 

and right CSN revealed that only one side was functional. Thus, electrical stimulation of 
only one of the four major baroreceptor afferent nerves is sufficient to evoke a maintained 
cardiovascular response. We could confirm this condusion in another subject after rernoval 
of one infected electrode. 

The dirninished reflex effects after one minute of stimulation at 200 Hz can be 
attributed in part to the limiting properties of the receiver. Another mechanism, however, 
has to be postulated in addition. The initia} decline of arterial pressure was similar for 
frequencies from 80 to 200 Hz (fig 1) and the peak fall of mean pressure was about the same 
in the range 80 - 160 or 200 Hz Cfigs 2 and 3). The lowest pressure was usually reached 15-40 
sec after the onset of stimulation. In contrast, output amplitude reduction of the receiver 
is complete within a few hundred rnilliseconds after switching on the stimulator <appendix 
C). These findings may be interpreted as ïndirèct evidence that with an impulse rate 
exceeding about 100 Hz afferent impulse conduction and/or central synaptic transmission 
becomes imperfect after about 15 seconds (fig 1). The results of direct CSN stimulation (fig 
7) support this interpretation. 

The maxima) adapted firing rate recorded from a single large baroreceptor fibre is up 
to 150 Hz and these fibres are capable to conduct impulses at the rate of 100-150 Hz when 
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activated electrically <appendix G). Although 1 :1 conduction at 200 Hz is probably 
preserve<L a net flux of sodium and potassium ions across the axon membrane may lead 
to reduction of the transmembrane potential. This will result, according to Trubatch [ 197 21, 
in a decrease of the amplitude (and dV /dt max> of the fibre action potentials , as 
demonstrated by the diminished amplitude of the compound action potential. In spite of 
1 :1 conduction in all fibres the reduced 'quality' of the action potentials may lead to 
diminished activation of the secondary neurons in the NTS and hence to reduction of the 
cardiovascular response to CSN stimulation at 200 Hz. Another explanation might be that 
synaptic information transfer per spike may depend Gn an odd way) on the inter-spike 
interval [Eccles, 1964). 

The strong frequency limitation of the first synapse in the baroreflex at 20-30 Hz 
reported by other investigators in anesthetized animals and in the awake dog Csee appendix 
G) is not confirmed by our observations in unsedated man. 

When Wagner and collaborators reported · in 1973 that the optimal stimulus 
frequency for the Angistat was 40 Hz for the depressor response and 10 Hz for inhibition 
of the sinus node [Wagner et al.,1973] we were anxious to exclude the possibility that a 
systematic difference in surgical technique during implantation of the CSN electrode 
would be the origin of the discrepancy in optima} frequency reported by the german 
investigators.and by us [Borst et al.,19741 

In collaboration with Wagner and coworkers we studied three angina! subjects in 
Bonn that had participated in their original clinical trial. The results have been 
incorporated in the data presented in this chapter and confirm our original conclusion. The 
discrepancy was resolved when we leamed during the Bonn experiments that the german 
investigators had applied 2.0 ms rather than the standard 0.35 ms pulses in their study. The 
results of additionally testing 2.0 ms pulses (figs 5 and 6, table 1) explain why the german 
investigators had obtained maximal reflex effects at frequencies of < = 40 Hz. The 
influence of pulse width on the relation between stimulus frequency and pulse amplitude 
of the Angistat (fig 8) accounts for the activation of non-baroreceptor fibres at 20 and 40 
Hz after adjusting the intensity during 100 Hz stimulation. 

The three hypertensive subjects were studied in Bonn too (the Bonn experiments 
required transferring a bus-load of electronics because we wished to study these patients 
with the same equipment and experimental design). The results, albeit variable and limited, 
suggest that hypertensive subjects might be more sensitive to low frequency stimulation 
(30-40 Hz) than angina! subjects. The optima! frequency reported by Dunning [1971] 
(50-60 Hz) was determined in hypertensive subjects. It should be emphasized though that 
in the three hypertensive subjects other afferent fibres were activated as well because the 
respiratory rate changed at the onset of stimulation. The possibility that unmyelinated 
baroreceptor afferents were activated in the hypertensive subjects is unlikely because 10 
and 20 Hz evoked little response (table 1) and the baroreceptor C-fibres show maxima! 
depressor effects when stimulated in anesthetized animals at :E;;16 Hz (appendix G>. 

Figure 6 illustrates that CSN stimulation has a negative dromotropic as well as a 
negative chronotropic effect. The abrupt prolongation of the mean RR-interval in the 
patient with atrial fibrillation indicates a vagally mediated depression of AV-conduction 
(see chapter V). 

As a result of this investigation stimulus frequency has been raised to 80 or 100 Hz 
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in all angina! subjects. The transmitter of one hypertensive subject, previously considered 
refractory to CSN stimulation, has been modified to deliver 2.0 ms pulses at 30 Hz. 

In summary, 100 Hz appears to have been an excellent choice for the stimulus 
frequency of the Angistat. The previous model functions equally well at its maxima} 
frequency (80 Hz). Optima! therapeutic application of CSN stimulation for hypertension 
- if considered - may require individual adjustment of all three stimulus parameters. The 
receiver generates pulses with reduced amplitude if the duty-cycle of the transmitter 
becomes relatively large. The limiting properties of the receiver can account for part of the 
paradoxical effects observed when stimulus frequency was raised to 200 Hz and for most 
when pulse width enlarged to 2.0 ms. At high stimulus frequencies afferent impulse 
conduction and/or synaptic transmission became imperfect probably and contributed to 
the response reduction after one minute of stimulation. 
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CHAPTER IX 

Efficacy of Intermittent vs. Continuous CSN Stimulation 

SUMMARY 

Failure of R-wave triggered stimulus pulse trains to enhance 
the reflex sinus node inhibition 

1) We evaluated the contention that intermittent CSN stimulation is more 
effective than continuous stimulation when compared on the basis of the total 
number of pulses delivered per unit of time. 

2) We measured in three angina} subjects the reflex RR-interval prolongation 
and analysed the results as described in chapter VIII. 

3) The magnitude of the reflex response was determined by the average 
stimulus frequency irrespective of the pattern in which the pulses were delivered. 

4) According to the majority of observations in anesthetized animals 
(appendix H) therapeutic application of intermittent CSN stimulation has little 
physiological basis. The present study confirms this conclusion in unsedated man. 

5) We interpret our findings with respect to information processing in the 
brainstem: phasic afferent activity is low-pass filtered by the extensive network 
of neurons postulated previously (chapter VD to constitute the centra! part of the 
baroreflex are. 

INTRODUCTION 

Since Bronk and Stella U932] called attention to baroreceptor afferent impulse 
grouping during early systole many investigators have been intrigued by the question 
whether or not the phasic afferent impulse pattern contained any information in addition 
to the number of impulses per unit of time (appendix H). One of the two original CSN 
stimulator designs was the result of the assumption that R-wave triggered stimulus pulse 
trains would be most effective as fake baroreceptor afferent stimuli [Bilgutay et al., 
1966;19671 

In anesthetized animals, in the awake dog and in unsedated man the same or 
enhanced reflex effects are reported when continuous stimulation is converted to an 
intermittent pattern with the same number of stimulus pulses delivered per unit of time 
(appendix H). 

The aim of this investigation was to assess the postulated significance of the afferent 
impulse grouping by comparing the RR-interva1 prolongation evoked by continuous 
stimulation with intermittent (R-wave triggered) stimulation with the same average 
frequency. Preliminary results have been presented previously [Borst et al., 19761 
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METHODS 

The experiments were pedormed during pilot studies prior to the investigation 
described in chapter VIII. In addition to evaluating the influence of different frequencies 
of continuous CSN stimulation we tested intermittent stimulation in three subjects with 
coronary heart disease (one of which participated also in the study reported in the previous 
chapter). 

Figure 1 shows the pattems in which pulse trains triggered by the R-wave were 
delivered to the CSN. The intermittent stimulation consisted of a) 100 Hz trains of different 
length, orb) different trains containing an equal number of pulses, e.g. 50 Hz trains lasting 
600 ms and 100 Hz trains lasting 300 ms. . 

Data analysis was the same as in chapter VIII. The RR-interval prolongation was 
nonnalized with respect to the pooled results of continuous stimulation with 80-120 Hz 
and plotted vs. the average stimulus frequency. 

ECG 
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Figure 9-1. Schematic electrocardiogram CECG) and CSN stimulation patterns. 
Continuous and intermittent stimulation is shown. The latter was applied either 
as R-wave triggered pulse trains of different duration with the same intra-train 
frequency (A) or as R-wave triggered pulse trains of different lenghts, starting 
with a variable delay and containing the same number of pulses per train (BJ. 

RESULTS 

Table 1 lists the RR-interval prolongation (percentage deviation from controD evoked 
by continuous stimulation with 80-120 Hz during two different series of measurements. 
The steady state RR-intervalprolongation ranged from 9.1 ± 0.7°/o (mean ± sem) to 24.0 
± i.5°/o (p < 0.001>. The influence of the stimulus frequency during continuous 
stimulation is shown in figure 2. The results are similar to the findings reported in chapter 
VIII. 

The reflex sinus node inhibition by intermittent CSN stimulation delivered in 80 Hz 
trains starting 95 ms after the R-wave presumedly mimicked the timing of endogenous 
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Figure 9-2. Influence of the frequency of the Angistat CSN stimulator on the 
RR-interval prolongation in 3 subjects with CHD. Pulse duration : 0-35 ms. Peak 
(A.), transient (e) and steady state ( • ) effects (mean ± sem) were normalized with 
respect to the pooled results of stimulation with 80-120 Hz (table 1). The results 
were similair to the findings reported in the previous chapter (fig 8-2B). 
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Figure 9-3. Comparison of continuous CSN stimulation (closed symbols) and 
intermittent stimulation (open symbols). 
Symbols: see legend to figure 2, hut for the omitted standard error (n = 5). 
Normalization with respect to 100 Hz (table lB). Interrnittent stirnulation 
consisted of 100 Hz, 300 rns pulse trains starting 95 rns after the R-wave of the 
ecg to mimiek the timing of the endogenous baroreceptor firing. With 
intermittent stimulation the average number of pulses delivered per second was 
35. The reflex response <open symbols) corresponded closely to continous 
stimulation with a frequency between 30 and 40 hz. 
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Table 9-lA 

Subject Av. n c p T s 
Freq. 
CHz1 [ms] (~ O/o] [~%] [~ O/o] 

R 99 15 891 ±43 28 1s.o±1.2 10.2±1.4 

Wi 99 10 612 ± 16 9 7.8±0.6 9.1 ±0.7 

J 96 7 774±13 28 23.1±1.3 24.0± 1.5 

Table 9-lB 

Subject Av. n c p T s 
Freq. 
[Hz] [ms] [~%] [~%] [~%] 

R 98 5 888± 13 29 17.7 ± 2.1 13.7 ± 2.5 

Wi 99 1 655 13 11.0 11.0 

J 98 5 735 ± 16 30 24.8 ± 1.3 22.2 ± 1.9 

Table 9-1. RR-interval prolongation (mean ± sem) evoked by CSN 
stimulation in 3 subjects with CHD. Av. Freq. = average stimulation frequency. 
n = number of runs. C = control. P = peak effect. T = transient response. S 
= steady state response. 
AJ Pooled resuls of stimulation with 80 - 120 Hz (0.3 5 ms). 
BJ Results of continuous stimulation with 100 Hz to which the effects of 
intermittent stimulation were compared (fig 4 and table 2). 

baroreceptor activity hut it corresponded to continuous stimulation with a frequency 
between 30 and 40 Hz. The intermittent stimulation generated on average 3 5 pulses per 
second (fig 3). 

When the train duration was increased the response magnitude appeared to increase 
almost linearly with the total number of pulses applied per unit of time (fig 4). When the 
number of stimulus pulses per cardiac cycle remained constant and train duration was 
varied no significant difference in response was observed (table 2). It should be realized that 
in the 100 Hz trains pulse amplitude was slightly less than in the 50 Hz trains and the 
limiting properties of the implanted receiver account for most öf the response reduction 
resulting from stimulation with brief trains of 200 Hz (see fig 8-8 and appendix C). 
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Figure 9-4. Relation between the duration of 
R-wave triggered 100 Hz pulse trains (zero 
delay) and the reflex RR-interval prolongation. 
Pulse duration 0.3 5 ms. Open and closed 
symbols refer to two different subjects. 
Symbols as in figure 2 and normalization with 
respect to the RR-interval prolongation evoked 
by continuous stimulation with 100 Hz (table 
IB). 
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Table 9-2. 

Subject Stim. Train De lay Av. 

R 

Wi 

Freq. Duration after Stim. 
R-wave Freq. p T s 

CHzl [msl [msl [Hzl 

50 800 0 42 .62 .48 ± .05 .65 ± .12 

100 400 0 41 .66 .62 ± .10 .70± .13 

200 200 0 43 .31 .34± .07 .44 ± .07 

50 600 0 43 .64 .64± .04 .77 ±.06 

100 300 0 43 .67 .62 ±.08 .83 ± .10 

100 300 300 43 .59 .61 ±.04 .66±.05 

Table 9-2. Influence on the RR-interval prolongation of the pattern in which 
the same number of stimulus pulses were delivered in the cardiac cycle. 
Results were normalized with respect to the response obtained with continuous 
stimulation with 100 Hz (table IB). Abbreviations as in table 1. No 
significantdifference (p > 0.05) was found between different stimulus patterns, 
with the exception of 200 Hz trains, hut the diminished effect of the latter is due 
to causes discussed in chapter VIII and appendix C. 

n 

5 

5 

5 

5 

5 

5 
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DISCUSSION 

The present findings do not provide any indication that intermittent CSN stimulation 
is more effective than continuous stimulation when compared on the basis of the total 
number of stimulus pulses delivered per unit of time. 

The reflex RR-interval prolongation increased roughly with the average number of 
stimulus pulses (fig 3 and 4) and pulse grouping did not significantly affect the reflex effects 
evoked by CSN stimulation when the average stimulus frequency remained the same (table 
2). With respect to the application of CSN stimulation in man our data suggest: a) 
instantaneous impulse frequency is not discriminated in the brainstem; b) central 
processing of baroreceptor afferent information resembles a low-pass filtering operation 
(the efferent part of the reflex loop need not be considered because the SA-node responds 
sufficiently fast to vagal activity changes [Warner and Cox, 19621; and c) a running average 
of the afferent impulse count determines the baroreceptor information that is relevant for 
reflex regulation of the cardiovascular system. 

Since these observations indicated that there is little chance, if any, that angina! 
subjects would benefit from intermittent CSN stimulation we did not persue the issue any 
further. Our results differ from the findings in the only .comparable study in man 
[Korsukewitz et al.,197 31 However, in that study 2.0 ms pulses were applied rather than the 
standard 0.35 ms pulses. The output limiting effect of the enlarged pulse width is analysed 
in appendix C. In the awake dog the responses to continuous and intermittent stimulation 
were similar (jonzon et al.,197 3bl In anesthetized animals either the same or enhanced 
responses were observed (table H-0. 

According to Arndt and coworkers [19771, the phasic character of baroreceptor 
afferent activity does not constitute in itself information that is relevant for blood pressure 
control (see appendix H). In anesthetized animals the depressor response to normotensive 
pressure levels in the isolated carotid sinus is enhanced when constant pressure is replaced 
by pulsatile pressure of the same mean level. This potentiating effect, however, is 
satisfactorily explained by the transducing properties of the receptor endings that generate 
an augmented number of afferent impulses per unit of time due to recruitment of units with 
high thresholds (appendix H). The depressor effect is found to be independent of the phase 
of the cardiac cycle in which stimulus pulses are delivered. Furthermore, when phasic 
activity in different afferent nerves is brought out of phase the depressor response does not 
change (appendix H). 

In conclusion, appendix H shows that therapeutic application of intermittent CSN 
stimulation [Bilgutay et al.,1966;1967; Korsukewitz et al.,1973;1974] has little 
physiological basis. We observed that the RR-interval prolongation evoked by CSN 
stimulation was determined by the total number of stimulus pulses per unit of time, 
irrespective of the pattern in which the pulses were delivered. Thus, phasic afferent 
information is low-pass filtered by the extensive network of neurons postulated in chapter 
VI to constitute the centra] part of the baroreflex-are. 
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CHAPTERX 

Why is CSN stimulation effective in the relief of angina pectoris? 

A model study on the myocardial oxygen demand/supply ratio: 
influence of the reflex fall of heart rate and arterial pressure. 

SUMMARY 

l)The influence of heart rate on the myocardial o:xygen demand/supply ratio 
is analysed for fixed values of the cardiac output using a linear angina pectoris 
model that consists of the left ventricle (LV) and the ascending aorta. 

2) The model comprises a defined triangular flow waveform in the ascending 
aorta consisting of a half-sinusoid with appropriate harmonies and a 
three-element analog of the aortic input impedance. Root aortic pressure is 
computed analytically. LV pressure is derived from root aortic pressure, taking the 
blood momentum during ejection into account. 

3) Myocardial oxygen supply per beat is considered to be proportional to 
mean root aortic pressure during the mechanica} diastole times the duration of the 
diastole. 

4) Myocardial mcygen demand per beat is considered to be proportional to 
• either of four commonly studied hemodynamic correlates of myocardial o:xygen 

consumption. 
5) A left ventricular Performance Index is defined: the myocardial oxygen 

demand/supply ratio, normalized with respect to the ratio at 110 beats per min. 
6) The index is plotted versus heart rate for fixed values of the two external 

constraints, cardiac output and mean systemic pressure. 
7) The curves of the performance index predict that a) in most instances heart 

rate slowing will result in impressive improvement of the myocardial oxygen 
demand/supply ratio, and b) changes in afterload will have a minor effect on this 
ratio. 

8) The model suggests that quick and easy pharmacological manipulation of 
heart rate -without affecting cardiac output -would be useful in the management 
of acute myocardial infarction and may help to limit infarct size. When a fall of 
systemic pressure evokes reflex elevation of heart rate, afterload reduction may 
jeopardize rather than protect ischaemic myocardium. 

9) The contribution of the reflex fall of arterial pressure to the relief of angina 
by CSN stimulation may be overestimated at present, the contribution of the 
reflex heart rate decrease may be underestimated. Recent clinical findings seem 
to support this model based inference. 



100 

INTRODUCfION 

According to Braunwald and associates who introduced CSN stimulation in the 
treatment of angina pectoris, the salutary effects of baroreceptor afferent nerve stimulation 
comprise decreases in arterial pressure, heart rate and myocardial contractility, all resulting 
from reflex reduction of the sympathetic efferent traffic [Braunwald et al., 19671. Which of 
these three factors contribute most to the therapeutic effect of CSN stimulation is not clear. 
The aim of this study is to gain a basis for estimating whether arterial pressure or heart rate 
determines predominantly the onset of angina. 

Afterload reduction will reduce myocardial oxygen demand hut may limit oxygen 
supply as well and it is not obvious why lowering of systemic pressure would be effective 
in ameliorating angina. Slowing the heart will prolong the relative duration of the diastole, 
the period which the subendocardial layers of the left ventricle depend on for perfusion 
[Moir, 1972; Hoffman, 1978bl This benefit may be offset, though, by the larger stroke 
volume that is required for any given cardiac output: LV wall stress needs to be higher when 
the same intra-ventricular pressure is generated at an augmented end-diastolic volume 
(Laplace's law) [Burton,19571 Thus, it is not obvious why bradycardia would be effective 
in ameliorating angina because it augments demand as well as supply. Finally, reduced 
contractility Gnotropic state) will certainly diminish demand hut it will also result in 
diminished stroke volume and hence in the decline of mean arterial pressure, all ether 
factors being equal. To what extent the benefits of reduced contractility and afterload will 
outweigh the detrimental effect of a lower coronary perfusion pressure is not clear either. 
However, after studying 17 angina! subjects Braunwald and coworkers concluded: "The 
principal factor in the relief of angina pectoris appears to be a decrease in arterial pressure, 
which reduces a major determinant of myocardial oxygen consumption and re-establishes 
the balance between myocardial oxygen demands and supply" [Epstein et al., 1969al. 
Dunning [19711 arrived at the same conclusion. 

In the normal heart the coronary blood flow to the ventricular wall is matched to the 
variable needs of the myocardial cells. The myocardial oxygen demand/supply ratio 
remains ~ 1.0 through local autoregulation. The reserve capacity for vasodilation is 
sufficient to meet the augmented demands during strenuous exercise IMoir,19721 

When the lumen of a diseased coronary vessel becomes partially obstructed, however, 
the pressure drop across the obstruction reduces the effective perfusion pressure of the 
down-stream area supplied by the narrowed vessel. During rest coronary perfusion of the 
affected region is adequate due to permanent vasodilation in this region. Consequently, the 
reserve capacity for vasodilation is reduced and with moderate exercise the limit for lacal 
autoregulation is reached (maximal vasodilation). 

When oxygen supply fails to meet oxygen demand in the wall of the left ventricle (LV) 
myocardial ischaemia occurs, aften accompanied by angina pectoris, and left ventricular 
function deteriorates, as demonstrated by a rise in LV end-diastolic pressure. When further 
coronary vasodilation is no Jonger possible, supply and demand become primarily 
dependent on the same two factors: 1) arterial blood pressure, and 2) the mode of operation 
of the left ventricle. Systemic arterial pressure is identical to bath afterload and coronary 
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perfusion pressure. Consequently, the mode of functioning of the left ventricle, e.g. the 
combination of stroke volume and heart rate to produce a given cardiac output, will 
influence oxygen demand and supply simultaneously. 

We may consider the left ventricle to be a pump that has to meet two external 
constraints: a) adequate perfusion pressure for all tissues, and hence b) adequate cardiac 
output. Angina pectoris illustrates an intriguing control problem that is of no importance 
in the normal heart, hut dictates the life of the anginal patient: given a Iimited coronary 
supply, what is the most economical way for the pump to achieve the required minimum 
cardiac output and mean systemic pressure? In other words, which mode of operation of 
the pump satisfies the external constraints and minimizes the heart's performance index, 
defined as the myocardial oxygen demand/supply ratio? 

Cardiac output (CO) equals stroke volume ($V) times heart rate (HR). Any 
combination of heart rate and stroke volume within physiological limits will satisfy the 
cardiac output constraint for LV function. Tuis si~ulation study attempts to answer the 
following question: What is the optimal combination of HR and SV to produce any 
required CO when the coronary vessels are maximally dilated? Or, what is the HR that 
minimizes the performance index (myocardial oxygen demand/supply ratio): the optima! 
heart rate? The influence on the performance index of HR-SV combinations was analysed 
in the range 40 - 150 beats/min. The influence of mean systemic pressure and cardiac 
output was studied in addition. 

Tuis chapter is a synopsis of a study reported in detail some time ago [Borst, 1972b], 
but for a revised discussion. 

METHODS 

Por the com putation of the performance index of the left ventricle (myocardial oxygen 
demand/supply ratio) we used a cardiovascular model consisting of three sub-models 
described in more detail in appendix M. 

Model A relates flow and pressure in the ascending aorta. It essentially assumes the 
left ventricle CL V> to be a half-sinusoidal flow generator and the systemic arterial tree to be 
a Windkessel [cf. Wetterer et al., 19681 After deriving the input impedance of the 
Windkessel the pressure in the ascending aorta was computed analytically from the flow 
waveform. Two improvements in this basic design led to a fairly realistic pressure 
waveform. First, we use a more triangular flow waveform. Secondly, in the electric analog 
of the Windkessel a small 'cháracteristic' resistance is included in series with the parallel 
capacitance and 'peripheral' resistance CWesterhof et al., 1969;19711 

Model B assumes that myocardial oxygen demand per beat is proportional to the value 
of either of four hemodynamic correlates of myocardial oxygen consumption [Kitamura 
et al., 19721: mean systolic pressure <PAS), peak systolic pressure (PPS), LV pressure-time 
index CPTD (originally referred to as tension-time index [Samoff et al., 1958D, and the true 
tension-time index ('ITI), determined in a thin-walled spherical model of the left ventricle. 
The time course of pressure changes in the lumen of the left ventricle is derived from the 
pressure in the ascending aorta during ejection, taking into account a pressure gradient over 
the aortic valves due to inertia of the blood [Noble,1968]. 

Model C assumes that myocardial oxygen supply per beat is proportional to coronary 
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Figure 10-1. Defined blood flow (bottom panelJ and resulting pressure (top 
panelJ in the ascending aorta of the three-element model of the systemic arterial 
tree during one cardiac cycle. Heart rate is 70 beats/min. P = pressure [mm Hg], 
F = flow rate [lit/secJ and t = time [secl 
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volume flow per beat (CPB), and hence to mean root aortic pressure during the mechanica! 
diastole times the duration of the diastole, and that supply is zero otherwise [cf. 
Hoffman,1978bl Diastolic coronary resistance is assumed to be fixed and independent of 
the flow rate. 

Performance Index. Since we are only interested in relative changes of the 
performance index when HR and SV are swapped Ci.e. HR is changed, CO remains 
constant>, we normalized the results with respect to the supply and the demand at the 
approximate intrinsic heart rate (110 beats/min) [José et al., 19701. The LV performance 
index now becomes the ratio of two dimensionless numbers: 

02 demand /02 demand at HR = 110 beats/min Performance Index 
= 02 supply /02 supply at HR = 110 beats/min 

We computed four performance indices using in the denominator of this expression 
CPB (model Ç) and in the numerator either PPS, PAS, PTI, or ITI (model B). Appendix 
M presents the derivation of these five parameters in the angina pectoris model (eql6], 
eqllal, eql2l, eql4l, and eql5l, respectively). · 

We tested the influence of swapping HR and SV in the range 40-1.50 beats/min, with 
SV~200 ml and LV end-systolic volume = 70 ml. The two external constraints were varied 
over the ranges: cardiac output (CO) 2.5 - 15 lit/min and mean systemic pressure (PA) 60 
- 140 mm Hg. 

RESULTS 

Figure 1 shows the defined flow waveform in the ascending aorta (bottom paneD and 
the resulting pressure waveform (top panel) when CO = 5 lit/min and HR = 70 beats/min 
(from eqlll in Model A, Appendix M>. The reader is referred to ref. [Borst, 1972bl for 
examples of waveforms when HR and SV are swapped or when the external constraints are 
va ried. 

The decrease of the oxygen demand per beat with increasing heart rate is plotted in 
figure 2 (top paneD, together with the decrease of the oxygen supply per beat (bottom paneD. 
It follows from figure 2 that in the tested HR range all performance indices will show the 
same trend: a progressive increase with rising HR, as is illustrated by figure 3. The trend 
in figure 3 was less pronounced when cardiac output was enlarged. The index based on the 
PTI and the TIJ ran almost horizontal at the lower end of the HR scale. 

When PA = 100 mm Hg and CO = 5 lit/min, increasing or decreasing afterload by 
40 mm Hg altered the ratio of mean systolic over mean diastolic pressure by less than 10°/o 
at the intrinsic heart rate (cf. Borst [1972bl, figs 14A, 17 and 18). Due to the nature of the 
linear model afterload reduction resulted in an unchanged pressure waveform <i.e. pulse 
pressure remained the same) and hence, the demand/supply ratios based on systolic and 
diastolic pressure-time indices increased when mean systemic pressure decreased. 

When mean arterial pressure was low (60 mm Hg) and cardiac output augmented (10 
Iit/min) the Tii based index showed a true minimum indicating that the optimal heart rate 
was about 70 beats per minute (fig 4). The deleterious effect of the large end-diastolic 
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Figure 10-2. Top panel: Normalized oxygen demand per beat vs. heart rate 
based on four hemodynamic correlates of cardiac oxygen consumption: true 
ten si on-time index TTI, pressure-time index PTI, mean systolic pressure PAS 
and peak systolic pressure PPS. When heart rate rises stroke volume is 
diminished correspondingly to maintain cardiac output constant. 
Cardiac output CO = 5 lit/min and mean arterial pressure PA = 100 mm Hg. 
All values have been normalized with respect to the values at HR = 11 O 
beats/min. 
Bottom panel: Normalized oxygen supply per beat vs. heart rate based on the 
coronary volume flow per beat CCBF). Normalization as in top panel. 
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Figure 10-3. Performance Index of the leftventricle vs. heart rate. Indices based 
on four different estimates of myocardial oxygen demand are shown: Tii, PTI, 
PPS and PAS, all normalized with respect to the values at the approximate 
intrinsic heart rate (110 beats/min). When heart rate rises stroke volume 
diminishes correspondingly to maintain cardiac output constant. CO = 5 
lit/min and PA = 100 mm Hg. 

volume that is required below 70 beats per minute evidently outweighted the influence of 
the prolonged diastolic perfusion time. 

The influence of the afterload on the relation between the performance index and HR 
was small: at 60 beats/min the ITI based index rose from 0.67 to 0.70 when afterload was 
reduced from 140 to 60 mm Hg (CO = 5 lit/min) (cf. [Borst,1972bl, figs 27 and 28). Thus, 
afterload reduction slightly diminished the improvement in the balance between demand 
and supply obtained by lowering heart rate from 110 to 60 beats per minute. 
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DISCUSSION 

The principal results of this angina pectoris simulation study are: 1) the LV myocardial 
oxygen demand/supply ratio is heavily influenced by the heart rate; 2) the ratio is little 
affected by alteration of the afterload. The ratio deteriorated with afterload reduction due 
to the nature of the model: a defined flow waveform and a linear Windkessel. Preliminary 
experimental evidence, however, obtained in the anesthetized open-chest dog is consistent 
with the behaviour of this model [Smaill,19751 
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Figure 10-4. Performance Index of the left ventricle vs. heart rate (see legend 
to figure 3) when CO = 10 lit/min and PA = 60 mm Hg. 

Por all four indices of myocardial oxygen demand and under all conditions of afterload 
and cardiac output the demand/supply ratio increased progressively when heart rate rose 
from 70 to 150 beats per min {fig 3 and 4). The model predicts that the anginal subject will 
almost always benefit from lowering heart rate and increasing stroke volume 
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correspondingly. However, the Tii based performance index indicated that for a 
moderately augmented CO the optima} heart rate was about 70/min (fig 4). Bradycardia 
evidently resulted in too much enhanced wall tension due to the large L VEDV required 
to produce the enlarged stroke volume. When tachycardia is present the balance between 
oxygen demand and supply in the subendocardial region of the left ventricle promises to 
be improved dramatically by heart rate reduction (fig 3 and 4). 
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Figure 10·5. Influence of heart rate on the ratio between the duration of the 
systole and diastole. Tsm = duration mechanica} systole. Tdm = duration 
mechanica! diastole. Ts = duration flow systole. Td = duration flow diastole. 
Note the steep increase of the ratio between systole and diastole with tachycardia. 

The explanation for the detrimental effect of tachycardia is simple: a) coronary flow 
to the subendocardium ceases completely during the mechanica! systole CMoir, 1972; 
Hoffman 1978bl; and b) the ratio of the duration of mechanical systole over diastole 
increases progressivelywith rising heart rate. Figure 5 illustrates the basis forthe overriding 
importance of heart rate on the demand/supply ratio. Russell and Balcon Cl978] observed 
that in pacing induced angina the critical factor influencing the time of induction of angina 
was a reduction in supply rather than an increase in demand for oxygen. In this model the 
therapeutic effect of propanolol is sufficiently accounted for by its property to inhibit the 
SA-node. In addition, this study suggests that the immediate relief of anginal pain by CSN 
stimulation [Dunning, 197 ll is probably due to the pronounced heart .rate drop that is of ten 
initially observed (cf. chapter V>. CSN stimulation breaks the vicious dircle in which the 
painful stress and fear elicited by the angina! attack evokes a rise of he~rt rate that, per se, 
enhances the angina. 
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The two main findings of this model study, the principal role of the heart rate in the 
precipitation of angina and the minor role of the afterload, are supported by recent clinical 
reports. Loeb and coworkers [1978] compared the influence of rapid atrial pacing and 
methoxamin in patients with fixed coronary obstruction. They observed that for similar 
increases in myocardial oxygen consumption the stress of increased heart rate resulted in 
more myocardial ischaemia than the stress of increased afterload. They concluded that in 
these patients hypertension, per se, may play a relatively minor role in precipitating 
myocardial ischaemia. Sharma and associates [1978] studied four hemodynamic factors 
associated with the production of pain in angina pectoris: HR, mean aortic pressure, LV 
end-diastolic pressure and LV dP/dt max. In subjects with stable, uncomplicated angina 
only HR correlated closely with the precipitation of anginal pain. 

In conclusion, recent clinical findings seem to validate the two major predictions that 
resulted from this angina pectoris simulation study. 

Several points of criticism warrant brief discussion. 1) A major deficiency of the model 
is the fixed flow waveform. When CO rises the acceleration of flow rises correspondingly. 
In vivo the triangular flow waveform changes in to a trapezoidal pattern [Gregg et al., 19631 
Fortunately, swapping HR and SV hardly altered the acceleration of flow (ref. [Borst, 197 2b1, 
p.31, fig.12B) and hence, the relation between LV pressure and root aortic pressure 
[Noble,19681 2) It is hard to estimate to what extent the fixed end-systolic LV volume of 
70 ml is unrealistic. The SV constraint is rather large. With end-diastolic volume exceeding 
about 200 ml LV end-diastolic pressure will be augmented unduly, thereby hampering 
diastolic sub-endocardial perfusion. 3) The three element model of the aortic input 
impedance may seem rather crude, but it appears to be reasonably accurate, cf. CWesterhof 
et al., 197114) Better models of LV wall stress are available, e.g. [Burns et al., 19711, but 1 
doubt whether implementing these more sophisticated models will alter the results 
fundamentally (cf. [Huisman,1978D. 5) By neglecting possible flow separation distal to a 
stenosis [Gould,19781 the supply _was overestimated when aortic pressure was raised. 
Finally, several factors have been neglected, e.g. blood viscosity and oxygen carrying 
capacity. By normalizing both demand and supply with respect to the demand and supply 
at HR = 110 beats/min such factors have been eliminated from the performance index, 
as well as unknown proportionality constants in the equations for the oxygen demand and 
supply <Appendix M). A recent analysis of the limitations of the demand/supply ratio 
concept, when applied to the human heart, is to be found in [Hoffman et al., 1978al 

Surprisingly, the suggestion to analyse LV function in angina pectoris with respect to 
both demand and supply simultaneously appears to have been novel in 1972 [Hoffman, 
1978bl as well as the concept of the optimal heart rate [Chadda et al., 1974; Bodenheimer 
et al" 19761. The definition of the LV performance index in this model study (see methods) 
originated simultaneously and independently with a similar index proposed by Buckberg 
and coworkers who tested the DPTl:SPTI ratio in anesthetised clogs Gn our symbols 
CFB:PTD [Buckberg et al.,1972;1973; 1975;Hoffman, 1978bl Analysis of the factors 
contributing to subendocardial ischaemia based on such a supply/demand ratio has been 
extended to man [e.g. Donaldson et al., 19761 and regulation of balloon counter pulsation 
by a similar ratio has been suggested [}>hilips et al., 19751. Commercial application of the 
DPTI :SPTI ratio of ischaemic myocardium induced the development of an Endocardial 
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Viability Ratio Computer that produces a digital display of the supply/demand ratio 
(Datascope, Paramus,N .J .,USA). 

The concept of optima! control of left ventricular function for the jeopardized heart 
received considerable attention recently in the debate on the management of acute 
myocardial infarction [Maroko et al., 1971; Redwood et al., 1972; Goldstein et al., 1973; 
Shell et al" 1973; Chadda et al., 1974; Bodenheimer et al., 19761 It would appear from the 
model that after acute myocardial infarction associated with a low output state, the optima! 
heart rate is the lowest rate that can be attained in the range 40 - 150 beats/min. When 
output increases the optima! heart rate shifts upwards (cf. fig 4). Whether bradycardia would 
favour arrhythmias in this situation is a matter of debate, hut - according to the model -
atropin tachycardia is no great help in limiting infarct size. Furthermore, afterload 
reduction in order to limit infarct size may result in the opposite effect, according to the 
model, because the pressure fall will cause reflex cardioacceleration, unless congestive heart 
failure is present (the latter condition is associated with strongly attenuated baroreflex 
control of heart rate [Higgins et al" 1972D. 

In conclusion, recent clinical studies seem to validate the use of the optima! heart rate 
concept in the management of LV function in angina pectoris and after acute myocardial 
infarction. 

Summarizing, the results of this model study suggest that the contribution of the reflex 
blood pressure fall to the relief of angina by CSN stimulation may be overestimated at 
present and that the contribution of the reflex sinus node inhibition may be 
underestimated. The LV performance index suggests in addition that it would be 
therapeutically valuable in the management of acute myocardial infarction if heart rate 
could be pharmacologically manipulated in either direction with a short time constant and 
in the same manner as atrial pacing affects the heart. The performance index predicts that 
heart rate reduction will be favourable in most circumstances. Afterload reduction, on the 
other hand, may reduce myocardial oxygen supply more than demand if the arterial 
pressure fall evokes reflex tachycardia. 
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APPENDIXA 

Description of the CSN Stimulator 

introduction 
transmitter and antenna coil 
receiver and CSN stimulation electrodes 

Introduction 
The CSN stimulator is manufactured by Medtronic, Ine. (USA). It consists of an 

implanted receiver-electrode unit and an externally worn transmitter with antenna coil 
taped on the skin overlying the receiver (fig 1). The transmitter generates a modulated high 
frequency wave that induces pulses in the receiver through inductive coupling. Thus, the 
receiver circuit that delivers the stimulus pulses to the CSN is entirely passive. 

~~~ 
RESHAPED WAVEFORM APPLIEO TO CSN 

GENERATED WAVEFORM 

TRANSMITIEA 
1GENERATES PULSES) 

-

ANTENNA COIL 
(TRANSMllS PULSES 
TO IMPLANTEO 
RECEIVING COILS) 

__, ________ _... _____ __ 

Figure A-1. Basic operation of the Carotid Sinus N erve <CSN) stimulator (from 
[Medtronic, 1969D. 
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Transmitter and antenna coil 
The transmitter has the size of a packet of sigarettes, weights less than 200 gram and 

is fed by an 9 Volt mercury-cell battery. The transmitter consists primarily of a high 
frequency oscillator (430 kHz) and an astable multivibrator that switches the oscillator on 
and off. The 430 kHz signal is transmitted through a flat coil. Stimulus intensity is adjusted 
by the physician by tuming an in arbitrary units calibrated control. The patient operates 
the transmitter by switching the on/off switch that makes/breakes the current from the 
power supply. 

Table 1 lists the specifications of the two current transmitter models: a) model 
4041-5B [Medtronic,19691, developed around 1966; and b) model 4020 
CMedtronic,1971a;1971b1, introduced in 1971. The principal difference between the 1969 
and the 1971 model is the stimulus frequency: 20-80 Hz in the first design, 100 Hz in the 
Angistat stimulator. A large antenna improves inductive energy transfer in the second 
design resulting in a higher maximal pulse amplitude. The intensity dial of the Angistat 
is calibrated from 1-10 in arbitrary units, the previous model is calibrated from 1-8. Note 
that in both versions the calibration does not read in Volts, because the effective stimulus 
voltage is unknown due to the nature of the stimulation system. 

Important prerequisite for adequate inductive energy transfer is that a) vertical 
displacement between antenna and receiver should not exceed 1.0 cm and b) lateral 
displacement should not exceed 1.5 cm CMedtronic, 1971al The outer diameter of the 
antenna is 8 cm, the receiver diameter is 4 cm. 

An 150 cm extension cable enables the user to apply stimulation when taking a bath. 
After 1971 two modifications, not listed in table 1, were introduced: 1) amplitude 

modulation when the stimulator is switched on to alleviate initia! side effects of 
stimulation: amplitude rises linearly to the pre-determined level in one second; b} variable 
frequency setting (50-150 Hz) was substituted for the fixed 100 Hz in some transmitters. 

Receiver and CSN stimulation electrodes 
The implantation procedure for receiver and electrodes has been described elsewhere 

[Epstein et al.,1969a; Dunning,1971; Schwartz,19721 The disc-shaped receiver (diameter 
3.8 cm and 1.2 cm thick) consists of a carrier wave detector and pulse shaping circuit Cfig 
C-1) embedded in epoxy-resin surrounded by silicone rubber. The receiver circuit is 
implemented twice, once for each bipolar electrode, to enable unilateral stimulation when 
one·circuit fails. 

The electrode cables consist of thin flexible spiralized stainless steel wires embedded 
in silicone rubber. The cable terminates in a platinum wrap-around type bipolar nerve 
electrode in a 0.8 cm long silicone rubber head. The nerve groove diameter is 2.5 mm. The 
electrode is bipolar (3.2 mm between anode and cathode). The Pt surface area for one lead 
measured about 10 mm2

• 

After 1971 a tripolar electrode was introduced: with the cathode in between two 
anodes. This configuration minimizes leakage currents outside the nerve groove [Hagfors 
et al.,1968; Kahn et al.,19721. Activation of non-baroreceptor fibres limits the application 
of CSN stimulation in several patients, especially in hypertensive subjects that require 
relatively high intensity levels. 
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Table A-1 

CSNS system 4041-Schwartz-Medtronic 4001-Angistat 

transmitter model 4041-5B 4020 

pulse width 0.35 ms 0.35 ms 
pulse frequency 20 - 80 Hz 100 Hz 
pulse amplitude ~ 6V ~8V 

transmitter frequency 4.50 kHz 430 kHz 

Table A -1. Specifications of two transmitter models (4041-.5B and 4020). 
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APPENDIX B 

Evaluation of the AngistatR CSN Stimulator 

introduction 
intensity calibration 
receiver circuits for the left and right CSN electrodes 
an ten na-receiver orientation 
current in and voltage over the load resistance 
minimum impedance of the electrode in vitro and in vivo 

Introduction 
Model 4041-SA receiver was tested CA = animal use), belonging to system 4041, in 

combination with model 4020 transmitter and antenna coil belonging to system 4001 (see 
table A-ü Transmitter intensity was maxima! and the antenna was placed directly on the 
receiver with zero lateral displacement. Note that transmitter and receiver were designed 
for slightly different frequencies of the transmitted signal: 430 and 450 kHz. In most 
subjects participating in our investigation a receiver tuned to 450 kHz had been inplanted 
and the experiments have been performed with a modified model 4020 transmitter 
generating 430 kHz. 

A stabilized power supply <Delta 030-1) served as 9 Volt battery. The maximal 
amplitude (positive part) of the output pulses generated by the receiver over a 1 kOhm load 
resistance (Philips PR 9530 resistance bank) was measured by means of a 
storage-oscilloscope CHP 1201B). The second receiver circuit was loaded with 1 kOhm. The 
stimulus frequency (100 Hz) was calibrated with a digital counter (HP 5304A) connected 
to the output of the physiological stimulator (dept. of electronics) that modulated the high 
frequency oscillator in the transmitter. Pulse width (0.3 5 ms) was calibrated on the 
oscilloscope. Single pulses were used and pulse amplitude was read either directly from the 
osdlloscope screen or from a Polaroid picture of the screen. 

/ntensity calihration in Volts (see [Medtronic,1971a]: fig 19) 
Power supply stabilization was according to specifications: the output remained 

constant until the battery voltage dropped to 6.5 Volt. Below 6.0 Volt the output diminished 
rapidly. 

Turning the intensity dial on the transmitter from calibration point 1 to 2.5 yielded 
no output. Between setting 3.0 and 9.0 the output increased linearly from 1.5 to 7.3 Volt. 
At maxi mal intensity (setting 1 O) the output was maxi mal at 7 .5 5 Volt. A second transmitter 
of the same make produced a maxima! pulse height of 8.7 Volt. Output started at dial setting 
3.5 and increased slightly non-linearly with the dial setting. When the extension cable was 
used output amplitude dropped by 4°/o. 

Recei·ver circuits for the left and right CSN electrodes 
The pulse height generated by the circuit subserving the right electrode was 5 °/o less 
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when compared with the left circuit. Incidentally, application of CSN stimulation would 
be improved, in our opinion, if the stimulus intensity for the left and right electrode could 
be adjusted separately. 

The output amplitude of one circuit was influenced by the load of the other circuit 
in the receiver serving the contralateral electrode. If the other output had an infinite load 
(e.g. braken electrode cable) pulse amplitude increased by 12 % . Short-circuiting the output 
leads of the other circuit led toa distorted pulse and amplitude was reduced by about 23%. 
Thus, if unilateral cable infection requires removal of one cable stimulus intensity should 
be adjusted post-operatively. (The subject described in chapter V complained of a too high 
stimulus intensity when his CSN stimulator was switched on for the first time after the 
operation). 

Antenna-receiver orientation 
Figure 1 shows the normalized reduction of the receiver output in relation to the 

lateral displacement, at various levels of vertical dis placement. Note the discontinuities for 
vertical displacements between O and 5 mm. These discontinuities appear to be associated 
with entrainment of the transmitter oscillator by the receiver circuit (suggestion of H.de 
Best, dept.of electronics). 

ANTENNA - RECEIVER ORIENTATION 

~ 1.0 ..__ _____ ......,....__.._ 
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•ertlcat displacement 
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Figure B-1. Influence antenna-receiver orientation on the normalized output 
of the receiver, measured over a 1 kOhm load resistance. The outer diameter of 
the antenna coil measures 8 cm, the receiver diameter is 4 cm. Note the 
discontinuities due to interaction between the transmitter and receiver 
oscillating circuits. 

When frequency and amplitude of the transmitted signal was monitored on a high 
frequency oscilloscope (HP 1740A with HP 10006 probe) the following phenomena were 
observed. Reducing vertical displacement from 5 to 4 mm (zero lateral displacement) 
resulted in an abrltpt shift of the transmitted frequency from 404 to 479 kHz associated 
with an abrupt fall of the amplitude. The suddenly improved inductive ~!1ergy transfer was 
associated with the discontinuities in the curves shown in figure 1. Il'educing vertical 
displacement to zero raised the transmitted frequency slightly further without change in 
amplitude. 
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To clarify the interaction between receiver and transmitter we measured the frequency 
to which the LC circuit in the reciever was tuned. A sinusoidal voltage was put across the 
antenna leads (function generator HP 3310.Al and we monitored the current in the antenna 
by means of the voltage drop over a small series resistanèe. When frequency was varied 
between 400 and 500 kHz current became minimal at 485 kHz, a value close to the 479 
kHz to which the transmitter was entrained when the antenna approached the receiver. 
Thus, the unloaded transmitter generated 404 kHz rather than 430 kHz, the receiver was 
tuned to 485 kHz rather than to 450 kHz. Using the same approach we found 488 kHz for 
the tuned frequency of the LC circuit in an implanted receiver. Consequently, at normal 
thickness of the tissues over the receiver (1-5 mm) inductive interaction between 
transmitter and receiver (entrainment) appears to be critical and may result in almost 10°/o 
pulse amplitude jumps for minute variations in vertical and/or lateral displacement (fig 1). 
The critica} entrainment may be the origin of the sometimes large difference in the reflex 
response magnitudes observed during different experimental series performed with the 
same stimulus parameters on one day. 

Current in and voltage over the load resistam;e 
Both outputs of the receiver were loaded with equal resistors ranging from 100 Ohm 

to 1 MOhm. Peak current and peak voltage resulting from one 0.35 ms pulse (transmitter 
intensity maximaD was plotted in figure 2 as function of the load resistance. It follows from 
figure 2 that in a first approximation the carrier wave detector in the receiver (see fig C-1 : 
left hand part up to and including capacitor C2) may be considered a voltage source (about 
15.7 Volt) in s~ric·.;; with an internal resistance (about 780 Ohm). 

15 
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Figure B·2. Potential drop over and current through the load resistance in 
relation to the magnitude of the load resistance. The two receiver circuits were 
connected to identical resistances. The lines are the calcultated values when the 
carrier-wave detector in the receiver Cin figure C-1 the left hand part up to and 
including capacitor C) is represented by a voltage source 0.5.7V> in series with 
an internal resistance (780 Ohm). 

Minimum impedance of the electrode in vitro and in vivo 
The Ioad impedance the receiver circuit looks into consists of a) the electrode cables, 

b) the Pt-tissue interface, and c) the tissue. The DC resistance of the electrode cables is 400 
Ohm (AVO meter). The electrode-tissue interface behaves like an impedance that is 
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short-circuited if the voltage across the interface exceeds about 0.7 Volt (Zener-diode 
principle) [Dymond,1976; de Boer et al., 19781 The tissue behaves primarily as a resistance, 
for references see [de Boer et al.,19781 

The minimum impedance of one bipolar electrode in 0.9% NaCl solution <i.e. the 
relation between peak current and amplitude of a constant voltage pulse of therapeutic 
intensity) was 800 Ohm, corresponding with the 600-800 Ohm range specified by the 
designers of the electrode [Schwartz et al.,1967bl During repositioning of the receiver 
under local anesthesia, five years after implantation, we found a minimum impedance of 
about 1 kOhm. 

The measurements described in this appendix concerned single stimulus pulses. In 
the course of our investigation, however, we became aware that the amplitude of the second 
and following pulses may be less than the amplitude of the first pulse of a stimulus pulse 
train [jonzon et al.,1973bl. The amplitude of the receiver output appeared to depend on 
stimulus frequency, pulse width and electrode impedance (appendix C). 

0 C3 

L 

Figure C-1. Receiver circuit diagram. LC1 is tuned to 450 or 430 kHz. D = 

diode C2 = 22 nF, R1 = 4.7 kOhm, C.~ = 4.7 µF. Zioad = load impedance of 
electrode. Zioad may approximated by a resistance <R2J of about 1 kOhm. 
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APPENDIX C 

Receiver Output Amplitude Depends on Transmitter Duty-Cycle 
and on Electrode Impedance 

Model analysis and in vitro measurement 
of the stimulus pulse 'seen' by the nerve 

(modified from Drs. J. M. Karemaker) 

The receiver circuit is shown in figure 1 (p. 116). In the tuned LC1 circuit the 
transmitted high frequency signa} induces voltage variations that charge capacitor C2 
after being rectified by diode D. What voltage will be generated across the load im-
pedance? 

We simplify the problem by considering the carrier wave detector, i.e. the left hand 
part of the diagram in figure 1 up to and including C2, to be a voltage source during 
the pulse, and to be open circuit in between pulses. Secondly, we approximate the Ioad 
impedance by a load resistance R2 = 1 kOhm. 

Consider a train positive square wave pulses with amplitude Yin, interval T and pulse 
duration d. The pulse train is applied to the right hand part of the circuit in figure 1 
G.e. Ri, C3, R2)· Because of the output coupling capacitor C3 the pulses will appear 
differentiated over the load resistance Ri. What is the (positive) peak amplitude of the 
output pulse in relation to Vin? 

The first pulse of the train will charge C3 Cfigure 1) and after the end C3 will discharge, 
but if the duty-cycle is too large some voltage V remains on C3 when the second pulse 
is due to start; 

Y _ V· (l _ -d/r1) -<T- d>h2 - m e . e 

where "t' 1 = R2C3 
"t'2 = CR1 + Ri).C3 

( i!2 5 ms) 
( ~ 27 ms) 

- <T- d)/1"2 and B= e , we now have 

V = Yin (1 - A) . B 

lt can be shown that the peak amplitude Hn of the n th pulse in the train can be expres-
sed as fraction of the peak amplitude of the first pulse by: 

~ = ~B + (AB) n - 1. 
C1 - A)B 

1-AB 
(1) 
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The first term in eq. (1) represents the relative steady state output amplitude, the second 
term the amount to be added for small n. 

Rewriting the first term gives the steady state output as fraction of the first pulse : 

-<T-d)/'t'2 H 1-e 
= -1 -_-d.,...,/T-1---(=T~...:.-d)-/T2 -e .e 

(2) 

After how many pulses will this steady state level be reached? According to 
amplitude reduction is complete for > 99% if (AB)n- l < 0.01, thus if: 

eq. (1) 

6 T1.T2 n> 1 + 4. 1 d T 
T 2 + ( -dh1 

(3) 

Table 1 lists some values of H and n cakulated with eq. (2) and eq. (3) for three values 
of T, d and R2· 

The model analysis indicates that a) receiver output decreases with increasing stimulus 
frequency, b) this effect is enhanced by prolongation of the pulse width, c) steady-state 
pulse amplitude is reached within about 100 ms, and cl) the output amplitude reduction 
is influenced by the load resistance. 

The model based predictions (table 1) were confirmed qualitatively by measurements 
of output pulses over a 1 kOhm load resistance. In vitro measurements of the stimulus 
pulse 'seen' by the CSN in the electrode demonstrate that eq. (2) satisfactorily describes 
the relation between stimulus pulse interval T, pulse duration d and normalized receiver 
output. 

One stimulation electrode (4042-24U in 0.9°/o NaCl solution was connected to the 
output leads of one circuit of the receiver, the circuit for the contralateral electrode being 
loaded by 1 kOhm. The stimulus pulse was measured differentially with two 2.5 M KCl 
filled glass micropipettes in the saline, close to the electrode surface. Figure 2 shows that 
the peak pulse amplitude dropped to about 64 °/o of the initia! value within about 100 
ms after the onset of stimulation with 2.0 ms pulses at 100 Hz. 

The symbols in figure .3 represent the steady state pulse amplitude in saline as fraction 
of the first pulse, for pulse widths of 0.35 ms (0), 1.0 ms (1) ans 2.0 ms (H), in relation 
to the stimulus pulse interval. The curves in figure .3 were calculated with eq. (2) after 
fitting -r1 and T 2 to the measured values (-r1 = 4.5 ms and T 2 = 16.0 ms). Figure 3 
demonstrates that the model analysis resulting in eq. (2) adequately describes the relation 
between stimulus frequency, pulse width and steady state receiver output. 

In summary, due to the output coupling capacitor in the receiver the amplitude of the 
stimulus pulses delivered to the nerve depends on both frequency and pulse width, in 
the entire range investigated in the present study in angina} and hypertensive subjects 
(see fig 8·8). 
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Figure C-2 Left panel: Potential drop measured differentially- in a 0.9°/o NaCl solu-
tion with two micropipettes in the vicinity of the anode and cathode. Transmitter 
intensity maximal. Antenna-receiver orientation: iero lateral and vertical displacement. 
Stimulus ·pulse duration = 2.0 ms. Stimulus pulse interval =· 10 ms. Note the rapid 
output reduction during the first 100 ms after switchit;ig the transmitter on. 
Right panel: First pulse and steady state pulse from figure 2A superimposed. Note the 
large reduction (64 °/o of initial value) of the peak amplitude of the output pulse (positive 
part) generated by the receiver. 
(Courtesy of Drs. J. M. Karemaker) 1.0 
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Figure C-3. Influence of pulse width and pulse interval on the peak amplitude of the 
steady state output voltage measured in saline (see fig 2). Peak amplitude is normalized 
with respect to the height of the first pulse. The symbols denote three pulse durations: 
0.35 ms (0) (top line), 1.0 ms (1), and 2.0 ms (H) (bottom line). The solid lines were 
calculated from eq. (2), implemented with -r1 = 4.5 ms and T 2 = 16.0 ms. 
These time constants were obtained by fitting eq. (2) to the measurements. 
<Courtesy of Drs. J. M. Karemaker) 



Table C-1 

Ri 't' 1 "t'2 

KO ms ms 

0.65 3.1 25.1 
1.0 4.7 26.8 
1.7 8.0 30.1 

20 Hz 100 Hz 200 Hz 

0.35 ms 2.0 ms 0.35 ms 2.0 ms 0.35 ms 

H n dms] H n dms] H n tlms] H n tlmsl H 

0.98 4 150 0.92 3 100 0.81 11 100 0.44 6 50 0.65 
0.99 4 150 0.94 4 150 0.86 12 110 0.50 8 70 0.73 
0.99 4 150 0.95 4 150 0.90 14 130 0.58 10 90 0.80 

Table C-1. Steady state output of the receiver (H) as fraction of the first 
pulse, for 0.35 ms and 2.0 ms pulses (according to eq. (2)). At time t [ms] 
the n-th pulse has reached the steady state level according to eg. (3). H is 
tabulated for three values of the load resistance R2• The time constant 't' 1 

concerns the charging of the output coupling capacitor, 't' 2 the discharging 
of that capacitor. 

n tlms] H 

17 80 0.21 
20 95 0.25 
25 120 0.32 

2.0 ms 

n tlms] 

7 30 
10 45 
15 70 

..... 
N 
0 
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APPENDIX D 

Signal Analysis with the Digital Computer 

introduction 
input analogue data 
signa! processing and editing 
computations and graphical representation 

Introduction 
In this appendix the computer programs to analyse the experimental data are 

described. 
The large amount of data obtained in different experiments forced us to organize the 

programs in a flexible processing scheme. Since almost no software was available a large 
number of special purpose programs and subroutines had to be written, hut biological 
signa) analysis with the digital computer is frought with problems, especially if the signals 
have been recorded under sub-optima! conditions, cf. [$cher et al.,1972a; Tompkins,19781 
Consequently, program writing require.d considerable effort and time (main FORTRAN 
programs cover approximately 6 500 lines). 

Input analogue data 
The following signals could be recorded on the instrumentation recorder <Ampex 

FRI300): electrocardiogram (ECG), respiration (RESP), intra-arterial blood pressure (P), 
control phase status <CPH), and CSN stimulation pulses (CSNS). These signals were read 
into a digital computer (POP 11/40, Digital Equipment Corporation) from the Ampex at 
speed 1-8 times real time. 

The present computer configuration comprises 64K core, 2 moving-head disks, 2 
DecTapes and a LPS. (LPS = Laboratory Peripheral System, a unit containing 16 AID 
conve~ters, 2 Schmitt-triggers, one digital in- and output, 2 relays and a crystal doek). The 
peripherals include a Decscope and a Digital VT05 Visual Display Unit (VDU), a Tektronix 
4010-1 visual display unit, a Tektronix 611 VDU connected toa 4601-1 Hard Copy unit, 
and a TermiNet 120 Line Printer (Genera! Electrid. Two operating systems are available : 
DOS and RSX, the latter enables several persons to use the machine simultaneously. The 
hardware configuration for data input into the LPS of the PDP 11/40 is represented in 
figure 1. 

The data input program X5 was written for DOS by Mr.Ch.White. X5 is in FORTRAN 
with MACRO subroutines to drive the LPS functions. After providing the relevant 
particulars about the experiment requested by the program initially, X5 is started from the 
Teletype by a command consisting of one keyboard character. The data input program then 
performs the following set of operations during each cardiac cycle (fig 0: 

When Schmitt-trigger ST2 fires at the occurrence of the R-wave of the 
electrocardiogram, the crystal doek stops and starts, and the contents of the doek buffer 
(duration RR-Interval RRD is transferred to the Cardiac Cycle Buffer, a software buffer 
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designated CCB. Simultaneously AID input no.2 CMean Arterial Pressure MAP) and no.1 
(Respiratory interval RESPD are sampled once and the ADC values are transferred to the 
CCB. MAP is obtained by electronic low-pass filtering the phasic signal from the Ampex 
at 1.0 Hz. 

AID input no.O is also sampled at this moment, the ADC value is then compared to 
limits for the control phase status CPH 'low' (O) and CPH 'high' (1). The status is written 
to the CCB. The 'low' and 'high' levels were determined prior to reading the data (see blood 
pressure calibration procedure). An ADC value outside the initially established limits leads 
to a score identical to the status of the previous RRI. Ambiguity as to the status at the 
occurrence of the R-wave was avoided by an integrating passive RC-filter with time 
constant of 100 ms. Without the filter the status transition was sometimes detected one RRI 
too early due to the fact that during the experiment the R-wave triggered the status 
switching. 
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Figure D-1. Hardware configuration for data input into the digital computer. 
See text. 

During the RR-interval a counter CHP 5325B> has been incremented by the number 
of CSN stimulation pulses occurring in the interval and the counter is read through the 
digital input when ST2 fires. The value for the previous interval is subtracted from the value 
now present in the digital input buffer. If the result is zero, CSN stimulation has stopped, 
the counter is reset and started by the LPS relay. The result of the subtraction is transferred 
to the CCB. 

One software counter records the number of times CPH changed from 0 to 1, and 
another counter the number of times the CSN stimulation was switched on. The two counts 
are displayed on the light emitting diodes of the LPS enabling the operator to monitor the 
approximate location of the data in relation to the duration of the experiment. Both counts 
are transferred to the CCB too. 

ST2 also initiates continuous sampling of AID input no.3 (phasic pressure P) in DMA 
mode. The sampling frequency (500 Hz) is set by the firing rate of STl connected to an 
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external function generator (HP3310A>. The ADC values are transferred to the pressure 
buffer, while a software counter keeps track of the time that has elapsed after ST2 fired. 
DMA sampling is discontinued if the time exceeds an optional constant (180-300 ms) + 
0.2 times the duration of the previous RR-interval (predictor of duration systole modified 
from Beneken [19651 The ADC values in the pressure buffer are low-pass filtered with a 
digital filter (triangular, three-point, zero-phase shift filter), the minimum ADC value 
(diastolic pressure PDIA> and the maximum value (systolic pressure PSYS) are written to 
the CCB, together with their moment of occurrence CTDIA and TSYS). 

Thus for each cardiac cycle 11 variables are stored in the CCB: control phase status, 
con trol phase run count, stimulation phase run count, RR-interval, ADC value respiratory 
interval, ADC values diastolic, systolic and mean pressure, stimulus pulse count, and the 
time of occurrence of PSYS and PDIA in relation to the R-wave. Note that the values of 
PSYS and PDIA are attached to the preceding cardiac cycle CRR-intervaD and hence these 
events are slightly advanced in time (some 100-300 ms). All values are treated as events 
coinciding with the R-wave closing an RR-interval. The PDP 11/40 is a 16-bit machine 
and si nee a number of variables are smaller than 16 bits a CCB seize of 8 16 bit integer words 
is sufficient to store all variables associated with one cardiac cyde. After 32 cycles a 256 
words buffer block in core is full resulting in transfer to the disk file. (The disk and the 
DecTape files are stuctured as physically adjacent (contiguous) blocks of 256 16-bit words). 

The variable amount of time between the estimated end of the systole and the next 
R-wave is utilized to perform the digital filtering of the phasic pressure signal and to write 
the 2 56 word buffer to the disk if required. This time is also used to display on the Tektronix 
VDU the pressure ADC values, the RR-interval, the respiratory interval, the control phase 
status and the stimulus pulse count. Two display modes are optional : buffer mode and 
point mode. In the latter mode the data for each successive cardiac cycle are plotted as they 
occur, the former mode plots the data only if the entire display buffer bas been filled. When 
the display has reached the end of the display buffer in point mode a hard copy can be 
optionally made. Since the data acquisition proceeds at a rapid pace during the rather slow 
progress of the hard copy unit the display is temporarily suppressed. The dynamic display 
of all variables on the VDU during data acquisition is extremely useful and almost a 
prerequisite if poor quality data are to be entered properly. X5 can handle the data at up 
to 8 times real time. 

Prior to or after the data input the blood pressure calibration values are entered by 
calling a subroutine that enables entering the pressure signals with a higher sampling 
frequency followed by the interactive determiliation of two calibration levels by means of 
horizontal cursors that can be moved manually across the screen. The cursor positions 
provide the calibration ADC values and the corresponding absolute pressure levels are then 
entered on the keyboard by the operator. With the help of the cursors the 'low' and 'high' 
levels for the control phase status are determined in a similar way prior to the input of the 
experimental data. 

Premature beats are taken care of and in putting bad stretches of record can be avoided 
by a two-character keyboard command to interrupt data acquisition temporarily. A 
two-character command ends the program and prints the total number of disk blocks (the 
seize) of the file. All files have the same format: the first two 2 56 word blocks contain 
information regarding the experiment, the data acquisition procedure, calibration factors, 
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etc. The next blocks (32 x 8 words) contain the data proper, i.e. 32 cardiac cycles per block. 
Two blocks encompass about a minute of experiment time and contain some 5600 
numbers. 

Signa/ processing and editing 
Processing the data files on disk required a modular approach for three reasons: a) over 

a period of 4 years various experimental protocols were used, b) the sometimes poor quality 
of the recorded signals, and c) the staggering amount of data: in excess of 10,000,000 
numbers had to be analysed. Consequently, a data file was processed in several discrete 
steps, i.e. with seperate programs: X6STAT, TEOCHK, X7STAT, XBSTTT, XBDISP, 
XBSTAT, XBAV, X9AVD. All programs were written in FORTRAN for RSX, the first three 
by Mr. Ch.White who also wrote the necessary MACRO subroutines. 

Program X6STAT processes the data automatically run by run, using either the con trol 
phase run count or the stimulation phase run count. For the control phase, stimulation 
phase, post-stimulation phase and flush phase of each run it calculates the mean of the 
different variables. The results are printed , together with the minima and maxima in each 
phase, the duration of each phase and the CSN stimulation frequency. The sequential beat 
plot of each run is displayed on the graphics terminal. 

In X6STATa so called T = 0 Marker Directory may be created in addition, containing 
the locations on the disk where e.g. CSN stimulation started or where the control phase 
status switched. The program TEOCHK checks the reliability of the choosen T = 0 Marker 
îdentification by X6STAT. It prints the data for two cardiac cycles preceding and following 
the marked event. 

Varying quality of the signals or unintended deviations from the experimental 
protocol required run by run decision by the operator as to acceptance or rejection of the 
data. On the basis of the T = 0 Marker Directory the program X7STAT creates an extended 
run directory (the CUR Directory), containing information on the disk locations of the 
onset and end of the control phase, the start of CSN stimulation, the end of the initial 
response, the end of the steady state stimulation phase, the cessation of CSNS and the end 
of the post-stimulation phase, together with the locations of the maximal RR-interval 
prolongation and mean blood pressure reduction during the transient response. 

X7STAT is an interactive program, i.e. it displays the run data an optional lenth of time 
in advance of and following the T = 0 Marker. The program initiates a dialogue and requires 
decisîons as to the various software detected transitions in the data. These transitions are 
indîcated on the display by vertical dotted lines and the software detected maximum 
RR-interval prolongation and minimum MAP are encircled in the graph. The console 
dialogue indudes questions on whether the begin and end of the run are acceptable. With 
the help of two manually operated cursors some bounderies can be shifted and the 
corresponding disk locations are entered in the CUR Directory. Similarly, with the help 
of a small cursor square displayed on the screen the peak RRI and the trough MAP can be 
edited. It appeared far easier to judge from a graphical display whether or not the data were 
correctly recorded and interpreted than to write pattern recognition subroutines that 
automatically remove corrupted data. The cardiovascular changes at the onset of CSN 
stimulation are abrupt and sometimes quite large. As a result we could not formulate 
programmable criteria that can differentiate between normal and abnormal in these 
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records. 
The duration of the control phase had to be reduced sometimes due to still unstable 

pressure recording because of a rather late catheter flush. The program X7ST AT provides 
for options to process single runs or to alter e.g. the (arbitrary) duration of the transient 
phase for all runs. Lower and upper limits for the stimulation frequency may be defined. 
Corrupted runs can be rejected and consequently will be ignored by any subsequent 
program. This approach has proved to be useful. The performance of X5, X6STAT and 
X7ST AT was in each patient repeatedly checked against the Elema ink traces recorded 
during the measurements. 

Computations and graphical representation 
A series of five programs analyses the preprocessed runs. X8 TTT tabulates a summary 

of run particulars and X8DISP displays individual runs. For each cardiovascular variable 
XBSTAT calcu1ates mean,standard deviation (SD) and standard error of the mean (SEM) for 
each of the four run phases, together with the a~solute and percentage change relative to 
the control phase. In X8AV the results of XSSTAT are averaged over specific runs whose 
run number is entered at the keyboard (e.g. all runs with the same CSN stimulation 
frequency). 

The remainder of the results were obtained with X9A VD. This program requires the 
same keyboard input as XBAV. After linear interpolation at 0.5 second intervals the 
transformed data are ensemble averaged and displayed either in absolute values or as 
percentage deviation from control. Linear interpolation was performed both in the forward 
(90 sed and reverse direction (lQ sed with respect tot= 0, taken to be the R-wave closing 
the last control phase RR-interval and starting the first stimulation phase interval. 
Similarly, linear interpolation was performed with respect to the R-wave marking the end 
of stimulation, in the reverse direction for 10 sec, in the forward direction for 60 or 90 sec. 
Ensemble averaging has some low-pass filtering effect if the interpolation interval is large 
compared with the RR-interval, as is the case here. Another disadvantage is that it causes 
the signa] to lead slightly in advance of a discontinuity. 
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APPENDIX F 

Stimulus Parameters of the Medtronic CSN Stimulator 

A Historica} Account 

There is no published account of the developments that led to the choice of stimulus 
parameters available in the Angistat transmitter (model 4001): pulse duration 0.35 sec, 
stimulus frequency 100 Hz and intensity 0 - about 8 Volt (over 1 kOhm load resistance -· 
see appendix A and B). Table 1 lists the optima! stimulus parameters successively reported 
by the designers of the Angistat. 

In 1958 Carlsten and associates were the first to stimulate the CSN electrically in 5 
patients during extensive surgical exploration of the neck. The exposed nerve was 
stimulated unilaterally during 10-20 sec with a bipolar silver hook electrode connected to 
a Grass stimulator (model S4C). The stimulus parameters were: 5 ms {!), 10-100 Hz, 5-7 V. 
The authors report that "maxima! reflex responses were generally obtained by frequencies 
around 40-60 impulses per sec" CCarlsten et al.,19581 

The first therapeutic application of CSN stimulation in a hypertensive subject started 
in may 1964. A totally implanted battery-powered unit stimulated one CSN with a bipolar 
platinum saddle electrode. Stimulus parameters were: 2.0 ms, 80 Hz, 4 V. [Schwartz et 
aL,1967aJ. This choice of stimulus parameters was apparently determined by the results of 
acute experiments in normotensive and renal hypertensive dogs, in which under genera! 
anesthesia one CSN was stimulated with a Palmer bipolar hook electrode connected to a 
Grass stimulator CSD-5) [Griffith et al.,1963;19641. Schwartz and coworkers only mention 
the fact, however, that they had determined the optima} stimulus parameters, i.e. the 
parameters evoking the maxima} depressor response, in a preliminary study of which no 
information is provided [Griffith et al.,19641 

A different CSN stimulator was developed by Bilgutay and Lillehei [1967] and 
implanted for the first (and last> time in a hypertensive subject in march 1965. The 
stimulator consisted of an implanted battery-powered unit connected to stainless steel 
discoid electrodes that were sewn on opposite sides of the carotid sinus. The impla.nted unit 
produced a 2 50 ms pulse train 80 times per min. Stimulus parameters within the train were: 
1.0 ms, 65 Hz, 2.25 V [Bilgutay et al.,19671. Thus, mean stimulation frequency was 22 Hz. 
This curious stimulator was a modification of their original design baptised 'baropacer': an 
R-wave triggered device they had previously tested during acute experiments in clogs under 
general anesthesia (pentothaD [Bilgutay et al.,1964a;l964b;1966l. The authors report that 
with 0.1 ms, 2.25 V pulses the depressor effect increased when the stimulation frequency 
increased to 65 Hz, remained the same between 65 and 100 Hz, and diminished again 
when the frequency exceeded 100 Hz. They noted that the latter observation could be 
explained by putse amplitude reduction of the stimulator CBilgutay et al.,19661, a remark 
that has escaped our attention unfortunately during the first phase of this investigation (see 
chapter VIII and appendix C). 

Schwartz and coworkers tested in a later stage an RF rechargable implanted 
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battery-powered unit set with the stimulus parameters: 2.0 ms, 80 Hz, 4 V [Schwartz et 
al.,1967bl Finally they designed the predecessor of the present CSN stimulator of which 
only passive components were implanted (receiver and two electrodes). The energy for the 
stimulus pulse was generated by an external RF transmitter and mediated by 
transcutaneous induction to the subcutaneously implanted receiver [Hagfors et al.,19661. 

In the mean time further acute experiments in dogs had demonstrated that a maximal 
depressor response fora minimal battery drain was obtained with 0.08-0.10 ms, 60-80 Hz, 
2-3 V stimulation [Hagfors et al.,19661 In renal hypertensive dogs equipped with the RF 
CSN stimulator Schwartz and coworkers found that "minimal response occurred at 10,20 
and 30 cps. At 40 cps the response was improved, and at 50 cps the blood pressure reduction 
was maxi mal. As the frequency was imcteased beyond this level to 100 cps the response 
was not augmented". Maximal depressor effect was obtained with 0.3 ms, 3 V pulses. 
Augmenting stimulus intensity beyond 4 V led to activation of other nerves and of muscles 
in the vicinity of the electrodes. Schwartz and coworkers concluded that "maxima} reversal 
of experimentally induced renal hypertension with minimal battery drain" for the RF unit 
was obtained with 0.3 ms, 50 Hz, 3 V stimulation [Neistadt et al.,1966;1967; Schwartz et 
al"1967bl. 

In ref. [Schwartz et al.,1967b] an interesting picture is provided of a model 4041-6 CSN 
stimulator with 3 controls: frequency 50-100 cps, amplitude 1-5 V, width 0.1-1.0 ms. The 
next design is shown too. It bas 2 controls: frequency 20-80 cps, amplitude 1.5-8 V. The 
pulse width had been fixed at 300 ± 25 microseconds. The RF frequency was 450 kHz and 
the transmitter was powered by a 12.5 Hg battery. 

The first commercially available CSN stimulator was based on the latter design: The 
Schwartz-Medtronic CSN stimulator, model 4041 with transmitter 4041-8. The 
transmitter is powered by a 9 V Hg battery and has the following specifications: pulse width 
0.3.5 ms, frequency 20-80 Hz, amplitude 1-6 V, RF frequency 4.50 kHz [Schwartz,1969; 
Medtronic,19691. This model has been used in hypertensive subjects [Schwartz,1969; Brest 
et al.,1972a;1972bl and in patients with intractable angina pectoris [Braunwald et al.,1967; 
Epstein et al.,1969a; Dunning,19711 

In 1971 model 4041 was succeeded by a slightly modified version, model 4001: the 
Angistat (and Barostat> CSN stimulator. The Angistat allows only adjustment of the 
stimulus intensity, the frequency has been fixed at 100 Hz CMedtronic, 1971a;1971bl 



Table F-1. 

author 

Grif fith et al. 

Hagfors et al. 

Neistadt et al. 

N eistadt et al. 

Schwartz et al. 

Schwartz et al. 

Testerman et al. 

dur. 
year !Species H A anesthesia went vag. aff. im- pulse intensity 

nerve tlant. duration 
mo.l lmsl [V] 

1963 dog +/- Pentobarb. CSN 2.0 4 1964 - -

1966 dog - - CSN - 0.08-0.10 2-3 

1966 dog + - - - - CSN ~6 0.3 3 

1967 dog + - - - - CSN ~6 0.3 3 

1967a + CSN ~ 12 2.0 4 
1967b man - - - -

1969 man + - - - - CSN ~ 50 0.35 5 

1971 dog - - Pentobarb. - - CSN - 0.25 1.5 mA 

Table F-1. Optima! stimulus parameters reported successively by the de-
signers of the Medtronic CSN stimulator. H = hypertension. A = angina 
pectoris. vent.= artificial ventilation. vag. = vagotomy. aff. nerve = af-
ferent nerve. dur.implant = duration after implantation in months. C = 
comments. 
a) implanted stimulation unit with fixed frequency. 

range max 
tested depressor 

stimulus effect c 
frequency at 

[Hzl lHzl 

80 

60-80 

10-100 ~ 50 

50 

80 a) 

20-80 50 

12.5-200 ~ 100 
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APPENDIX G 

Optima} Parameters of Continuous Stimulation 
of Baroreceptor Afferent Fibres 

A Literature Survey 

which afferent nerve fibres are activated in electrical CSN stimulation? 
therapeutic stimulation of the human CSN 
what is the highest impulse frequency commonly recorded from a large spike single fibre after 
complete adaptation of its receptor ending? 
what is the highest steady state impulse frequency large baroreceptor afferent nerve fibres (4-10 
µm) can conduct withQut partial block? 
which stimulus frequency evokes the largest depressor response, i.e. the largest fall of mean 
systemic pressure? 

a) in ánesthetized animals 
b) in the awake dog 
c) in man 

Tuis survey deals primarily with three questions concerning the stimulus frequency 
of continuous CSN stimulation in anesthetised animals, the awake dog and man: 

1) Which afferent nerve fibres are activated in therapeutic electrical CSN stimulation? 
2a) What is the highest impulse frequency commonly recorded from a 'large spike' 

single fibre after complete adaptation of its receptor ending? 
2b) What is the highest steady state impulse frequency these fibres can conduct 

without partial block? 
3) Which stimulus frequency evokes the largest depressor response, i.e. the largest fall 

of meao systemic pressure? 

Which afferent nerve fibres are activated in electrical CSN stimulation? 
Anatomical and histological particulars of the carotid sinus nerve (CSN) and depressor 

or aortic nerve <AN) were derived from the review by Kirchheim (19761, p.103-105. These 
data are largely based on studies in the rabbit, cat, dog and man. 

About 2/3 of the CSN fibres are myelinated <A-fibres), about 1/3 are unmyelinated 
(C-fibres). Little is known about the functional signigicance of the C-fibres because these 
fibres have a diameter of ~ 1 µm. Consequently, it is exceedingly difficult to obtain 
satisfactory recordings from a single C-fibre and adequate electrical stimulation requires 
a 10-20 times higher stimulus intensity than activation of A-fibres [Douglas et 
al"1956b;1956dl Part of the C-fibres consist probably of baroreceptor afferents [Douglas 
et al.,1956a;l956d; Kardon et al.,19751 Selective activation of C-fibres in the AN of the 
rabbit has been accomplished recently by anodal block of the large fibres [Kardon et 
al.,1975; Aars et al.,19761. In the study of Aars and coworkers renal sympathetic activity was 
strongly inhibited by acute augmentation of systemic pressure by 50 mm Hg from a con trol 
level of 70-107 mm Hg. Similar inhibition (60°/o) was obtained by selective stimulation of 
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C-fibres with 4 Hz [Aars et al.,19761 The low stimulus frequency is in accordance with the 
observation that simultaneous activation of A- and C-fibres in the CSN of the cat resulted 
in maximal depressor responses at a lower stimulation frequency than activation of A-fibres 
alone. A-fibre activation shows a depressor response threshold at 8-16 Hz [Douglas et 
al.,1956a;1956b;1956cl. The spontaneous impulse frequency recorded from single fibres of 
the rabbit AN is about 1/4 of the frequency recorded from myelinated afferents [Thoren 
et al.,19771. 

Baroreceptor afferents form about 1/3 of the A-fibre population in the CSN. The 
remainder consists of chemoreceptor fibres originating in the carotid body. The diameter 
of baroreceptor fibres is 2-10 µm, most fibres fall in the range 3-5 µm (corresponding to 
conduction velocities of 15-30 m/sed. Chemoreceptor fibres are mainly thinner. However, 
in the range 2-4 µm the A-fibre population of baroreceptor and chemoreceptor afferents 
overlap because the largest chemoreceptor afferents have a diameter of about 4 µm . 

When the electrical stimulus intensity is increased gradually the stimulus threshold 
of the largest baroreceptor afferents is crossed first. Incrementing intensity further leads to 
activation of more baroreceptor fibres, hut to simultanueous activation of the largest 
chemoreceptor fibres in addition [û'Leary et al.,1934; Douglas et al.,1956a;1956dl. 
Chemoreceptor fibre stimulation usually results in potentiating the reflex bradycardia 
evoked by baroreceptor fibre stimulation. On the other hand, the depressor effects are often 
reduced. Sometimes even pressor responses are observed when the CSN is stimulated 
supra-maximally [Neil et al.,1949a; Douglas et al.,1956al Thus, combined cardiovascular 
effects evoked by CSN stimulation of intermediate intensity are a) species dependent, 
because the fibre composition of the CSN varies, and b) difficult to interpret, because the 
interaction between baro- and chemoreflexes is complex [Heymans and Neil,1958; Daly, 
1972; Koepchen et aL,1975; Vatner et al.,1978] and is modified by general anesthesia 
[Kirchheim,19761 

Therapeutic stimulation of the human CSN 
Relief of angina pectoris is usually obtained with a low stimulus intensity. Monasch 

and Dunning did not observe any influence on respiratory minute volume, respiratory 
quotient and arterial Pcoi· The C02 inhalation response was not altered either by CSN 
stimulation in anginal subjects. In contrast, one hypertensive subject began to 
hyperventilate at the onset of CSN stimulation with high intensity 
[Dunning,1971,p.84-881 It follows that exclusively or mainly large A-fibres ( > 4 µm ) are 
activated by CSN stimulation in anginal subjects. 

The concensus is that the carotid sinus wall is supplied with a sympathetic innervation 
[Kirchheim,1976,p.104-105], hut it is not clear whether the CSN contains post-ganglionic 
sympathetic fibres. This issue, however, is irrelevant because activation of these fibres is 
highly unlikely with the stimulus intensity required for the relief of angina. 

In summary, CSN stimulation in the treatment of angina pectoris activates probably 
only large baroreceptor afferents (4-10 µm ), hut sirnultaneous activation of the largest 
chemoreceptor fibres (4 µm) may occur. 

It should be noted that the baroreflex effects evoked by CSN stimulation in man are 
to be compared only to findings in anima! studies in which activation of unmyelinated 
fibres and myelinated chemoreceptor fibres has been avoided. It should be kept in mind 
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too that the influence of the stimulus frequency on the depressor effect in the awake animal 
may differ quantitatively from the responses observed under genera} anesthesia. 

What is the highest impulse frequency commonly recorded /rom a 'large spike' single fibre 
after complete adaptation of its receptor ending? 

It is unfortunate that not only central processing of baroreceptor information may be 
influenced by anesthetic agents, like Nembutal, the transducing properties of the 
baroreceptors themselves appear to be affected by various anesthetics as well C.Arndt et 
al.,1976; Schumacher et al.,19781 

In the first study that reported on single fibre recordings the maximal instantaneous 
impulse frequency Bronk and Stella [1932] observed in the urethane rabbit was 140 Hz. 
Landgren U952a] measured instantaneous frequencies of up to 350 Hz in the Nembutal 
cat. The highestvalues reported for the maximal impulse frequency after complete receptor 
adaptation are 125 Hz [Bronk et al.,1932], 70 Hz [Landgren,1952al, 100 Hz [Landgren, 
1952b], and more recently, about 100 Hz [Thoren et al.,19771 Distension in-vitro of an 
aortic arch preparation of the rabbit resulted in an adapted maximal impulse frequency of 
160 Hz in one AN fibre CAngell-James,1971dl In the decerebrated cat Arndt and 
coworkers [19771 observed adapted frequencies up to 100 Hz and peak instantaneous 
frequencies of up to 2 50 Hz. 

In summary, most studies report steady-state (adapted) impulse frequencies in single 
fibre recordings of about 100 Hz (70-160 Hz), with peak instantaneous rate going up to 
250-350 Hz. 

What is the highest steady-state impulse frequency large baroreceptor afferent nerve 
fibres (4-10 µm) can conduct without partial block? 

Douglas and coworkers report in one publication of their excellent series of papers 
published in 1956 that the surface area measured under the monophasic compound action 
potential recorded from the AN in the urethane rabbit remained the same if large A-fibres 
were selectively stimulated with frequencies up to 128 Hz. At 2 56 Hz the surface area was 
reduced by 3°/o, at 512 Hz by 20°/o [Douglas et al.,1956bl The surface area diminishes 
because of a) reduction of the number of activated fibres, b) decrease of action potential 
amplitude. In the chloralose-urethane cat [Seller et al.,19691 and dog [Richter et al.,1970] 
impulse conduction in the CSN, respectively AN remained the same during a 2 min 
stimulation period with 150 Hz, the highest frequency tested in those studies. 

A' relevant study was performed recently by Trubatch [19721 lndividual A-fibres in the 
ischiadic nerve of the frog appeared capable to conduct impulses at a rate of 500 Hz. 
Supra-rnaximal stimulation of the whole nerve bundle at 200 Hz resulted in a 30°/o 
reduction of the amplitude of the distally recorded compound action potential. However, 
all impulses were still conducted. The amplitude reduction was explained by potassium ion 
accumulation in the extra-cellular medium around the fibres in the bundle 
[Trubatch, 197 21 

In summary, impulse conduction in large baroreceptor afferents ~ 4 µmis probably 
unaffected by rates in the order of 100 Hz. At 200 Hz, however, CSN stimulation may result 
in reduction of the effectiveness of synaptic transfer of afferent information at the NTS in 
spite of perfect 1 :1 conduction in the afferent fibres. 



Table G-1 

range Max 
tested depressor 

Author year species anesthesia vent. vag. afferent pulse stimulus effect comm. 
nerve duration frequency Threshold at 

[msJ CHzl lHz] CHz] 

Douglas et al. 1956 a cat urethane + CSN 0.13 0:25-512 16 ~ 64 decerebr. - AN 
Douglas et al. 1956 b rabbit urethane - + AN 0.1 1-256 8-16 ~ 128 

Douglas et al. 1956 d rabbit urethane - + CSN 0.1 1-256 16 ~ 128 
Carlsten et al. 1958 man ether N 20, + - CSN 5.0 10-100 40-60 

Evipan 
Drews et al. 1968 dog + - CSN 0.5 30-150 80-90 a) 

Myers et al. 1968 dog Pentobarb. + - CSN 0.1 16-200 ~ 25 
Schmidt 1968 swme Dial ± - AN 0.1 4-256 8 128 
Seller et al. 1969 cat chloralose + + CSN 0.01-0.02 4-120 20-30 

+ urethane 

Richter et al. 1970 dog chloralose + + CSN 0.01-0.10 5-150 20-30 b) 
150 

Jonzon al. 1972 dog chloralose + - CSN 0.5 12- 250 ~ 12-25 c) 

Kardon et al. 1973 rabbit chloralose + - AN 0.3 5-150 5 100-150 d) 
Nembutal 

Kendrick et al. 1973 a dog chloralose - + CSN 0.1 2-100 4 ~ 20 
AN 0.1 2-100 2 ~ 40 

Kendrick et al. 1973 b cat chloralose - + CSN ? 1-100 ~ 80 e) 

Sedin 1976 dog chloralose + - CSN 0.5 12-250 ~ 12-25 f) 
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Which stimulus frequency evokes the largest depressor response, i.e. the largest fall of me an 
systemic pressure? 

a) in anesthetized animals 
One preliminary remark need to be made prior to summarizing literature data on the 

optima! stimulus frequency. The reflex bradycardia evoked by baroreceptor afferent nerve 
stimulation is not considered in this section because therapeutic CSN stimulation 
produces sinus node inhibition primarily by enhancement of parasympathetic restraint 
[Eckberg et al.,1972], and because anesthesia is v~golytic toa variable extent, depending on 
the anesthetic agent and the level of anesthesia[Kirchheim,1976,p.131-132 and 137-1401 

Table 1 lists a number of studies in which the relation between stimulus frequency 
and maximum depressor effect was investigated. 1 have excluded studies that did not avoid 
simultaneous activation of chemoreceptor fibres, e.g. [Bishop et al.,1934b; Neil et 
al.,1949a;1949b;l949c; Drews et al.,1968; Kendrick et al., 1971; Levy et al.,1976al The 
optima! frequency ranges from about 20 Hz to about 120 Hz in table 1. 

The work of one group of investigators requires seperate discussion [Seller et al.,1969; 
Richter et al.,1970] because their conclusions are quoted in several recent studies, e.g. 
[Brattstrom et al.,1972; Jonzon et al"1972;1973a; Kendrick et al.,1973b; Sedin,1976; Levy 
et al"1976bl. 

Seller and coworkers investigated the transfer properties of the first synaps in the 
baroreceptor reflex are in the chloralose-urethane cat by recording single unit activity and 
evoked potentials <EP's) in the NTS at the level of the Obex. They stimulated the CSN with 
0.01 ms pulses in the frequency range 1-120 Hz. They recorded in addition the compound 
action potential of the intra-cranial segment of the glossopharyngeal nerve. The latter 
remained unaltered when the stimulus frequency rose to 120 Hz. However, the maximal 
amplitude of the EP in the NTS was reduced by half when the stimulus frequency increased 
from 1 to 10 Hz. At 60 Hz only 10°/o was left of the maximal amplitude. The authors 
concluded: 1) "During repetitive stimulation of the CSN the frequency transmission across 
the synaps showed a sharp frequency limitation. Tuis is also manifested in the frequency 
effectiveness of the whole baroreceptor reflex measured as blood pressure reduction. It 
showed a maximum with frequencies of 20-30 Hz, while stimulation of the secondary 
neuron showed an increase in blood pressure reduction up to the tested frequency of 120 

Table G-1 Optima! frequency of baroreceptor afferent nerve stimulation in 
anesthetised animals and man. vent. = artificial ventilation; vag. = vagotomy; 
comm. = comments; CSN = carotid sinus nerve; AN = aortic nerve. 
a) at ~ 120 Hz response was less than at 30 Hz. 
b) inhibition of cervical sympathetic activity measured rather than blood pressure 
fall; 20-30 Hz concerns the steady state effect, 150 Hz the peak effect. 
c) the number of stimulus pulses per cardiac cycle was indicated rather than the 
frequency. 
d) heart rate response only, very little effect. 
e) mentioned in the Discussion of the paper. 
f) study al most identical to CJ on zon et al., 19721. 
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Hz"; 2) "'The first synapse in the baroreflex loop must be the limit for the frequency 
transmission in the whole reflex and the next following synapses must be approximately 
linear in frequency transmission" [Seller et al., 19691 In my opinion, however, the presented 
data are unconvincing and the direct causa! relation between reduction of an EP amplitude 
in the NTS and frequency limitation of the first synapse of the baroreflex are is by no means 
established, cf. [Humphrey,19671. 

These investigators also analysed the inhibition of cervical sympathetic activity in the 
chloralose-urethane dog [Richter et al.,19701 They applied 0.01 ms pulses and tested the 
response to CSN stimulation with 5-150 Hz. Their principal observation was that the 
maxima} steady-state inhibition was evoked with 20-30 Hz stimulation, whereas the initial 
inhibition (within 10 sed increased with frequency up to 150 Hz. They concluded: 1) the 
first synapse in the NTS appears to be responsible for the response adaptation; 2) 
intermittent (pulse train modulated) stimulation causes less adaptation; 3) initia! and 
steady-state (~ 1 min) effects should be seperately quantified; 4) receptor adaptation is of 
secondary importance for the depressor response [Richter et al.,19701. 

At the Medtronic conference on CSNS in 1971 CMedtronic, 197 2] Koepchen remarked 
during the discussion following the presentation of his paper [Koepchen,1972] that the 
second generation Medtronic CSN stimulator CMedtronic, 1971a;1971b] had an 
unphysiologically high rate (100 Hz). The above quoted and in his presentation cited 
findings and conclusions suggested that 20-30 Hz is the optimal frequency for therapeutic 
CSN stimulation in man. 

Analysis of the experimental protocols in many studies on the influence of one or 
·more stimulus parameters (primarily frequency) on the depressor response has convinced 
me that results and conclusions may have been affected by any one of the following factors: 

1) Unpredictable effects of the anesthetic. 
2) 111 defined population of activated fibres (see the discussion at the beginning of this 

section on stimulus intensity and pulse width) [Bishop et al.,1934; O'Leary et al.,1934; Neil 
et al"1949a;l949b;1949c; Douglas et al.,1956a; 1956b;1956d; Drews et al.,1968; Kendrick 
et al., 1971;1973a;1973b;1975; Levy et al.,1976a;1976bl 

3) Brief or long stimulation period: from :i::;; 2 sec [Bishop et al.,1934] to up to 30 min 
CJonzon et al., 19721 

4) Control level of arterial pressure. E.g. a supplementary dose of chloralose may 
augment the systemic pressure level [Balis et al.,19641 

5) Quantification of the pressure fall: absolute vs. relative response. 
6) The pressure level attained at the maxima! depressor response. If supra-maxima! 

stimulus intensity is used, low frequency stimulation may result in a pressure fall to about 
30-50 mm Hg and the additional response to incrementing the frequency will be 
negligible. 

7) Limiting properties of the stimulator: with two exceptions [Bilgutay et al.,1966 and 
Jonzon et al.,1973bl no author has considered the nasty possibility that the effective 
stimulus amplitude 'seen' by the nerve in the electrode might depend on the stimulus 
frequency (see appendix C). 
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b) in the awake dog 
Jonzon-and coworkers [197 3a1 equipped three dogs with the clinical Medtronic device 

and varied the stimulus frequency of the modified transmitter between 10 and 100 Hz 
(pulse width 0.3 ms). Their findings confirmed the conclusions of Seller, Richter and 
coworkers [Seller et al.,1969; Richter et al.,19701 

They measured both peak and steady-state responses in rest or during treadmill 
exercise. In rest the maxima} fall of systemic pressure was only 4, 11and12 mm Hg in the 
3 dogs with no distinct difference in response to stimulation with 25-100 Hz. A smail heart 
rate reduction was observed initially, hut the effect disappeared after 1 minute. 

During exercise 20-30 Hz evoked already the largest pressure drop (10-20 mm Hg), 
but the peak response increased with frequency up to 70-80 Hz. Initially the heart rate 
reduction was maximal in the range 60-100 Hz, but no systematic influence on heart rate 
was found after one minute. 

Jonzon and coworkers concluded that their results corresponded completely with the 
sympathetic inhibition reported by Richter et al. [19701 "No further blood pressure 
reduction can be obtained by increasing the stirnulation frequency above 30-50 Hz" 
[jonzon et al.,19731. This conclusion confirmed their previous observation in the 
chloralose dog [jonzon et al., 19721 that 5-10 pulses per cardiac cycle were sufficient to 
evoke a maxima! depressor response, i.e. about 12-2.5 Hz assuming the control heart rate 
to be about 180 beats per minute. 

In summary, the only study performed in the awake animal indicated that there is no 
need to exceed 30-50 Hz·. 

c) in man 
Table 2 lists the results of studies with the Medtronic CSN stimulator. Dunning[1971] 

observed in hypertensive subjects the largest fall of systolic and diastolic pressure at 50-60 
Hz. Wagner and coworkers [19731 reported the largest fall of arterial pressure Cabout 20°/o) 
with 40 Hz stimulation in a group of ten patients consisting of both hypertensive and 
anginal subjects. At 20,30,50 and 60 Hz the pressure drop was about 15°/o. The 10°/o 
reduction of heart rate at 10 Hz was only a little larger than the 5-8% reduction at 20-50 
Hz. The authors concluded that the optimal frequency for the CSN stimulator is 30-50 Hz. 
The conclusion was confirmed by the almost identical results of a successive study 
conceming anginal subjects only CKorsukewitz et al.,19741. 

Preliminary results of the present investigation showed that the largest reduction of 
arterial pressure and heart rate is obtained with a stimulus frequency of about 80-120 Hz 
[Borst et aL,19741. 

In summary, in .contrast to our preliminary findings all other studies in man, as well 
as the one study in the awake dog, resulted in about 50 Hz or less for the optima} stimulus 
frequency of the Medtronic CSN stimulator. In anesthetized animals the optima! 
frequency of CSN or AN stimulation ranged from about 20 to 120 Hz. 



Table G-2. 

Author 

Dunniag· 

Jonzon et al 

Wagner et al. 

Borst et al. 

Korsukewitz et 
al. 

range max circulatory effect at [Hz] 

afferent Pul se tested 
arterial pressure year species N A. H. duration stimulus nerve [ms] frequency steady 

[Hzl peak state 

1971 man 4 - + CSN 0.35 20-80 - 50-60 

1973a dog 3 - - CSN 0.35 10-100 50-100 30-50 

1973 man 10 + + CSN 2.0 5-70 - 40 

1974 man 3(7) + - CSN 0.35 20-200 - 80-120 
(N = 3) 

1974 man 1() + - CSN 0.35. 5-70 - 40 

Table G-2. Optimal stimulus frequency of the Medtronic CSN stimulator 
applied in unsedated man and in the awake dog. N = number of subjects. 
A ~ angina pecto~ H = hypertension. C. = comments. 
a) during treadmill exercise; in rest no consistent influence of frequency. 
b) effect averaged over 90 cardiac <;:yéles skipping the first 10 cydes. 

heart rate 

steady 
peak state 

- -

50-100 1110 effect 

- 10 

- 80-120 
CN =7> 

- 10 

c. 

a) 

b) 

. 
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APPENDIX H 

Is Discontinuous CSN Stimulation More Effective 
Than Continuous Stimulation? 

A Literature Survey 

introduction 
does substitution of statie pressure by pulsatile pressure with the same mean level enhance the 
depressor response? 
is a potentiating effect of pulsatile pressure due to afferent impulse grouping or to the transducing 
properties of the receptor ending? 
what is the physiologically relevant information encoded in the CSN fibre impulse pattem? 
is continuous electrical stimulation of baroreceptor afferents less effective than intermittent 
stimulation with the same number of pulses per unit of time? 
are the reflex effects of intermittent electrical stimulation dependent on the phase of the cardiac 
cycle? 

Tuis survey deals primarily with the possible physiological significance of the phasic 
character of baroreceptor afferent activity. 

Introduction 
The CSN stimulator Bilgutay and coworkers developed originally ('baropacer') was 

designed to produce R-wave triggered pulse trains of 80 Hz, lasting 2 .50 ms. These 
investigators reasoned that cardiac cycle related stimulus trains would appear 'natura!' to 
the centra! nervous system and, consequently, would be more effective than continuous 
stimulation with the same nuihber of pulses per unit of time [Bilgutay et al.,19661 

Before the introduction of the RF-type stimulator by Schwartz and coworkers [Hagfors 
et al.,1966;Schwartz et al.,1967a;1967bl, the battery-life of the totally implanted unit 
constituted a major problem in therapeutic CSN stimulation. Thus, any attempt was valid 
to economise on the total nurriber of pulses delivered per unit of time. However, although 
phasic activity is 'natura!' in baroreceptor afferents Bilgutay and coworkers have not 
presented evidence that the impulse grouping in early systole does contain information 
that is pertinent to the regulation of arterial pressure. This review attempts to answer some 
questions related to the postulated enhanced efficacy of intermittent CSN stimulation. 

Bronk and Stella [19321 tnade the first successful recording of a single baroreceptor 
afferent fibre from the carotid sinus, together with the sinus pressure. They observed in the 
urethane rabbit: a) Baroreceptors are active at normal pressure, peak instantaneous impulse 
frequency is largest during the fast systolic rise of pressure, declines during the diastole and 
is often zero in the second half of the diastole. b) lnstantaneous impulse frequency fellows 
pressure variations remarkably accura.tely. c) lf pressure exceeds a threshold, impulse 
frequency of a unit jumps from zero to, say, 60 Hz. Different units have different thresholds. 
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d) Impulse frequency increases linearly with pressure from the threshold frequency to a 
saturation frequency (60 to 125 Hz in the range 60 to 115 mm Hg). Different units have 
different sensitivities (/:1 impulse frequency/ /:1 pressure) and different saturation levels. 

Many subsequent studies have confirmed and extended these findings, especially with 
respect to the dynamic behaviour of the baroreceptor, e.g. the bidirectional rate sensitivity 
ànd the asymmetry in the time coure of the overshoot compared with the undershoot after 
a stepwise pressure change, e.g. [Landgren,1952a;1952b; Angell James et 
al.,1970;1971a;1971b;1971d; Franz et al.,19711 

Bronk and Stella concluded in 1932: "The mechanism whereby the carotid sinus plays 
its part in this control Ci.e. blood pressure regulation - CBl is through a variation in the 
number of impulses discharged to the centers per unit of time" ... "As the mean pressure 
increases a larger number of end organs come into play [i.e. recruitment - CBl, the average 
impulse frequency in a single fibre increases and the discharge continues throughout a 
greater part of the cycle ... The higher the arterial pressure, therefore, the greater is the 
number of afferent impulses acting upon the centers and the more continuous is this 
action. This presumably is the basis for the reflex effects on blood pressure of the carotid 
sinus" [Bronk et al.,19321 

The authors wonder if the phasic aspect of the afferent activity may be relevant for 
central processing of baroreceptor information:" ... it is also possible that the change from 
a series of impulse volleys separated by diastolic intervals to a continuous train of impulses 
may in itself be an important factor in regulating the activity of the centers" CBronk et 
al"19321. Thus, Bronk and Stella suggest that the transition to more continuous afferent 
activity may, per se, enhance the depressor response. 

Ead and coworkers were the first investigators to compare the effects of pulsatile and 
non-pulsatile pressures in the isolated carotid sinus of the chloralose-urethane cat. They 
concluded: 1) "The impulse frequency occurring during pulsatile flow exceeds that seen 
during non-pulsatile flow, whatever may be the mean bloed pressure". 2) "The grouping 
of the impulses in bursts attaining a high frequency is more capable of affecting the 
vasomotor center than a steady discharge of an equal number of impulses at a lower 
frequency" [Ead et al.,19521 Thus, according to these authors the enhanced depressor 
response evoked by pulsatile pressure is due to the phasic nature of the afferent activity. 

Douglas and coworkers compared in the urethane cat the effects of continuous 
electrical stimulation of the AN with intermittent stimulation with the same mean 
stimulus frequency. In contrast to the previous authors Douglas and coworkers observed 
that " ... when stimulation is prolonged sufficiently to cause a maintained depressor 
response, this response is usually independent of the pattem of stimulation. Only at low 
rates of stimulation (16 Hz) is the interrupted type of stimulus slightly more effective". 
However, " ... this effect was never very marked". The authors conclude " ... that any 
greater depressor effect of pulsatile pressure changes in the great vessels over a steady 
pressure, is not attributable to the different pattern of impulses set up by the pulsations" 
[Douglas et al.,1956c1. They attibuted the enhanced depressor response to recruitment of 
baroreceptors with a high threshold. Thus, according to Douglas and coworkers, the 
potentiating effect of pulsatile pressure is due to the transducing properties of the receptor 
endings. 
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In conclusion, early studies on the physiological significance of pulsations in the 
arterial system and the phasic character of baroreceptor afferent activity led to opposite 
conclusions. The following sections deal with four questions on this matter. 

Does substitution of statie pressure by pulsatile pressure with the same mean level enhance 
the depressor response? 
Is a potentiating effect of pulsatile pressure due to afferent impulse grouping or to the 
transducing properties of the receptor ending? 

The potentiating influence of pulsatile pressure on the depressor response [Bad et 
al"1952] has been confirmed in many investigations. The enhanced response, however, is 
only present at low and normal arterial pressure. When mean pressure exceeds about 140 
mm Hg constant and pulsatile pressure evoke the same reflex effects [Scher et al.,1963; 
Levison et al.,1966; Spickler et al.,1967; Stegemann et al., 1969; Angell James et 
al.,1970;1971bl The enhanced depressor effect of pulsatile pressure corresponds with the 
augmented inhibiton of renal and splanchnic sympathetic activity [Spickler et al.,1967] and 
can be attributed to the increased number of afferent impulses per unit of time [Spickler 
et al.,1967; Aars,1968; Koushanpour et al.,1969] and the non-linear part of the 
Blutdruckkarikteristik [Koch,19311 near threshold pressure levels [Stegemann et al.,19691 
Angell James and de Burgh Daly have clearly demonstrated that the potentiating effect of 
pulsatile pressure is due to the transducing properties of the baroreceptors CAngell James 
et al.,1970;1971a;1971b;197.ldl. 

Only a few results reported by Angell James and de Burgh Daly will be recalled here, 
because the statie and dynamic characteristics derived from single-fibre and multi-fibre 
preparations have been reviewed recently by Kirchheim [1976] (p.112-119). 

From investigations in the chloralose-urethane dog and the urethane rabbit the 
threshold pressure of the baroreceptors appeared to range from 50 to 140 mm Hg. 
Substituting pulsatile pressure for constant pressure did not alter the total n~mber of 
afferent impulses in a single fibre, provided the phasic pressure remained above threshold 
during the entire pressure cycle. With sinusoidal pressure variations the relation between 
instantaneous firing rate and phasic pressure showed an ellipsoid shape, with firing rate 
considerably higher at a given pressure for positive dP/dt than for negative dP/dt. 
Incrementing pulse pressure of the sinusoidal pressure variations resulted in a larger 
ellipsoid, but the total number of afferent impulses per unit of time remained the same, 
provided the pressure always exceeded the threshold. 

Their findings may be summarized as follows: When arterial pressure is normal or low, 
incrementing mean pressure (heart rate and pulse pressure constant) results in a higher total 
number of afferent impulses in the afferent nerve because of a) the increase of mean firing 
rate in active units; b) recruitment of inactive units. Augmented afferent activity leads to 
enhanced depressor response. Incrementing pulse pressure (heart rate and mean pressure 
constant) results in recruiting units during systole with a higher threshold. The same 
applies to increasing the rate of pressure ris~ . In constrast, when mean pressure is high a 
change of pulse pressure or rate of pressure rise has little or no influence on the total afferent 
activity. In the dog the influence of heart rate (and hence dP/dt) on the reflex change of 
the total peripheral resistance was negligible for heart rates in the physiological range above 
70-75 beats per minute. It should be realized, though, that the natura} rate of pressure 



Table H-1 

range stimulus Intra- inter-
anesthe- afferent pul se me an train train train mittent 

author year species sia vent. vag. duration stimulus duration stimulus frequency vs. c. nerve frequency frequency continuous 
[ms] (Hz] (Hz] [Hz] [min- 1] stimulation 

Douglas et al. 1956c rabbit Urethane - + AN 0.1 8-64 16-256 60-360 0 

Koepchen et al. 1965 dog CSN HR + a) 

Bilgutay et al. 1964a dog Pentothal/ - · CSN 0.1 250 10(?)-300 HR b) 
1964b 

Drews et al. 1968 dog + - CSN 0.5 250 HR 0 c) 

Zerbst. et al. 1970 rabbit Urethane - AN 0.1-1.0 12 Hz 5-45 HR + 

Richter et al. 1970 dog Chloralose + - CSN 0.02 5-60 333,500 10-180 60 0 d) 

J onzon et al. 1972 dog Chloralose + - CSN 0.5 15-150 150 40-330 HR 0 

Kendrick et al. 1973b cat Chloralose - + CSN 0.01-1.0 5-50 100 50 60,120 + 

Karden et al. 1974 rabbit Pentobarb. + - AN 0.3 62,125 80,160 1 train 0 e) 

Kendrick et al. 1975 dog Chloralose - - CSN 0.1 4-40 50 20-200 120 0 

rabbit Urethane CSN 0.1 25 40-80 100 HR - - AN Katona et al. 19n f) 
dog Chloralose ± - CSN 0.1 25 60-200 100 HR 

Levy et al. 1976b dog Chloralose + + CSN 0.1 16-64 125-500 32-512 60 - g> 

Sedin 1976 dog Chloralose + + CSN 0.5 15-150 150 40-330 HR 0 
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rise in the arterial system is far in excess of the highest positive dP/dt generated by the 
sinusoidal pressure pump in these studies [Kirchheim,19761. 

In summary, the transducing properties of the baroreceptors fully explain the 
potentiating influence of pulsatile over constant pressure on the reflex depressor response. 

Angell James and de Burgh Daly [1970] have performed an ingenious experiment in 
the dog that provides information on the centra! processing of baroreceptor information. 
They activated with pulsatile pressure baroreceptor areas in the carotid sinus and in the 
aortic arch both seperately and together. Afferent impulse activity was concentrated in one 
half of the pressure cycle. Compared with seperate stimulation of each area combined 
stimulation evoked a larger reduction of total peripheral resistance. Bringing the pulsations 
90 or 180 degrees out of phase during combined stimulation did not alter the reflex 
regulation of peripheral resistance. The authors confirmed the conclusion of Douglas and 
coworkers [1956cl: the vasomotor centre responds to the total number of afferent impulses 
per unit of time, irrespective of the afferent impulse pattem CAngell James et al.,19701 

What is the physiologièally relevant information encoded in the CSN fibre impulse 
pattern? 

Amdt and coworkers [19771 manipulated both mean arterial pressure and pulse 
pressure by inflating and deflating an aortic balloon and recorded single-fibre activity from 
the CSN. Increased pulse pressure in combination with reduced mean pressure can be 
obtained with this method. 

They analysed baroreceptor behaviour by correlating each of five stimulus variables 
(systolic pressure, mean pressure, diastolic pressure, pulse pressure and dP/dt max) with 
each of three response variables (mean firing rate, peak instantaneous rate and mean 
intra-burst rate). For each of the 52 single-fibre recordings only the correlation coefficients 
for systolic, mean and diastolic pressure vs. mean firing rate were consistently high and 
positive. In contrast to Scher [19671 and Gero and Gerova [19671, the authors conclude: 
1) baroreceptors detect mainly pressure level in-vivo (systolic, mean, diastolic), not pulse 
pressure or dP/dt; 2) mean firing rate represents the best index of the afferent information 
generated by the receptor ending. 

Table H· 1. Comparison of continuous with intermittent stimulation of the 
carotid sinus nerve (CSN) or the aortic nerve CAN> with an equal number of pulses 
per unit of time. Enhanced reflex effect of intermittent stimulation (+),the same 
(O) or reduced effect(-) has been observed. vent. = artificial ventilation; vag. = 
vagotomy; C. = comments. 
a) HR = R-wave triggered stimulus pulse trains. 
b) 6 5 Hz was óptimal intra-train frequency. 
c) start pulse train 350 ms delayed with respect to R-wave. 
d) cervical sympathetic activity inhibition measured rather than blood pressure 
fall. 
e) heart rate changes only; very little effect. 
f) no change in depressor effect if stimulus train on left and right CSN out of 
phase, neither if CSN and AN out of phase. 
g) supra-maxima! stimulus voltage. 



Table H-2 

author 

Bilgutay et al. 

Jon zon et al. 

Wagner et al. 

Korsukewitz et 
al. 

meao stimulus Intra-
Hypertension afferent pulsc stimulus train train 

year species or duration frequency duration stimulus 
Angina nerve frequcncy range 

[ms] [Hz] Cmsl {Hz] 

1966 H CSN 0.1 22 250 65 1967 man 

1973b dog CSN 0.3 15-150 150 40-330 

1973 man A&H CSN 2.0 

1974 man A CSN 2.0 

Table H-2. Comparison in man and in the awake dog of the reflex cir-
culatory effects evoked by intermittent stimulation of the carotid sinus 
nerve (CSN) and by continuous stimulation with the same number of 
pulses per unit of time. The same (0) or enhanced effect ( +) of intermittent 
stimulation was found C. = comments. 
a) implanted stimulation unit with fixed stimulus parameters. 
b) intra-train frequency modulation by blood/pressure or heart rate 
controlled baroreceptor analog. 

inter-
train mittent 

frcqucncy vs. c. 
continuous 

Cmin- '1 stimulation 

80 a) 

HR 0 

HR + 
b) 

HR + 
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Is continuous electrical stimulation of baroreceptor afferents less effective than 
intermittent stimulation with the same number of pulses per unit of time? 

Table 1 lists the results of a number of investigations dealing with the efficacy of 
intermittent stimulation of baroreceptor afferents in anesthetized animals. The 
methodological problems discussed in appendix G apply to some of the studies in table 
1 as well. The completely opposite results Kendrick and collaborators reported in two 
successive papers [Kendrick et al.,197 3b;197.5] clearly illustrate the hazards of simultaneous 
activation of chemoreceptor fibres, although I fail to understand why these authors have 
not avoided this complication in the first of the two studies in view of their previous report 
on depressor and pressor fibres in the CSN [Kendrick et al.,19711 

One general comment pertains to most of the studies in table 1. No author verified 
the stimulus pulse amplitude when intermittent stimulation was applied with a high 
intra-train frequency. In the investigation by Levy and coworkers [1976b], for example, the 
duty-cycle of the stimulator exceeded 50°/o in one instance (512 Hz and 1.0 ms pulse width) 
and it is to be expected that a capacity-coupled stimulus isolation unit generates pulses with 
diminished amplitude at that duty-cycle. The mechanism of the stimulus amplitude 
reduction is discussed in appendix C. 

In anesthetized animals either similar or enhanced depressor responses were observed 
with intermittent stimulation (table 0. In the awake dog intermittent stimulation failed to 
potentiate the reflex effects [jonzon et al.,1973bl, but Wagner-and collaborators observed 
augmented reflex effects in hypertensive and angina} subjects CWagner et al.,1973; 
Korsukewitz et al"1974] (table 2). 

In summary, in anesthetized animals, in the awake dog and in unsedated man the 
same or enhanced reflex effects are reported when continuous stimulation is substituted 
by intermittent stimulation with the same number of stimulus pulses per unit of time. 

Are the reflex effects of intermittent electrical stimulation dependent on the phase of the 
cardiac cycle? 

Warzel and collaborators Cl972l reported that intermittent CSN stimulation in the 
dog evokes a larger blood pressure fall when the stimulus trains start 20-30 or 90 ms after 
the R-wave than at other delays. The presented evidence does not convince though. In the 
open-chest chloralose dog the depressor response remained the same when the R-wave 
triggered stimulus train was shifted in the cardiac cycle [Levy et al.,19721 The latter authors 
confirmed the cycle dependent influence on the RR-interval prolongation, reported by 
Koepchen and coworkers [1961bl The latter effect is due to the cyclic varying sensitivity 
of the SA-node to liberated acetylcholine [Stuesse et al.,19781 

Two groups of investigators [Kendrick et al.,1975; Katona et al.,1975] independently 
repeated and extended in the chloralose-urethane dog or in the urethane rabbit the 
ingenious experiment performed by Angell James and de Burgh Daly (19701 Bringing the 
pulsatile activation of the left and the right carotid sinus out of phase did not alter the 
depressor response. The same effects were evoked by out of phase activation of baroreceptor 
areas in the carotid sinus and the aortic arch of the rabbit CK.atona et al.,197.5] and these 
authors obtained also the same effects by out of phase electrical stimulation of the CSN 
and the AN with pulse trains. 
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In summary, the depressor effect is independent of the phase of the cardiac cycle in 
which the stimulus pulses are delivered. Reflex sinus node inhibition shows cardiac cycle 
dependent sensitivity changes. Bringing phasic activity in different afferent nerves out of 
phase does not alter the depressor response. 
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APPENDIX M 

Angina Pectoris Model 

A full description of this model, together with all derivations is to be found elsewhere [Borst, 
1972bl 

List of Symbols and Abbreviations 

an - coefficient of the n th flow harmonie 
c - capacitance of Windkessel ( = K - l) 
CPB - coronary volume flow per beat 
co - cardiac output 
FCt) - flow rate in the ascending aorta 
HR - heart rate 
i(t) - current 
K - elastance of Windkessel ( = c- 1) 
LV - left ventricle 
Mn - amplitude of the n th harmonie 
n - harmonie number (1,2, .. . . ,N) 
p(t) - pressure in the ascending aorta 

PED - end-diastolic pressure in ascending aorta 

PEs - end-systolic pressure in ascending aorta 

PLv - intra-ventricular pressure 

PAO - root aortic pressure (=p(t)) 

PA - mean systemic pressure 
PAD - mean diastolic pressure 
PAS - mean systolic pressure 
PPS - peak systolic pressure 
PTI - pressure-time index in the LV lumen 
Re - 'characteristic' resistance of Windkessel 

Rp - 'peripheral' resistance of Windkessel 

sv - stroke volume 
t - time 

Units 

lit. mm Hg- 1 

lit 
lit: min- 1 

lit . sec - 1 

min- 1 

Amp 
mm Hg. lit- 1 

lit sec - 1 

mm Hg 
mm Hg 

mm Hg 

mm Hg 

mm Hg 

mm Hg 
mm Hg 
mm Hg 
mm Hg 
mm Hg. sec 
Ohm or mm Hg. Lit- 1 

. min- 1 

Ohm or mm Hg. Lit - 1 

. min - 1 

lit 
sec 
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List of Symbois and Abbreviations Units 

T - duration cardiac cycle <RR-intervaD sec 
Td - duration flow diastole sec 
Ts - duration flow systole sec 
Tdm - duration mechanica) diastole sec 
Tsm - duration mechanica! systole sec 
Tw - total LV wall force on equatorial cross-section N 
TII - LV tension-time index (force-time index) N . sec 
v<t) - voltage v 
VLy(t) - LV volume lit 
Ws - n/T5 sec - 1 
(X - K/Rp 
(3 - K<Rc + Rp)/Rp 

Model A. Pressure and Flow in the Ascending Aorta 

The left ventricle as flow generator 

We defined the left ventricle as a half-sinusoidal flow generator with 4 harmonies (n = 1 
represents the fundamentaD: 

and 

N 
f(t) = I: Mn sin (nw5V for 0 ~ t ~ T5 n = l 

F(t) = o 
where Mn = an . M1 
where T5 = 0.8 Tsm 

and Tsm=0.16 + 0.20 T 

The empirica! equation for the duration of the mechanical systole, T5m, was taken from 
[Beneken, 19651 We used empirically choosen coefficients ai = 1.0, a2 = 0.4, a3 = 
0.2, a4 = 0.1 and a5 = 0.05. The amplitude of the fundamental was derived from the 
required stroke volume: 

Mi = __,w,,......._s·_s_v _ _ 
N a 

2 I: ~ 
n = l 

for n = odd 

The stroke volume was determined by the cardiac output constraint and the heart rate 
<SV = CO/HR). 
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The systemic input impedance 

The electric analog of the modified Windkessel representation of the systemic cir-
culation is depicted in fig. 1. The value of R.ç. was choosen empirically: Re = 0.04 R, 
where R = Re + Rp = the DC hydraulic resistance. This value of Re is within the 
range given by Westerhof and coworkers [1971]: Re ~ O.lR. 

i (t) Re -
l 

V(t) 

j 
c Rp 

Figure M-1 . Electric analog of the model describing the left ventricle and the 
systemic arterial tree. The left ventricle is represented by a flow generator, the 
systemic vascular system by a three-element Windkessel. The current i(t) is 
defined, the voltage v(t) is calculated after deriving the imput impedance of the 
equivalent circuit of the Windkessel. 
Re represents the 'characteristic' resistance, ~ the 'peripheral' resistance and 
C represents the compliance of the arterial system. 

It can be shown that the differential equation describing the relation between voltage 
v(t) (pressure) and current i(t) (flow) in fig. 1 is: 

d R + R '(t) R d. v 1 v(t) = c p . l + c . 1 
dt + RpC Rp.C dt 

After substituting circulatory parameters and letting 

K = <X and 
Rp 

the relation between pressure and flow in the ascending aorta becomes: 

dn (t) r;.p (t) + Re dF .::.t:+ ocp = ~ dt dt 

Pressure in the ascending aorta 
The differential equation can be solved analytically due to the nature of the flow wave-
form. The pressure waveform takes the expression: 
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During systole: 

N -at 
p(t) = :E {An sin(ncu5 t + ~n>} + C.e 

n = l 

where An 

for 0 ~ t ~ Ts 

·'· . -1 j ncu Re. l -1 jnwl 't'n - tan . R + R - tan 
<X c p <X 

c 

During diastole: 
-cxt 

p(t) = p .e 
ES 

N 
:E 

n=l 

where Bn 

(la) 

(lb) 

Thus, "the. pressure waveform is determined during the systole by the sum of sinuses 
shifted in phase and a decaying exponential, during the diastole by the decaying ex-
ponential. 

Peak systolic pressure (PPS) was calculated numerically with eq. (la) using ~t = T5/39, 
but mean systolic pressure (p AS) was calculated analytically: 

PAD = 

and thus 

PAS - (2) 
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Model B. LV oxygen demand and root aortic or intra-ventricular pressure 

Intra-ventricular pressure during the flow systole is computed as: 
dF 

PLV = PAO + 0.7 dt (3) 

in order to take blood momentum into account. When SV is enlarged at a given CO 
little change of dF/dt at t=O occurs (see fig. 12B, p.31 in ref. CBorst, 1972b]). 
We assume that the isovolumic contraction and relaxation phase each last 10°/o of the 
duration of the mechanica! systole and that the rise and fall of LV pressure in these 
phases is linear. 
For the angina pectoris model we assume that LV myocardial oxygen demand is propor-
tional to each of four indices of myocardial oxygen consumption: a) peak systolic pres-
sure (PPS); b) mean systolic pressure (PAS); LV pressure-time index <PTD; and d) ten-
sion-time index <TTD. The PPS was calculated from eq. (la) and the PAS from eq. (2). 
From eq. (la) and (3) we derived the PTI: 

Tsm 
PTI = f Ptv · dt (4) 

0 

For the computation of the TTI we consider the LV a thin-walled sphere (soap-bubble) 
with a fixed end-systolic volume of 70 ml and we calculated the total force (Î w> exerted 
on an equatorial cross-section using eq. (la) and (3): 

Tsm 
TIJ = J Tw . dt 

0 

(5) 

where Tw<t> = c . PLV (t) . VLV 
213 (t) 

9 1/3 
where c = ( 16 7t ) 
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Model C. Oxygen Supply to the LV Wall and Root Aortic Pressure. 

We assume that the coronary vessels are maximally dilated, behave like a Poiseuille 
resistance and collapse during the entire mechanica} systole Gnfinite resistance). 
Assuming A-V oxygen difference to remain unaltered myocardial oxygen supply per 
beat (CFB) is proportional to coronary volume flow, i.e. to the time-integral of aortic 
pressure during the mechanica! diastole which amounts to: 

-0.lixT5m .e 

(6) 
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SUMMARY and CONCLUSIONS 

The aims of this investigation were 1) to study the time course of the reflex 
circulatory changes evoked by CSN stimulation in unsedated man (chapters IV 
- VID, and 2) to establish the optimal frequency of CSN stimulation for the relief 
of angina pectoris (chapters VIII and DO. The results concern eleven subjects with 
coronary heart disease and three hypertensive subjects. 

The origin of the study is described in chapter I. Baroreflex regulation of the 
cardiovascular system is briefly discussed in chapter II, together with the 
therapeutic rationale of CSN stimulation in the treatment of hypertension or 
angina pectoris. Properties of the afferent reflex are are reviewed more in detail 
in the appendices G and H. Several investigations have demonstrated in the past 
decade that anesthesia and tissue trauma considerably modify centra} processing 
of baroreceptor afferent information. Consequently, subjects with coronary heart 
disease using a CSN stimulator provided a unique opportunity to evaluate some 
aspects of baroreflex regulation of the heart and the circulation in unsedated man. 

Chapter 111 deals with the investigational methods. We studied the reflex 
circulatory effects evoked by CSN stimulation during 90 second periods, long 
enough for the cardiovascular variables to attain stable levels. Stimulation 
frequency ranged from 20 to 200 Hz, pulse width was either 0.3 5 ms (standard in 
the Medtronic CSN stimulation devices) or 2.0 ms. Stimulus intensity ranged from 
3.5 to 8.0 on the intensity scale of the transmitter. The stimulator consists of an 
externally carried battery powered transmitter and a subcutaneously implanted 
receiver connected to the bilateral stimulation· electrodes. 

Reduced effectiveness of high stimulation frequencies ( > 120 Hz) 
necessitated a thorough analysis of the CSN stimulator's properties. Appendix A 
describes its basic mode of operation and the differences between two generations 
of the device <Medtronic,lnc.,US.A). Appendix B summarizes the principal results 
of in-vitro tests. The output of the receiver depends on the antenna-receiver 
orientation: it declines when the antenna is moved away vertically and/or 
horizontally. When the vertical displacement was less than 5 mm, a small 
horizontal shift of the antenna caused an abrupt 10°/o decrease of the output 
amplitude due to interaction between the oscillating circuit of the transmitter and 
the tuned circuit in the receiver when antenna and receiver were close. If 
transmitter and receiver are not properly tuned entrainment may cause abrupt 
pulse amplitude fluctuation of sufficient magnitude to have physiologicaf 
consequences. 

The two circuits inside the receiver generated pulses for the left and right 
electrode of slightly different heights. The application of CSN stimulation would 
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be improved if stimulus intensity could be adjusted separately for the left and right 
carotid sinus nerve. The output of one circuit depended on the load resistance 
closing the circuit for the contra-lateral electrode. 

Analysis of the receiver circuit by Drs.J.M.Karemaker (appendix C) has 
shown that the steady state output of the receiver declines with increasing 
stimulus frequency above 20 Hz. Prolongation of the 0.3 5 ms pulse width severely 
enhances the frequency dependent output reduction. A mathematica! relation 
was derived between output amplitude and stimulus parameters. In-vitro tests 
with a bipolar CSN electrode in saline supported the theoretica! analysis 
(appendix C) 

Chapter IV describes the latency to onset of the 'on' and 'off' response. 
Vascular resistance changes started 2-3 seconds after the start or end of 
stimulation. Pulse pressure changes started after a similar delay. The latter changes 
are probably due to altered ventricular contractility and arterial compliance. The 
latency for sympathetically mediated effects after an abrupt increase in 
baroreceptor afferent traffic seemed to be 0.5-1.0 seconds longer than after an 
abrupt decrease. 

At rest baroreflex modulation of the SA node and the A V node was mediated 
primarily by the parasympathetic division of the autonomie nervous system, with 
a latency of ~ 0.7 seconds for chronotropic changes and between 0.8 and 1.6 
seconds for dromotropic changes. After cholinergic blockade small, sluggish 
chronotropic and dromotropic effects were observed beginning after about 3 
seconds. Thus, at rest a small sympathetic tone modifying the function of the SA 
node and the AV node could be reflexly withdrawn by CSN stimulation (chapters 
IV and V>. 

Mean arterial pressure and pulse pressure fell to a minimum after 15 - 40 
seconds, peak RR-interval prolongation and peak AV-interval prolongation 
occurred usually within 10 seconds after the start of stimulation (chapter V>. The 
response overshoot varied from none to almost 200°/o. The time course of reflex 
changes following the start and end of stimulation was characteristic and 
reproducible within subjects hut varied remarkably between subjects (chapter V>. 

The respiratory frequency did not change in anginal subjects, whereas in 
hypertensive subjects CSN stimulation induced a rise of the respiratory frequency. 
In hypertensive patients a relatively high stimulus intensity is generally used that 
may cause activation of other afferent fibres (chemoreceptor afferents). 

Arguments are presented in chapter V that the frequently measured 
'baroreflex sensitivity' is a misleading quantitative measure of baroreflex function. 

CSN stimulation evoked reflex inhibition of sympathetic tone and 
enhancement of parasympathetic tone that resulted in characteristically different 
time courses for the circulatory changes: vagally mediated chronotropic and 
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dromotropic effects were abrupt, sympathetically mediated chronotropic, 
dromotropic and inotropic effects were sluggish, as were the vascular resistance 
changes. All reflex effects mediated by one division of the autonomie nervous 
system showed roughly the same time course. The characteristic differences are 
probably due to the interaction between both neurotransmitters (acetylcholine 
and noradrenalin) and the effector organs rather than to a ~ 1 second difference 
in centra! reflex delay Cchapter V>. 

During nitrous oxide anesthesia the reflex circulatory effects were preserved, 
and possibly enhanced (casuistic observation - chapter V>. This implies that 
traction at the carotid sinus area should be avoided during nitrous oxide anesthesia 
because activation of baroreceptors might lead to severe circulatory depression. 

Chapter VI analyses the latency to onset of sinus node frequency changes 
based on almost 1400 observations for the 'on' effect and almost 1000 observations 
for the 'off' effect. The latency for vagally mediated baroreflex con trol of the sinus 
node was 0.6 seconds. The latency was the same for inhibition and enhancement 
and was probably independent of the duration of the cardiac cycle. We estimate 
that in unsedated man an approximate 0.3 5 second centra! delay exists between 
arrival of afferent activity at the Nucleus Tractus Solitarii and departure of reflexly 
modified parasympathetic activity from the brainstem. This implies a long and 
complex poly-synaptic path involved in central processing of baroreceptor 
information. 

When the RR-interval prolongation evoked by a brief stimulus pulse train 
(300 ms) starting in inspiration or expiration were compared, the interaction 
between baroreflex and respiratory effects on the sinus node resem bied an additive 
process rather than a gating mechanism Cchapter VID. Stimulus pulses delivered 
only in inspiration did evoke sinus node inhibition after about 0.6 seconds, in 
contrast to several observations in anesthetized animals that show an inspiratory 
block for baroreceptor afferent information. 

Presuming that the largest circulatory effects are most beneficia} in angina 
pectoris, the optimal frequency of the Medtronic CSN stimulators is 80 - 120 Hz 
khapter VIID. The fixed frequency of 100 Hz was an excellent choice for the 
Angistat. The previous model functions equally well at its maxima} frequency (80 
Hz). Hypertensive subjects, however, may require individual adjustment of all 
three stimulus parameters. 

The response reduction when the stimulus frequency exceeded 120 Hz is due 
partly to limiting properties of the receiver (appendix C) and partly to failure of 
the afferent reflex are and/or centra! synapses to conduct high frequency 
impulses. 

When the RR-interval prolongation evoked by intermittent and continuous 
stimulation were compared on the basis of the total number of pulses delivered 
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per unit of time, the afferent impulse pattern appeared to be largely irrelevant for 
the reflex effect (chapter IX>. In combination with the 0.6 second latency for SA 
node inhibition this finding is interpreted with respect to information processing 
in the brainstem: phasic afferent activity is low-pass filtered by the extensive 
network of neurons that constitute - in our opinion - the centra! part of the 
baroreflex are. 

Appendices F and G summarize literature data relevant to the optima} 
stimulation frequency and appendix H discusses literature data dealing with the 
relative efficacy of intermittent vs. continuous stimulation of baroreceptor afferent 
nerves. 

Chapter X with appendix M describes a linear model designed to evaluate 
the influence on the myocardial oxygen demand/supply ratio of the CSN 
stimulation induced fall of heart rate and systemic pressure. The results suggested 
that the contribution of the reflex fall of arterial pressure to the relief of angina 
may be overestimated at present, and that the contribution of the reflex heart rate 
decrease may be underestimated. 

In conclusion, in a limited number of unsedated subjects with coronary heart 
disease CSN stimulation in rest provided an unique opportunity to study the time 
course of circulatory changes evoked reflexly by the abrupt increase or decrease 
of the number of baroreceptor afferent impulses. The results support the 
suggestion that anesthesia and tissue trauma modify central processing of 
baroreceptor information to such an extent that quantitative data on baroreflex 
regulation of the circulation are not applicable to unsedated man if derived in 
acute experiments on the anesthetized animal. 
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SAMENVATIING en CONCLUSIES 

Doel van dit klinisch-fysiologisch onderzoek was: a) een beschrijving te 
geven van het tijdsverloop van de reflectoire veranderingen in de circulatie die 
door electrische stimulatie van de 'carotid sinus nerve' (CSN) worden opgewekt 
(hoofdstuk IV - VID, en b) bepaling van de optimale frekwentie van CSN 
stimulatie voor de behandeling van angina pectoris (hoofdstuk VIII en IX). De 
resultaten zijn gebaseerd op waarnemingen bij niet gesedeerde patienten, elf met 
coronair lijden en drie met essentiele hypertensie. 

In hoofdstuk I worden achtergrond van en aanleiding tot het onderzoek 
beschreven. De regulatie van het cardiovasculair systeem via de baroreflex wordt 
in het kort beproken in hoofdstuk II, evenals de motivatie voor het toepassen van 
CSN stimulatie als behandeling van hypertensie of angina pectoris. Enkele 
eigenschappen van de afferente reflex boog worden uitvoeriger besproken in de 
appendices G en H. In de afgelopen tien jaar is het duidelijk geworden dat 
anesthesie en weefseltrauma een belangcijk modificerende invloed kunnen 
hebben op de centrale verwerking van baroreceptor afferente informatie. 
Patienten met coronair lijden, die voorzien zijn van een geïmplanteerde CSN 
stimulator, vormden een unieke mogelijkheid enkele aspecten van de regeling 
van hart en vaten via de baroreflex nader te onderzoeken zonder de 
(onvoorspelbare) invloed van anesthetica. 

De methoden worden beschreven in hoofdstuk 111. Wij analyseerden de 
reflectoireveranderingen die door CSN stimulatie gedurende 90 seconden teweeg 
gebracht worden. Binnen deze periode bereikten de daling van bloeddruk, 
polsdruk en hartfrekwentfo een stabiel niveau. De stimulatiefrekwentie werd 
gevarieerd van 20 tot 200 Hz, de pulsduur was 0,3 5 ms (standaard in de Medtronic 
CSN stimulatoren) of 2,0 ms. De stimulatie intensiteit lag tussen 3,5 en 8,0 
eenheden op de intensiteitsschaal van de zender. De CSN stimulator bestaat uit 
een externe zender die door batterijen gevoed wordt en een subcutaan 
geïmplanteerde ontvanger verbonden met de bilaterale stimulatie electroden. 

Een nadere bestudering van de eigenschappen van de CSN stimulator zelf 
bleek nodig toen bij hoge stimulatie frekwentie ( > 120 Hz) een verminderd effect 
gevonden werd. Appendix A beschrijft schematisch hoe de stimulator werkt en 
welke verschillen er bestaan tussen de twee gangbare versies van het apparaat 
<Medtronic,Inc"USA). Appendix B geeft de belangrijkste resultaten van in-vitro 
tests weer. De output van de ontvanger hing af van de antenne-ontvanger 
orientatie: de output daalde wanneer de antenne ten opzichte van de ontvanger 
verplaatst werd in horizontale en/of verticale richting. Bij een verticale afstand van 
minder dan 5 mm (de normale in-vivo afstand) bleek een geringe horizontale 
verschuiving van de antenne een abrupte daling van de output amplitude met 
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10°/o te veroorzaken die samenhing met de interactie tussen de hoog frekwent 
oscillator in de zender en het afstem circuit in de ontvanger wanneer zendspoel 
en ontvanger dicht bij elkaar waren. Wanneer zender en ontvanger niet precies 
op elkaar afgestemd zijn kunnen bij zeer kleine zendspoel verschuivingen abrupte 
stimulatie pulse amplitude veranderingen optreden van voldoende grootte om 
fysiologische veranderingen te geven. 

De twee ontvangcircuits in de ontvanger genereerden pulsen van niet exact 
gelijke hoogte voor de linker en de rechter stimulatie electrode. De toepassing van 
CSN stimulatie kan mogelijk iets verbeterd worden door de stimulatie intensiteit 
voor beide electroden afzonderlijk instelbaar te maken. De output van het ene 
ontvangcircuit hing af van de belastingsweerstand waarmee het circuit voor de 
contra-laterale electrode werd afgesloten. 

Analyse van het ontvangcircuit door Drs.J .M.Karemaker (appendix C) heeft . 
aangetoond dat de steady state ouput van de ontvanger al vanaf 20 Hz begint af 
te nemen bij toenemende frekwentie. Wanneer de puls duur wordt verlengd wordt 
de frekwentie afhankelijke output daling enorm versterkt. Een mathematische 
relatie werd afgeleid tussen output amplitude en de stimulatie parameters. De 
resultaten van in-vitro tests met een bipolaire CSN electrode in fysiologische zout 
oplossing bevestigden de theoretische analyse (appendix C). 

In hoofdstuk IV wordt de latentietijd voor 'aan' en 'uit' effecten van de 
stimulatie onderzocht. De totale perifere vaatweerstand begon te veranderen 2 à 
3 seconden-na het begin of eind van de stimulatie. De polsdruk wijzigde zich na 
een vergelijkbare tijd. De veranderingen in de polsdruk berusten waarschijnlijk op 
wijziging van de ventrikel contractiliteit en arteriële compliantie. 

Tijdens rust vond de beïnvloeding van de SA knoop en de A V knoop 
voornamelijk plaats door modulatie van de activiteit in de cardiale vagus takken, 
waarbij een latentietijd van ~ 0,7 sec werd gevonden voor chronotrope 
veranderingen en tussen 0,8 en 1,6 sec voor dromotrope veranderingen. Tijdends 
cholinerge blokkade werden kleine en trage chronotrope en dromotrope effecten 
waargenomen die pas na ongeveer 3 sec begonnen. Dus, tijdens rust bleek een 
geringe sympaticotonus de SA knoop en AV knoop te beïnvloeden die door CSN 
stimulatie reflectoir kon worden geinhibieerd (hoofdstuk IV en V). 

De gemiddelde arteriele bloeddruk en de polsdruk bereikten een minimum 
15-40 seconden na aanzetten van de stimulator, de piek RR-interval verlenging 
en de piek AV-interval verlenging werd meestal binnen 10 seconden bereikt 
(hoofdstuk V>. De overshoot in de respons varieerde van nul tot 2006/o. Het 
tijdsverloop van de reflectoire veranderingen in de circulatie was karakteristiek en 
reproduceerbaar voor iedere patient maar verschilde opvallend tussen patienten 
(hoofdstuk V>. 

De ademhalingsfrekwentie werd niet beïnvloed door CSN stimulatie in 
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angineuze patienten, in tegenstelling tot de hypertensieve patienten waarin de 
ademhalingsfrekwentie toenam. In het algemeen wordt in hypertensieve 
patienten een hogere stimulatie intensiteit gebruikt waardoor meestimuleren van 
andere afferente vezels (chemoreceptor afferenten) kan optreden. 

In hoofdstuk V worden enkele argumenten naar voren gebracht die onze 
overtuiging ondersteunen dat de vaak gehanteerde 'baroreflex sensitivity' een 
misleidende kwantitatieve maat is voor het functioneren van de baroreflex. 

CSN stimulatie veroorzaakte reflectoir inhibitie van de sympaticotonus en 
toename van de vagotonus met een karakteristiek verschillend initieel 
tijdsverloop voor de circulatoire effecten die door elk worden teweeggebracht: de 
parasympatische chronotrope en dromotrope effekten waren abrupt, de 
sympatische chronotrope; dromotrope en inotrope effecten ontwikkelden zich 
geleidelijk, evenals de vaatweerstand veranderingen. Alle effecten die door één 
divisie van het autonome zenuwstelsel teweeg gebracht werden vertoonden 
ongeveer hetzelfde tijdsverloop. De karakteristieke verschillen berusten 
waarschijnlijk op verschillen in de interactie tussen beide neuro-transmitters 
<acetylcholine en noradrenaline) en de effector organen, en niet op een ~ 1 
seconde verschil in centrale reflex tijd (hoofdstuk VJ. 

Tijdens lachgas narcose (N20) bleek de baroreflex niet geinhibieerd te zijn, 
de reflectoire effecten van CSN stimulatie waren mogelijk zelfs versterkt 
<casuïstische waarneming - hoofdstuk V>. Bij operaties in het halsgebied onder 
lachgas narcose dient tractie aan de carotis sinus vermeden te worden omdat 
activatie van baroreceptoren tot ernstige daling van bloeddruk en hartfrekwentie 
zou kunnen leiden. 

In hoofdstuk VI wordt een nauwkeuriger schatting gemaakt van de 
latentietijd voor veranderingen in de ontladingsfrekwentie van de SA knoop, 
gebaseerd op bijna 1400 waarnemingen voor het 'aan' effect en bijna 1000 
waarnemingen voor het 'uit' effect. Deze tijd bedroeg 0,6 seconden. Dit betreft 
het parasympatische deel van de reflex. Deze tijd was hetzelfde voor afname en 
toename van de ontladingsfrekwentie en was waarschijnlijk onafhankelijk van de 
duur van de hartcyclus~ Op basis van experimentele gegevens over looptijden van 
de reflex in de afferente en efferente reflex boog, ontleend aan de hond, schatten 
we dat bij de mens, zonder narcose, een vertraging van ongeveer 0,3 5 seconden 
aanwezig is tussen aankomst van afferente activiteit bij de Nucleus Tractus 
Solîtarii en vertrek van reflectoir gemoduleerde parasympatische activiteit vanuit 
de hersenstam. Dit houdt in dat bij de centrale verwerking van baroreceptor 
informatie een lange en complexe poly-synaptische weg betrokken moet zijn 
(hoofdstuk VD. 

Bij vergelijking van de RR-interval verlenging die door een korte stimulus 
puls trein (300 ms) wordt opgewekt tijdens inspiratie met die tijdens expiratie 
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bleek dat de interactie tussen ademhalings effecten en baroreflex effecten op de 
SA-knoop beter beschreven kon worden door een additief proces dan door een 
'gating mechanism'. Ook wanneer de stimulus pulsen tot de inspiratie fase 
beperkt waren trad na ongeveer 0,6 seconden SA-knoop inhibitie op, in 
tegenstelling tot waarnemingen bij genarcotiseerde proefdieren waarbij herhaald 
een inspiratoir onderdrukken van baroreceptor afferente informatie is beschreven 
(hoofdstuk VID. 

De optimale frekwentie instelling voor de Medtronic CSN stimulator was 80 
- 120 Hz (hoofdstuk VIII), wanneer we aannemen dat de sterkste reflectoire 
effecten op hart en vaten het beste therapeutische effect bij angina pectoris 
hebben. De vaste frekwentie van 100 Hz was een uitstekende keuze voor de 
Angistat. Het vorige model stimulator werkt even goed bij zijn maximale 
frekwentie (80 Hz). Bij patienten met essentiele hypertensie kan mogelijk het 
beste resultaat worden verkregen door individuele instelling van alle drie 
stimulatie parameters. 

De afname van de respons wanneer de stimulatie frekwentie boven de 120 
Hz uitging is ten dele te wijten aan de beperkende eigenschappen van het 
ontvanger circuit <appendix C) en ten dele aan het onvermogen van de afferente 
reflex boog en/of centrale synapsen om impulsen met een zo hoge frekwentie 
voort te geleiden. 

Vergelijking van de RR-interval verlenging door intermitterende en continue 
stimulatie op basis van het totaal aantal pulsen per tijdseenheid toonde aan dat het 
afferente impuls patroon grotendeels irrelevant was voor het reflectoir opgewekt 
effect (hoofdstuk DO. In combinatie met de geschatte 0,6 seconden latentietijd 
voor SA-knoop inhibitie wordt deze waarneming door ons geïnterpreteerd met 
betrekking tot de informatie verwerking in de hersenstam: fasisch afferente 
activiteit wordt laag frekwentgefilterd door een uitgebreid netwerk van neuronen 
dat - naar onze mening - het centrale deel van de baroreflex boog vormt. 

De appendices F en G gevt:~ een samenvatting van literatuurgegevens met 
betrekking tot de optimale stimulatie frekwentie en appendix H bespreekt 
literatuur gegevens over de relatieve effectiviteit van intermitterende stimulatie 
van baroreceptor afferenten vergeleken met continu stimuleren. 

Hoofdstuk X beschrijft in verkorte vorm een lineair model dat is opgezet om 
een indruk te krijgen over de invloed die de reflectoire daling van de 
hartfrekwentie en de bloeddruk hebben op de zuurstof vraag-aanbod verhouding 
in het linker ventrikel myocard. Het model geeft aan dat de bijdrage van de 
bloeddruk daling aan het therapeutisch effect van CSN stimulatie mogelijk wordt 
overschat, en dat de bijdrage van een hartfrekwentie daling mogelijk wordt 
onderschat. 
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Samenvattend, in een beperkt aantal niet-gesedeerde patienten met coronair 
lijden verschafte CSN stimulatie tijdens rust een unieke gelegenheid het 
tijdsverloop van de reflectoire veranderingen in de circulatie te bestuderen die 
door de abrupte toename en afname van baroreceptor afferente impulsen worden 
veroorzaakt. De resultaten steunen de veronderstelling dat anesthesie en 
weefseltrauma zodanig de centrale verwerking van baroreceptor afferente 
informatie wijzigen dat kwantitatieve gegevens over regeling van de circulatie via · 
de baroreflex niet zonder meer van toepassing zijn op de mens indien deze 
gegevens zijn verkregen in acute dier experimenten onder narcose. 
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p. 64, Legend to Figure 6 - 7, line 8: 
'in modified from' should read 
'in modified form from' 
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p. 71, Legend to Figure 7 - 2, bottom line: 
'control cardiac (Table 2)' should read 
'con trol cardiac cycle (Tab Ie 2) ' 

p . 72, Legend to Figure 7 - 3, bottom line: 
'stimulations' should read 
'stimula tion' 

p . 78, line 4 and 5 : 
'that abrupt subsides quickly' should read 
'that subsides quickly' 

p . 95, Legend to Figure 9 - 2, line 4: 
' ( table 1) ' should read 
'(table 1 A)' 

p . 119, Legend to Figure C - 2, line 6: 
'from figure 2 A' should be deleted 

p . 156, regel 14: 'ouput', lees 'output' 
regel 28: 'Tijdends', lees 'Tijdens' 

p. 176, incorrect initials: 
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