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\BS TRACT 
The changes in blood pressure, heart rate, cardiac output 
and blood flow in the femoral and common carotid arteries 
on carotid sinus nerve stimulation (CSNS) were studied in 
chloralose anaesthetized dogs, both with spontaneous heart 
.hythm and during atrial pacing. Stimulation of the sinus 
nerves with impulse trains and with impulses of constant 
frequency had almost equal effects on the blood pressure. 
The former had a greater effect on the heart rate; these 
findings verified earlier observations. The reductions in 
cardiac output followed those in heart rate. During atrial 
pacing the stroke volume was reduced on CSNS. The total 
peripheral resistance, regional peripheral resistances and 
input impedance of the vascular bed of the femoral artery 
were calculated. The initial effects of CSNS varied in 
relation to the prestimulation total peripheral resistance and 
to stimulation frequency. Differences between stimulation 
with a constant frequency and the intermittent types, with 
the same number of impulses per cardiac cycle, were 
negligible as regards effects on stroke volume, blood flow 
and regional vascular resistances. CSNS caused changes in 
input impedance of the vascular bed of the femoral artery 
which were very similar to those observed earlier on 
intraarterial injection of vasodilator drugs. 

The different effects of intermittent and constant fre- 
quency CSNS on the heart rate in dogs with intact vagal 
nerves and no clamping of the common carotid arteries 
might he caused by asymmetries in the autonomic effects on 
the S.A. node. The neurophysiological mechanisms are 
discussed. It is deduced that greater reductions in blood 
pressure with intermittent stimulation are only obtained in 
the pre-existence of a high sympathetic tone. 

NTRODUCTION 

‘Extensive studies of the carotid sinus reflex [for 
.-eview see (24), (35)] and of its blood pressure 
regulating properties (36, 40, 56) have been made 
during the last fifty years. 

In experimental investigations of centrally 
mediated reflex responses, reproducible and quanti- 
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fiable input signals to the central nervous system 
can be obtained by applying electrically induced 
nerve impulses (3 1,45). Using electrical stimulation 
of the carotid sinus nerves in chloralose anaes- 
thetized dogs, Oberg & Sjostrand (45) found 
that the carotid sinus reflex had proportional and 
derivating gain characteristics. They also observed 
a more damped blood pressure response on modula- 
tion of the input signal. In a subsequent study they 
(46) showed that the afferent sinus nerve informa- 
tion could cause bandwidth limitation of the blood 
pressure regulating system because of its pulsating 
nature. Stimulation impulse trains applied to the 
sinus nerves during systole resulted in a greater 
percentual blood pressure reduction than constant 
frequency stimulation in dogs with clamped com- 
mon carotid arteries. 

Jonzon et al. (29) found that the maximal blood 
pressure reducing effect of carotid sinus nerve 
stimulation (CSNS) was obtained at only S-10 
stimulation impulses per cardiac cycle. They also 
noted that stimulation of the sinus nerves with 
impulse trains caused a greater reduction in heart 
rate than constant frequency stimulation. This 
observation was not made, however, during ex- 
perimental ‘clamping’ of the common carotid 
arteries. The differences in the effects on the blood 
pressure and heart rate of stimulating the carotid 
sinus nerves at a constant frequency and with 
intermittent impulse trains have not yet been fully 
explained. 

The aim of this study was to elucidate the 
differences in effector response to the three impulse 
patterns used in the previous investigation (29), by 
measurements of the cardiac output and blood 
flows and by calculations of the vascular resistance 
and vascular input impedance. 
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METHODS 
Animals, anaesthesia and preparation 
The experiments were performed on endotracheally intu- 
bated mongrel dogs of both sexes, weighing between 15 
and 25 kg (dogs 1-7) or 3%32 kg (dogs 8 and 9). Young 
healthy dogs were used throughout, their ages not exceed- 
ing 2 years. 

Anaesthesia was induced with 5 per cent thiopental 
sodium (Pentothal Sodiuma, Abbott S. A., Belgium) 
(0.025 g/kg b.w.) and maintained by continuous infusion of 
0.72 per cent chloralose (E. Merck AG, Darmstadt, BRD) 
at body temperature (cf. 2, 10). 

High-frequency positive-pressure ventilation (HFPPV) 
(28) with insufflation of humidified air 80 times per minute 
with an insufflation time of 20% of the period time was 
instituted immediately after intubation. At the same time a 
slow infusion of 10% invertose (Inverdex@', Pharmacia 
AB, Uppsala, Sweden),' to which was added 100 m10.6 M 
bicarbonate solution per litre, was started. 

Care was taken to maintain a constant body temperature 
of 3 8 T ,  adequate ventilation and a normal acid-base 
status. Arterial pH, Pco,, Po,, base excess and standard 
bicarbonate (HCO;) were determined repeatedly during 
the preparation (and corrected if necessary) and before 
every experimental sequence. Pco,, base excess and 
HCO; were determined by means of the Sig- 
gaard-Andersen Curve Nomogram for human blood, 
using the Astrup technique., 

The common carotid arteries and the carotid sinus 
nerve bundles were dissected free and the left superior 
thyroid artery was ligated. Electrodes were applied on the 
intact nerve bundles close to the carotid sinus. To 
minimize spread of stimulation current, the nerve bundles 
and the electrodes outside them were covered by a thin 
plastic sheath. 

The paws were fixed with elastic bands, causing com- 
pression but no stasis. 

A transvenous pacemaker electrode was inserted from 
the right jugular vein to the right atrium. For radiographic 
control during the introduction of the catheters and pace- 
maker electrode a mobile fluoroscopy unit with an image 
intensifier (BV 21S, Philips AFl, Stockholm, S ~ e d e n ) ~  was 
used. Isopaque@ (Nyegaard & Co A/S, Oslo, Norway) was 
employed as contrast medium. 

Electrodes and stimulation 
In order to achieve effective stimulation with impulses of 
low voltage amplitude, platinized platinum electrodes 
(platinum black) were used. The electrodes, which were 
placed at  a mutual distance of 3.5 mm, were in the form of 

* Inverdex was kindly supplied by Pharmacia AB, Uppsa- 
la, to whom the author expresses his thanks. 
* The prestimulation mean arterial pH was 7.42 (S.E. 
0.01, n=42), PCO, 29.2 mmHg (S.E. 0.7), PO, 105 mmHg 
(S.E. l . l) ,  BE -4.4 mEq/l (S.E. 0.4) and HC03-18.5mEq/l 
(S.E. 0.4). During pacing of the heart pH was 7.36 (S.E. 
0.01, n=21), Pco, 33 mmHg (S.E. 1.0) and Po, 97 mmHg 
(S.E. 4.0). Base excess and HC03 were unchanged. 
3 The author wishes to thank Philips AB for placing the 
equipment at his disposal. 
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bands, 1 mm broad and 0.1 mm thick. The interelectrode 
impedance was 500-800 ohms (cf. 29, 46). 

Three different types of electrical stimulation of the 
carotid sinus nerves were used, namely constant fre- 
quency stimulation (A) and two types of ECG-triggered 
impulse bursts (B and C). In stimulation type B there was a 
constant frequency within the train (duration I50 ms) 
while in type C the frequency increased linearly within the 
train (29). 

Stimulation impulses with a duration of 0.5 ms were 
given by two stimulators with isolated output (Gated Pulse 
Generator, Type 2521 and 2533, Devices Instr. Ltd., 
Welwyn Garden City, Hertfordshire, England). The sti- 
mulation impulses applied to the sinus nerves were de- 
layed so as to displace the phases of the stimulator out- 
put signals 0.1 ms in relation to each other, thereby pre- 
venting 'cross-stimulation' between the right and the left 
electrodes (45, 63). 

The impulse trains were ECG-synchronized and de- 
layed to coincide with the systolic phase of the arterial 
pulse wave. In all stimulation types the same number of 
impulses per cardiac cycle was given and the number of 
impulses per impulse train was monitored with an 
electronic counter (cf. 29). 

In experiments with transvenous pacing of the heart a 
Goetz bipolar pacemaker electrode (type 5652, USCI, 
Glens Falls, New York, USA) was used. Square wave 
impulses with a duration of 2 ms and amplitudes of I .S-3 
volts were generated by a stimulator with isolated output 
(E xi M Instrument Co., Inc., Houston, Texas, USA). 

Measurements 
The arterial blood pressure (dogs l-7), central venous 
pressure and arterial blood gases were measured as 
described in a previous article (28). The heart rate was 
recorded by an instantaneous ratemeter (type 2751, De- 
vices Sales Ltd., Welwyn Garden City, England). The in- 
struments for amplification and recording were also the 
same as in the previous study. 

The catheter for measurement of arterial blood pressure 
and the thermistor for cardiac output measurements were 
both introduced from the right femoral artery to a position 
in the thoracic part of the descending aorta. The catheter 
for measurement of central venous pressure (dogs 1 and 2) 
was introduced from the right femoral vein. 

In dog 8 the arterial blood pressure was measured at the 
bifurcation of the abdominal aorta via a catheter (Radicath 
aorta-femoral, Radiplast, Uppsala, Sweden) introduced 
via a muscle branch of the right femoral artery. Control 
measurement of the blood pressure was performed via an 
identical catheter introduced through a muscle branch of 
the left femoral artery and placed with its tip 2 cm distal to 
the flow transducer (see below). To minimize interference 
to flow in the artery the catheter was inserted only about 1 
mm into the arterial lumen. In dog 9 both pressures were 
recorded in all experiments. Both catheters were con- 
nected to transducers (Statham P23DC, Statham Lab- 
oratories, Inc., Puerto Rico). Control measurement of fre- 
quency characteristics showed a constant gain in the pres- 
sure measurement system at frequencies below 25 Hz. 

The blood flow in the left common carotid artery and in 
the left femoral artery was recorded continuously, using a 
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two-channel pulsed-logic electromagnetic blood flowme- 
ter (BL610, Biotronex Laboratory, Inc., Silver Spnng, 
Maryland, USA). Blood flow transducers with a luminal 
diameter of 2.5-3.5 mm were applied to the left common 
carotid artery just above the mediastinum (dogs 1-7) and 
to the left femoral artery distal to the inguinal ligament 
(dogs 1-9). All arterial branches in the vicinity of the flow 
transducers were ligated close to the main artery and 
severed. To maintain contact between the transducer 
electrodes and arterial wall the transducer size was chosen 
such as to produce very slight constriction of the artery. 
The artery and transducer were kept moist by covering 
them with pads soaked in saline. Zero flow was obtained 
by occluding the artery 3 4  cm distal to the flow trans- 
ducer. The transducer balance and zero flow were 
checked before every experimental sequence. 

The mean blood flow was measured in dogs 1-7. The 
phasic blood flow in the femoral artery was measured in 
dogs 8 and 9 with a maximum frequency response setting 
(bandwidth 0-100 Hz (-3 dB)). 

The flow transducers were calibrated at the end of the 
experiments on each animal. Blood taken from the dog 
was used as calibration fluid and the haematocrit was 
checked to see that it accorded (maximum deviation +2%) 
with that measured during the experiment (11). The 
arterial segments on which the transducers had been 
applied were excised and mounted in a calibration holder, 
enabling the length and thereby the wall thickness to be 
maintained (3). Collapse of the artery was prevented by 
application of positive pressure to the outlet. On calibra- 
tion of a flow transducer in dog 9 the standard error of the 
mean was 0.23 mlimin (12=7) and the coefficient of 
variation 3.5%. 

Cardiac output was measured by the thermodilution 
method, using a computer with direct digital evaluation 
without influence of recirculation (Herzzeitvolumenmess- 
gerat, August Fischer KG, Gottingen, BRD; cf, IS,  28). At 
every cardiac output measurement, 10 ml of 0.9% NaCl at 
22°C were injected through a silicone catheter (dead space 
0.9 ml) placed with its tip in the pulmonary artery. The 
registration thermistor was placed in the descending tho- 
racic aorta. 

Experimental procedure 

CSNS was performed for 12 min with each of stimulation 
types A, B and C. Five and 15 stimulation impulses (imp)/ 
cardiac cycle were used as  no further blood pressure re- 
duction is obtained above 5-10 implcardiac cycle and no 
further reduction in heart rate above 15 implcardiac cycle 
(29). The arterial blood pressure, heart rate, and blood 
flow in the left femoral and left common carotid arteries 
were recorded continuously. Arterial pH, PCO, and PO, 
were measured before, and in most experiments also 
during, stimulation. Cardiac output was measured before 
every experimental sequence (in triplicate), checked be- 
fore the start of stimulation (single measurement) and 
measured again after 10 min of stimulation (in duplicate). 

The heart rate was kept constant at 180 bea t sh in  
during three experiments in each dog (stimulation types A, 
B and C;  15 imp/cardiac cycle). When pacing of the heart 
was not successful a short period of CSNS made the heart 
follow the pacemaker in all cases. 

Calculaiions 
Aoriic mean blood pressure was calculated as described 
previously (29). The mean blood pressure in the abdomi- 
nal aorta or femoral artery was determined by integrative 
methods. 

Toial peripherul resisiance (TPR) was calculated as the 
ratio of mean aortic blood pressure to cardiac output 
(mmHg/ml/min). As the central venous pressure is low 
and only shows negligible variations during HFPPV, it 
was set at zero in the calculations [see (28) and Results]. 

Peripheral resisiance in regional vascular beds was 
calculated as the ratio of mean blood pressure to mean 
blood flow (mmHg/ml/min). 

The input impedance ofihe vascular bed of the femoral 
ariery was calculated as the ratio between each of the 
harmonic frequency components of the oscillatory pres- 
sure and flow according to McDonald (43). The harmonic 
frequency components and phase angle were calculated 
by numerical Fourier analysis with 24 segments per 
cardiac cycle (44). 

Unless otherwise stated, the percentual changes re- 
ported are the mean values for changes in seven dogs. All 
statistically significant differences mentioned in the text 
were obtained by testing paired observations (Student’s 
t-test). 

RESULTS 
Transient responses to CSNS 
The magnitudes of initial reductions in blood pres- 
sure and heart rate during the first min of CSNS 
have been reported in previous articles (cf. 29, 30, 
3 I).  

The initial responses of the blood flow in the 
femoral artery show greater relative variations, 
both in magnitude and in direction, than those of the 
blood pressure. As the initial effects of CSNS 
seemed to be related to the prestimulation TPR, 3 
dogs (1, 3 and 7) with different prestimulation TPR 
will be described in some detail below. The pre- 
stimulation cardiac output and TPR are presented 
in Table I. 

CSNS with 5 implcardiac cycle. All dogs except 
dog 3 showed a transient increase in blood flow 
in the femoral artery, with extreme responses 
in dogs 1 and 7 .  Fig. 1 presents the changes in 
arterial mean blood pressure, arterial pulse pres- 
sure, heart rate and blood flow in the left femoral 
artery in dogs 1 ,  3 and 7 during the first min of 
CSNS at a constant frequency (type A). 

The initial reduction in blood pressure was great- 
er in dog 1 than in dogs 3 and 7 on stimulation at 5 
implcardiac cycle. In all dogs the pulse pressure 
decreased during the first 9 s of stimulation; in dog 1 
this was followed by a marked but transient in- 
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Table I. Body weight (b.w.kg) and prestimulation total peripheral resistance (TPR; rnmHg/rnllrnin) 
and cardiac output (CO; Ilmin) in dogs I ,  3 and 7 

Before expt. with 5 imp. Before expt. with I5 imp. 

Dog no. Expt. with 
(b.w.kg) stim. type 

Prestim. CO 
(l/min) 

A 
1 ~ )  B 

C 
A 

3 (25) B 
C 
A 

7 (19) B 
C 

3.32 
3.32 
3.32 
2.28 
2.28 
2.28 
1.95 
1.87 
1.97 

Prestim. TPR 
(mmHg/ml/min) 

0.05 
0.05 
0.05 
0.07 
0.07 
0.07 
0.10 
0.10 
0.09 

Prestim. CO Prestim TPR 
(I/min) (mmHg/rnl/min) 

3.32 0.06 
3.32 0.05 
3.32 0.05 
2.04 0.07 
2.04 0.08 
2.04 0.07 
2.30 0.08 
2.26 0.09 
2.27 0.08 

crease. In dog 3 minor changes in  pulse pressure 
occurred, while in dog 7 there was a gradual 
reduction. 

A very rapid reduction in heart rate was noted in 
dogs 1 and 3 within the first 3 s. In  dog 1 this was 
followed by an increase, and after 1 min a value 
only slightly lower than the prestimulation level was 
attained. In dogs 3 and 7 the greatest heart rate 
reduction occurred later but the reduction was more 
persistent. 

The bloodflolz, in the femoral artery was initially 
reduced in dog I ,  the reduction coinciding with the 
initial decrease in heart rate. Although the blood 
pressure was falling there was a marked increase in 
blood flow from 6 to 20 s after the start of 
stimulation. A smaller but distinct transient in- 
crease in flow also took place in dog 7 ,  while in dog 
3 the blood flow slowly decreased. The transient 
increase in blood flow in dogs 2 ,  4, 5 and 6 was 
smaller than that in dog I and equal to  or somewhat 
greater than that in dog 7.  

C S N S  n+th 15 irnp/cardiac cycle. Compared with 
CSNS at  5 implcardiac cycle, in dogs 3 and 7 the 
initial effects on the blood pressure were more 
marked on CSNS at  15 implcardiac cycle. The 
initial heart rate reduction was more rapid and more 
pronounced and was accompanied by a reduction in 
blood flow in the femoral artery during the very first 
seconds in all 3 dogs. The prrlsr pressure increased 
initially in dogs 3 and 7, while in dog I there was an 
initial reduction followed by a transient increase. 
The bloodflow in the femoral artery changed in the 
same way a s  on stimulation at 5 implcardiac cycle. 
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CSNS with 5 and 15 irnplcardimc cycle. At 5 
implcardiac cycle as a n  average for all dogs the 
initial reductions in heart rcite in relation to the 
prestimulation values were 19, 20 and 23 per cent 
for stimulation types A, B and C ,  respectively. At 
15 implcardiac cycle the corresponding reductions 
were 3 I ,  28 and 34%. 

The mean crntral venous pressure. measured in 2 
dogs, increased by about I mmHg during the initial 
maximal reduction in heart rate and reached the 
prestimulation value within 1 min. 

The initial changes in bloodflow' in the carotid 
artery were less oscillatory than in the femoral 
artery and the blood flow reduction followed the 
reduction in blood pressure. However, a t  higher 
stimulation frequencies a steep reduction was 
obtained within the first 6 s. 

CSNS w Yth 15 implcardiui, cvde  during cardiac 
pacing. In the experiments presented in Fig. 2 the 
heart rate was kept constant by atrial pacing (180 
beatslmin), thereby eliminating the effects of CSNS 
on the heart rate. The atrial pacing caused an 
average reduction of the mean blood pressure of 23 
mmHg (p<0.025) but no changes in stroke volume. 
As illustrated in Fig. 2 (left part) the pulse pressrrre 
varied considerably during the first 10 s of stimula- 
tion in dogs 1 and 7 ,  as in these dogs the heart did not 
follow the very first pacemaker impulses delivered 
after the start of CSNS. In dog 3 the pulse pressure 
increased after a small initial reduction; all dogs 
showed an increase 18-25 s after the start of stim- 
ulation, followed by a reduction. The decrease in 
blood flow seen in dogs 1 and 7 during the first 6 s 
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Fig. I. Initial responses in 
arterial mean blood pressure, 
pulse pressure, heart rate 
and mean blood flow in the 
femoral artery on CSNS with 
stimulation type A at 5 and 
15 implcardiac cycle in dogs 
1 ,  3 and 7.  

did not occur in dog 3, in which the heart rate 
strictly followed the pacemaker the whole time (cf. 
Fig. I ) .  The initial changes in bloodflow were fairly 
similar to those seen in Fig. I ,  although the heart 
rate reduction was eliminated. However, the tran- 

sient increase in blood flow was smaller and only in 
dog 1 did the flow exceed the prestimulation level. 
The transient increase in blood flow in dog I was 
smaller with stimulation type C (right part of Fig. 2 )  
than with type A. 
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The ndaptntion period during C S N S  
Irrespective of stimulation type the blood pressure 
seemed to stabilize about I min after the start of 
CSNS. However, when 5 implcardiac cycle were 
used the mean blood pressure slowly decreased for 
a further 3 min. A stable period occurred at about 2 
min after the start of stimulation. On stimulation at 
15 imp/cardiac cycle the mean blood pressure 
slowly increased (6 mmHg/8 min) after the initial 
oscillations. The same rise in mean blood pressure 
during CSNS was noted when the heart rate was 
kept constant by atrial pacing. 

Fig. 3 shows the heart rate changes during 10 rnin 
of CSNS and in the 48 s following the end of the 
stimulation period. At 5 implcardiac cycle the heart 
rate was relatively stable during the 2nd minute of 
stimulation and in that period the heart rate reduc- 
tion from the prestimulation value was about the 

same with all three types of stimulation. After 2 rnin 
a further reduction, more evident with the intermit- 
tent types of CSNS, occurred. At 15 implcardiac 
cycle the increase in heart rate after the initial 
reduction differed between the stimulation types. 
The lowest heart rate after the initial reduction was 
attained on stimulation with type C,  while type A 
gave the highest heart rate. The differences in heart 
rate persisted throughout CSNS, but diminished 
with time. 

After the initial reduction, the mean bloodflow in 
the carotid artery stabilized at a new level within 3 
rnin and then showed only minor changes. With all 
stimulation types the mean blood flow in the 
femoral artery displayed greater oscillations during 
the first 1.5 min. It was stable for 30 s at about 2 rnin 
after the start of stimulation and after 3 rnin it 
showed no tendency to change. 
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Fig. 3. Heart rate on CSNS with stimula- 
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Effects of CSNS after the adaptation 
period (‘Steady state effects’) 
In the period 5-10 min after the start of stimulation 
the arterial blood pressure, heart rate and blood 
flow altered only slightly and no respiration- 
synchronous variations were observed. The effects 
of CSNS on mean blood pressure, heart rate, blood 
flow, cardiac output, stroke volume, total periph- 
eral resistance, resistance in and input impedance 
of the vascular bed of the femora1 artery are 
therefore reported separately for this period and 
may be regarded as  free from adaptive phenomena. 

The reductions in mean blood pressure did not 
differ either with respect to  stimulation type or with 
the number of implcardiac cycle (Table 11). During 
CSNS with atrial pacing smaller reductions in mean 
blood pressure were noted. 

On CSNS at 5 implcardiac cycle the heart rate 
reduction was smaller with constant frequency 
stimulation (A) than with the intermittent types (B 
and C;  pA-c<0.05). At 15 imp/cardiac cycle the 
mean differences were negligible. 

The bloodflow in the left common carotid artery 
and the femoral artery varied only slightly during 
the period 5-10 min after the start of stimulation. 
The maximal deviations from the mean value (all 
experiments, n=63) were 6-40 ml/min for the 
carotid artery and 7-29 ml/min for the femoral 
artery. 

At steady state during stimulation the blood flow 

in the left common carotid artery was 1637% lower 
than the prestimulation value. The mean blood flow 
in the common carotid artery was 8-10% of the 
cardiac output before stimulation and 7 4 %  of the 
cardiac output after 10 min of stimulation (spon- 
taneous heart rhythm). 

The response of the femoral arterial blood flow to 
CSNS varied (Table 11). At 5 implcardiac cycle the 
mean alteration in this blood flow ranged from an 
increase of 68% to a decrease of 52%. As an average 
for all dogs there was a decrease ranging from 4,3% 
(stimulation type B) to 17.6% (typeA). With CSNS 
at 15 implcardiac cycle the femoral arterial blood 
flow decreased in all dogs but one, the average 
percentual reduction ranging from 20.9 (type C) to 
35.0% (type A). On CSNS during cardiac pacing the 
average decrease in this blood flow was 19.0 (type 
B) - 26.7 (type C)%. The blood flow in the femoral 
artery comprised about the same percentual propor- 
tion of the cardiac output before and during CSNS. 

When CSNS was terminated the blood flow in the 
common carotid artery quickly increased and was 
stable again within 30 s. The corresponding blood 
flow response to  termination of CSNS was slower 
in the femoral artery. 

The mean reductions in cardiac output during 
CSNS (Table 11) were 17-21% (p<O.01); the 
greatest reduction occurring with stimulation type C 
( 5  implcardiac cycle). When the heart rate was kept 
constant a t  180 beatslmin by pacing, the mean 
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Table 11. Averuge prestirnulation values and averuge reductions in rneun blood pressure, heart rate, 
blood flow in the femoral artery, cnrdiuc output, stroke volume, total peripheral resistunce und resfstance 
in the vasculur bed of thefemoral artery 
Reductions are given both in absolute values and in per cent of the prestimulation values. Increases are presented as 
negative values. S. E. =standard error of the mean percentual reduction 

Heart rhythm . . . Spontaneous Cardiac pacing 

No. of impulses . . . 5 15 15 

Stimulation type . . . A B C A B C A B C 

Arterial mean blood pressure 
mean prestim. value, mmHg 
mean reduction, mmHg 
mean reduction in per cent S.E. 

Heart rate 
mean prestim. value, beatslmin 
mean reduction, beatslmin 
mean reduction in per cent S.E. 

Blood flow in fern. art. 
mean prestim. value, ml/min 
mean reduction, ml/min 
mean reduction in per cent S.E. 

Cardiac output 
mean prestim. value, I/min 
mean reduction, I/min 
mean reduction in per cent S.E 

Stroke volume 
mean prestim. value, ml 
mean reduction, ml 
mean reduction in per cent S.E.  

175 177 175 165 163 162 
45 45 50 51 51 49 
25.6 24.9 28.3 30.1 30.6 29.6 

k4 .1  k2 .3  k 2 . 9  k4.1 k2.3 k3 .1  

169 177 169 164 165 166 
15 25 21 23 26 27 
8.4 14.9 12.4 14.9 16.1 17.1 
k1.7 k2.8 22.6 k4 .8  k3.8 k4.5 

9.5 91 101 110 95 98 
18 6 18 37 25 22 
17.6 4.3 17.1 3.5.0 29.1 20.9 

k6 .4  i 1 3 . 2  24.3 i 8 . 5  23.2 k6.2 

2.66 2.63 2.64 2.60 2.57 2.59 
0.53 0.45 0.57 0.49 0.49 0.47 

18.6 17.1 21.0 17.2 18.2 17.0 
k3.3 f l . O  i 1 . 7  k 5 . 0  k2 .5  k3.6 

16.4 15.1 16.2 16.4 16.2 16.2 

5.2 -3.0 7.5 2.6 9.6 -0.1 
i 6 . 5  k5 .1  k4.4 k5 .6  23.1 k 6 . 6  

1.4 -0.6 1.2 0.6 0.3 -0.1 

Total peripheral resistance 
mean prestim. value, mmHg/ml/min 0.07 
mean reduction, mmHg/ml/min 0.01 
mean reduction in per cent S.E. 

Resistance in vasc. bed of fern. art. 

12.9 
k4 .0  

mean prestirn. value, mmHg/ml/rnin 2.3 
mean reduction, mmHg/rnl/min 0.3 
mean reduction in per cent S.E. 12.7 

k6.7 

0.07 0.07 
0.01 0.01 
9.5 8.5 

k3 .1  f3.9 

2.5 2.0 
0.3 0.3 

13.7 14.0 
k7.8 f4.1 

0.06 0.07 0.06 
0.01 0.01 0.01 

16.7 14.7 15.0 
k4.7 k2.7 k2.7 

1.6 1.9 1.8 
0.2 0.2 0.2 
9.4 5.0 7.9 

k5 .9  k8.1 f7.2 

148 141 142 
31 33 34 
24.1 23.0 23.1 
22.8 k l . 9  k3.7 

180 180 180 
0 0 0 
0 0 0 

k0  k 0  kO 

105 109 109 
26 23 27 
21.1 19.0 26.7 
k7.8 k7.3 k6.3 

2.78 2.79 2.77 
0.30 0.36 0.40 

10.3 12.2 13.7 
k2 .1  k l . 8  k2.3 

15.4 15.4 15.3 
1.6 2.0 2.2 

10.3 12.2 13.5 
k 2 . l  k1.9 k2.3 

0.06 0.05 0.05 
0.01 0.01 0.01 

15.9 11.8 13.2 
k1.9 k1.3 k1.3 

1.6 1.5 1.6 
0.1 0.1 0.2 

-2.7 0.4 -1.7 
k10.2 512.0 k12.5 

reduction in cardiac output merely reflected the 
changes in stroke volume. 

The stroke vofume during CSNS (Table 11) dif- 
fered little from the prestimulation value. During 
pacing of the heart, CSNS caused reductions in 
stroke volume @ < O . O O S ) ,  which were most marked 
with stimulation type C. 

The effects of CSNS on the total peripheral 
resistance are also shown in Table 11. These effects 
were almost the same with the three stimulation 

types. The TPR changes during CSNS with cardiac 
pacing reflected the reductions in stroke volume. 

The resistances in the vascular bed of the left 
common carotid and left femoral artery were calcu- 
lated for the periods of steady state before and 5-10 
min after the start of CSNS. In the latter period the 
mean resistance values reported were obtained 
from 25 determinations during the 5 minutes. 

In the vascular bed of the left common carotid 
artery the mean prestimulation resistance range 
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Heart r a t e  
150 b e a t s l m t n  
cardlac pacmg 

+ 190 60 I 

Fig. 4 .  Input impedance of the vascular bed of the left 
femoral artery in dog 8 during prestimulation steady state 
(-) and during carotid sinus nerve stimulation (. . .) with 
stimulation type A ( I & )  and stimulation type B (righr). 
CSNS was given with 15 implcardiac cycle. At fre- 

quencies below the heart rate the lines in the figure are 
interrupted. The prestimulation mean blood pressure was 
172 mmHg in both experiments and was equally reduced 
to I12 mmHg on CSNS. 

was 0.7-1.0 mmHg/ml/min. On CSNS with 5 
implcardiac cycle an increase in resistance occur- 
red as an average for all dogs but CSNS at 15 
implcardiac cycle caused no change in resistance in  
two dogs and minor changes in four (one dog, 
however, showed a marked increase in resistance). 
No differences with regard to stimulation types 
were observed. 

The prestimulation resistance in the vascular bed 
of the femoral artery and its changes on CSNS are 
given in Table I f .  During CSNS at 5 implcardiac 
cycle the resistance remained unchanged in three 
experiments where the prestimulation values were 
1.6-1.7 mmHg/ml/min. On the average the re- 
sistance in the vascular bed of the femoral artery 
was reduced by l2.7-14.0% on CSNS at 5 
implcardiac cycle and by 5.0-9.4% on stimulation at 
I5 implcardiac cycle. On the other hand, during 
pacing of the heart the mean changes in resistance 
were small. 

The input impedance of the vascular bed of the 
left femoral artery was determined in dogs 8 and 9 

during prestimulation and stimulation steady states 
under control conditions of cardiac pacing and 
HFPPV. Stimulation types A and B at  15 imp/ 
cardiac cycle were used. In measuring blood pres- 
sure and flow in a series of heart cycles minimal 
differences between the cycles were obtained. 

Fig. 4 shows the effects of CSNS (stimulation 
types A and B) on the input impedance of the 
vascular bed of the left femoral artery in dog 8 in 
which the blood pressure was measured proximal to 
the flow transducer. In the calculations correction 
was made for the time delay between the sites of 
measurement of pressure and flow. The impedance 
modulus as  a function of the frequency dropped 
rapidly and attained a minimum at  the fourth 
harmonic. The phase shift (negative at  low fre- 
quencies) became positive at a frequency of about 
12 Hz. 

With both types of stimulation the vascular re- 
sistance (zero frequency) was lowered by CSNS. 
Impedance moduli for the first harmonics were also 
lower and the phase shift at low frequencies less 
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Heart r a t e  
100 beats/min 
cardiac pacing 

Heart rate 
180 b c a t s / m n  
cardiac pacing 

.," ....... .... 

OI 

D 
' .....* +30 - +30 ,......' 
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Fig. 5 .  Input impedance of the vascular bed of the left 
femoral artery in dog 9 during prestimulation steady state 
(-) and during carotid sinus nerve stimulation (. .) with 
stimulation type A (lefr) and stimulation type B ( r ight ) .  
CSNS was given with 15 implcardiac cycle. At fre- 

quencies below the heart rate the lines in the figure are 
interrupted. The mean blood pressure was reduced from 
129 mmHg to 109 mmHg with stimulation type A and from 
133 mmHg to 110 mmHg with type B. 

negative; the phase shift became positive at as low a 
frequency as about 8 Hz. Essentially the same 
changes were obtained on CSNS with both stimula- 
tion types. Dog 9 (Fig. 5 )  had a lower prestimulation 
mean blood pressure and the heart was paced at a 
higher frequency (180 beats/min). On CSNS the 
change in resistance was less marked than in dog 8. 
This also held for the impedance moduli and phase 
shift at low frequencies. The change in phase shift 
on CSNS was qualitatively the same as in dog 8, 
however. 

DISCUSSION 

On the transient responses to C S N S  
The observation by Hering (23 )  that the cardiac 
reflex induced by sinus baroreceptor stimulation 
had a more sudden onset than the vasomotor reflex, 
and that it was poorly maintained, initiated a large 
number of investigations with the aim of distin- 
guishing between the cardiac effects caused by 
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changes in  vagal tone and those caused by changes 
in sympathetic tone. In many of these studies the 
one effect has been studied by elimination of the 
effector part of the other. Wang & Borison (62), for 
instance, showed that a rapid effect on the heart 
rate was obtained by carotid sinus distension both 
in anatomically intact and in sympathectomized 
dogs, while the effect was slower in vagotomized 
dogs and completely absent in  dogs that were both 
sympathectomized and vagotomized. 

As an effect of a rapid increase in carotid sinus 
pressure, Koepchen et al. (37 )  found that the rapid 
change (within 1 s) in heart beat interval was more 
marked at lower original heart rates. In deterrnina- 
tions of the time delay of the heart rate response, 
Kalkoff & Schneider (32)  found that this delay 
diminished after local application of adrenaline to 
the carotid sinus and consequent reduction of the 
systemic blood pressure. The responses of the 
heart rate to initiation of CSNS (Fig. I )  were in 
accordance with the findings of Koepchen et al. 
(37 ) ,  more marked changes being noted at lower 
prestimulation heart rates. This effect, which was 



Responses of cardiovascular system to CSNS 11 

considered to be due to an increased vagal tone (37, 
38) was of short duration in dog 1. A gradual 
increase in heart rate occurred simultaneous with 
the increase in pulse pressure. This might indicate 
an interaction of other inputs, causing an increase in 
sympathetic tone. 

Warner & Cox (641, on stimulating the autonom- 
ous efferent nerves to the heart, noted an immediate 
response to vagal stimulation, while the sympathe- 
tic responses were slower. 

On pressure stimulation of the carotid sinus 
baroreceptors Green ( 2 2 )  recorded an increase in 
the activity of the vagal efferents to the heart. 
Katona & Barnett (33) found in similar studies that 
this increase occurred after a latency of 100 msec. 
When the blood pressure was lowered a decrease in 
vagal activity occurred after 300 ms. With single 
pulse stimulation of the carotid sinus nerve Iriuchi- 
jima & Kumada (25, 26) noted an increase in 
activity in the cardiac branches of the vagal nerve 
between 60 and 120 ms after delivery of the 
stimulation impulse. Stimulation of the sinus nerve 
at frequencies over 10 Hz induced profuse impulses 
in the cardiac vagus. 

With CSNS, Seller & Richter (60) obtained com- 
plete initial inhibition of the efferent sympathetic 
activity, occurring with a mean latency of 181 ms. 
Their experiments were performed in dogs with 
both ‘cervical-vagal-sympathetic trunks’ cut. Adap- 
tation of the sympathetic nerve activity took place 
in 30-40 s. Studies by Glick & Braunwald (21) and 
Robinson et al. (50) also indicated that the heart rate 
response to changes in arterial pressure might be 
preferentially vagal or sympathetic, depending on 
the pre-existing level of blood pressure and/or on 
the pre-existing level of vagal or sympathetic tone. 
The heart rate changes shown in Fig. 1 (left part) 
may suggest a temporal separation of the vagal and 
sympathetic effects on the heart, which would seem 
to agree with the findings discussed above. Dog 7, 
which had a higher total peripheral resistance, a 
higher mean blood pressure and a higher heart rate 
than dog I before stimulation, showed a more 
gradual decrease in heart rate. 

Berkowitz et al. (4) found that vagotomy has no 
effect on the heart rate in dogs earlier submitted to 
bilateral stellatectomy and upper thoracic gan- 
glionectomy. They suggested that the sympathetic 
tone thus was the major determinant of vagal tone, 
referring to the concept proposed by Rosenblueth & 
Freeman (51) that reciprocal variations in both 

divisions of the autonomic system caused the 
changes in heart rate. In this study on CSNS at 15 
implcardiac cycle the rapid (vagus-mediated) 
change in heart rate was obtained even at a high 
prestimulation total peripheral resistance (Table I 
and Fig. I ,  dogs 3 and 7) and the heart rate 
reduction was then better maintained, indicating a 
more marked inhibition of (high) sympathetic tone. 
Thus, at a high total peripheral resistance before 
CSNS the heart rate changes seem to be caused 
partly by an increased vagal tone (rapid effect) and 
partly by inhibition of the sympathetic tone (late 
effect). At a low prestimulation total peripheral 
resistance, the rapid vagal effects on the heart rate 
are more obvious. 

The magnitude and steepness of the initial mean 
blood pressure reduction on CSNS varied, but 
when the mean blood pressure attained a level of 
1 l(L120 mmHg an increase inpulse pressure occur- 
red (see Fig. I ) ,  indicating activity in other input 
pathways to the central nervous system. Sarnoff et 
al. ( S 5 ) ,  in experiments on vagotomized dogs in 
which the heart rate was kept constant, observed no 
similar change in pulse pressure on increasing the 
carotid perfusion pressure. In the present study, 
however, the transient response to CSNS did not 
change dramatically during pacing of the heart (cf, 
Fig. 2 ) .  As in the case without pacing, an increase in 
pulse pressure, coinciding with the maximum re- 
duction in blood pressure, was observed. 

A transient increase in cardiac output (8.3%) and 
bloadflow in the femoral artery (40.0%) on electri- 
cal stimulation of the carotid sinus nerves was 
reported by Resnicoff et a]. (49). The blood flow 
thereafter fell below the control values (by 19.7%). 
In the present study a rapid decrease in blood flow 
in the femoral artery preceded the transient in- 
crease in all dogs except one (dog 3). At higher 
stimulation frequencies the blood flow sometimes 
failed to regain the prestimulation value and the 
oscillatory period then seemed shorter. In most 
experiments, however, a greater increase in blood 
flow was obtained in dogs with a low prestimulation 
TPR. In conscious dogs Vatner et al. (65) found that 
on CSNS (constant frequency; SO Hz) an  average 
increase in femoral blood flow of 90% occurred in 
30 s. I t  seems therefore that large differences in 
blood flow response can be obtained under different 
experimental conditions. Moreover, differences in 
the blood flow response to CSNS under equivalent 
experimental conditions may be obtained, due to 
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differences in the total peripheral resistance prior to  
stimulation. 

On the udaptation period 
The initial dramatic fall in blood pressure and heart 
rate on  CSNS was partly restored within the first 
min (see Fig. 1). On continued stimulation, differ- 
ences in the persistent heart rate effects of the 
stimulation were found with different stimulation 
types (Fig. 3). These were distinct a t  5 implcardiac 
cycle in the period 5-10 min after the initiation of 
CSNS, and also during the first min of stimulation 
with 15 implcardiac cycle. In a previous study (29, 
Figs. 8 and 10) the differences in heart rate reduc- 
tion with different stimulation types were obvious 
at  5 ,  10, 15 and 25 imp/cardiac cycle; in that study, 
however, the reduction was calculated as the mean 
for the first 30 min of stimulation. 

After lowering the carotid sinus pressure and 
thereby diminishing the endogenous sinus nerve 
activity, the heart rate reduction on CSNS was 
almost equal with all stimulation types (29). How- 
ever, in that experimental situation Oberg & 
Sjostrand (46) found that CSNS with impulse trains 
had a greater blood pressure reducing effect than 
stimulation at  a constant frequency (see also Dis- 
cussion on resistance). 

In this study, on CSNS with 5 implcardiac cycle, 
the blood pressure, heart rate and femoral blood 
flow were relatively stable 13-2 min after the start 
of stimulation. The resistance in the vascular bed of 
the femoral artery could thus be calculated 2 min 
after commencement of CSNS; at  that time point 
the reductions in this resistance were 20.3 (stimula- 
tion type A), 19.7 (B) and 19.3 (C)% of the prestimu- 
lation value. On comparing the resistance values at 
2 min and those 5-10 min after the start of stimula- 
tion the latter were higher than the former by 10.1 
(A), 8.4 (B) and 8.4 (C)%. Thus in the period after 2 
min of CSNS, the resistance in the vascular bed of 
the femoral artery seemed to  increase with all types 
of stimulation, while a t  the same time the heart rate 
decreased only o n  stimulation with the intermittent 
types, suggesting that some other mechanism than 
sympathetic inhibition may have been involved. 

In view of the fact that the differences in stroke 
volume with different stimulation types were 
small, the further heart rate reduction obtained with 
the intermittent stimulation types would seem to 
have been caused by increased parasympathetic 

influence on the S.A. node. Among possible 
mechanisms underlying the above findings,, the 
differences in response latency in the effector parts 
of the autonomous nervous system on activation of 
the carotid sinus reflex should be  considered. Of the 
asymmetries observed in the response of the blood 
pressure regulating system to step inputs to the 
carotid sinus, the findings of Katona & Barnett (33) 
on vagal efferent activity seem of interest in discus- 
sions on the heart rate effect. Further, Scher & 
Young (57) have reported that conscious, mor- 
phine-sedated dogs usually show entirely vagal re- 
sponses (without phase lag) to repeated phasic in- 
creases of pressure stimulation of the barorecep- 
tors. They also considered the greater phase lag in 
response t o  a decreased pressure to  be due to  strong- 
er influence of the sympathetic nervous system. 

The differences in initial heart rate reduction with 
different stimulation frequencies have been dis- 
cussed in previous articles (30, 31). The gradual in- 
crease in heart rate during continued CSNS also 
seemed to be influenced by the stimulation fre- 
quency (Fig. 4), an observation which may be 
related to the duration of the initially complete 
inhibition of sympathetic activity a t  the onset of 
CSNS (60). This inhibition lasted somewhat longer 
at higher stimulation frequencies. However, if 
CSNS with 15 imp/impulse train really does in- 
crease the vagal efferent activity as  an effect of 
every impulse burst, a t  least during the first min, in 
the same way as  single impulse stimulation of the 
carotid sinus nerve (26) or as  single step pressure 
input to the carotid sinus (33), the slow adaptation 
of the heart rate may reflect the recovery of the 
sympathetic tone. In this connection the findings of 
Bronk et  al. (5) and Folkow (18) on transmission of 
stimulation impulses in sympathetic ganglia are of 
interest. According to  Folkow (18), high frequency 
stimulation of the first member in a link of neurons 
will cause a higher than normal discharge rate in the 
last neuron. This might be the neurophysiological 
basis for the described differences in heart rate 
effects during the whole period of stimulation. 

As mentioned above, the differences in heart rate 
reduction between intermittent and constant fre- 
quency CSNS were obtained only in dogs with 
intact vagal nerves and with no clamping of the 
common carotid arteries. A low prestimulation 
sympathetic tone might be a prerequisite for these 
different effects of CSNS on the heart rate. The 
asymmetries in the autonomic effector action on the 
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S.A. node might constitute the underlying mech- 
anism for these differences. 

In the unanaesthetized dog (3 I ) ,  however, the 
effects of CSNS on the blood pressure and heart 
rate were more marked during work than during 
rest. In considering the effects of CSNS in un- 
anaesthetized dogs the influence of spontaneous 
ventilation on vagal efferent activity (25, 27) and 
sympathetic activity ( I ,  5 ,  59) and that of muscle 
contraction on sympathetic activity (13)  must be 
taken into account. The greater heart rate reduc- 
tions obtained with intermittent stimulation of the 
carotid sinus nerves in anaesthetized dogs were 
probably counteracted by the interaction of other 
inputs in the unanaesthetized dogs [see also (%)I. 

Bloodflow and cardiuc output on C S N S  
Carlsten et al. (8) showed that on electrical stimula- 
tion of the carotid sinus nerves in man the forearm 
blood flow increased, and they considered this 
effect to be due to symphathetic inhibition. Vaso- 
dilatation in the perfused gracilis muscle and a 
simultaneous inhibition of lumbar sympathetic 
activity on CSNS were shown by Seller et al. (59). 
They found, moreover, that the vasodilatation was 
greater during the expiratory phase. 

In studying the intact circulatory system Res- 
nicoff et al. (49) found on correlative analysis that 
the femoral vascular bed was the only vascular bed 
to manifest an increase in blood f low on carotid 
sinus nerve stimulation. In the present study i t  was 
only at lower stimulation frequencies that the blood 
flow in the femoral artery comprised an increased 
proportion of the cardiac output on CSNS. At the 
higher stimulation frequencies such a change was 
counteracted by the greater reductions in heart rate 
and mean blood pressure. 

The earliest reports on the effects of activation of 
the carotid sinus reflex on cardiac output varied 
considerably. Some authors found that it was un- 
changed, while others reported an increase of up to 
100%. Kenney et al. (34) found no reduction in 
cardiac output or heart rate on electrical stimula- 
tion of the carotid sinus nerves in dogs anaesthe- 
tized with thiopental sodium and with intact 
vagal nerves. In pentobarbital anaesthetized 
dogs Resnicoff et al. (49) observed a reduction in 
cardiac output of 3.9 per cent on CSNS. In un- 
anaesthetized dogs Vatner et al. (65) noted an initial 
transient increase in cardiac output on CSNS which 
regained the control value after 15-20 s. These 

discrepant results might be due to differences in the 
experimental conditions (cf. 12). I t  has been shown 
(9) that during pentobarbital anaesthesia the cardiac 
output decreased considerably when the arterial pH 
was lowered. In the present study the ventilation 
was kept adequate (HFPPV) and the acid base 
status was checked repeatedly. Further, it has been 
shown (10) that no significant changes in cardiac 
output persist 60 min after induction of chloralose 
anaesthesia. Dogs under this anaesthesia are hyper- 
tensive and exhibit exaggerated baroreceptor 
reflexes (6). The magnitude of the  reduction in 
cardiac output obtained in this study should be 
regarded in relation to the marked reductions in 
heart rate during chloralose anaesthesia. 

CSNS did not alter the stroke volume except in 
the experiments with cardiac pacing; here it de- 
creased significantly with all types of stimulation 
but more markedly with the intermittent types. The 
effect of CSNS on stroke volume in these experi- 
ments should be considered in relation to the 
prevailing heart rate and the sympathetic tone, as 
no changes in either ventricular contractility (54) or 
excitability (53) were observed on increasing the 
vagal tone. The stroke volume changes on CSNS 
during pacing of the heart indicate that the time 
relation of the heart events (54) and the contractility 
( 5 5 )  are affected by CSNS-induced alterations in 
sympathetic tone. This is also supported by the 
finding of Dunning (14) that pacing of the heart in 
man caused a rapid increase in tension time index 
and ventricular dp/dt; during CSNS at a constant 
frequency these effects of pacing were more re- 
tarded. 

On total peripheral resistance and 
regional vascular resistance 
The concept of resistance has often been utilized in 
studies of the vascular tone in skeletal muscle (cf. 
18, 24, 39). In these studies the pressure difference 
has been kept constant. Calculations of peripheral 
resistance both as total and as regional values have 
been made in several investigations under condi- 
tions of changes in both pressure and flow (34, 49, 
65 ,  among others). It should be pointed out that the 
calculated peripheral resistance under these condi- 
tions not only reflects changes in vascular tone but 
is an expression of the relation of pressure to flow, 
which may be affected by differences in the size and 
constitution of the experimental animal used (cf. 
34). In most vascular beds the pressure-flow rela- 
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tionship is non-linear and the possible existence of 
critical opening pressures in some beds may also 
influence the vascular resistance (20). The meas- 
urement of peripheral resistance under these 
circumstances may be justified in studies of the 
circulatory system when comparing the effects of 
different quantified signals to  the central nervous 
system. 

It is important that the measures used in studies 
with calculation of peripheral resistance should not 
markedly alter the venous tone (19). Browse et al. 
(7) found minor transient changes in venous tone 
during ‘extreme stimulation’ with pressure activa- 
tion of the carotid sinus baroreceptors. In the 
present study CSNS caused only a slight and 
transient change in central venous pressure which 
was concomitant with the initial reductions in blood 
pressure and heart rate. This is also in accordance 
with the observations of Epstein e t  al. (16, 17), who 
found that CSNS had no effect on the venous tone 
or central venous pressure. 

As the heart does not eject blood directly into the 
vessels which determine the peripheral resistance, 
calculations of this variable during transient events, 
e.g. the initial blood pressure and blood flow 
reactions to CSNS (Figs. 1 and 2) are greatly 
affected by capacitive phenomena caused by the 
large distensible arteries. For this reason resistance 
calculations in the present study were performed 
during periods of steady state before and during 
CSNS. 

The observed initial responses of heart rate and 
blood flow (Figs. I and 2 and the related text) 
illustrate the importance of investigating the pre- 
stimulation conditions of the dog. The magnitude of 
the response in different dogs seems to  be related to  
the prestimulation total peripheral resistance in 
spite of the errors involved in the concept of 
peripheral resistance mentioned above. Minor van- 
ations in prestimulation TPR between the different 
sequences in each dog constituted a control which 
allowed comparison of the effects of subsequent 
measures. 

The change in total peripheral resistance 
obtained on CSNS was significant with all stimula- 
tion types used in this study, but smaller than that 
reported by Resnicoff et al. (49). This should be 
considered in the light of the difference in mean 
prestimulation TPR between the two studies [Res- 
nicoff e t  al. (49); 0.10 mmHg/ml/min; present 
study: 0.070 (S.E. 0.007) mmHg/ml/min]. This may 
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be due at least partially to the differences in 
anaesthesia (pentobarbital and chloralose, respec- 
tively), as discussed above. Similarly, the re- 
sistance in the vascular bed of the femoral artery 
was also lower in this study both before and during 
CSNS in comparison with the values reported by 
Resnicoff e t  al. (49). 

Heymans & Bouchaert showed at an early date 
(1929, 1932; see 24) that the cerebral blood vessels 
d o  not participate actively in the baroreceptor 
reflexes. In the present study the minor changes in 
resistance in the vascular bed of the carotid artery 
reflect its partly autoregulatory properties. 

The alteration in resistance in the vascular bed of 
the femoral artery was almost the same with all 
stimulation types, both at 5 and 15 implcardiac 
cycle. This was also true during pacing of the heart 
(see Table 11). The previously observed greater 
reductions in blood pressure with intermittent im- 
pulse train stimulation of the carotid sinus nerves in 
dogs with clamped common carotid arteries (46), 
are in accordance with the findings of Seller e t  al. 
(59) in vagotomized dogs. In the present study the 
differences in blood pressure reactions to constant 
frequency and intermittent stimulation were negli- 
gible. The differences in experimental situations 
may support the view that the previously noted 
greater reductions in blood pressure with inter- 
mittent stimulation are only obtained in the pre- 
existence of a high sympathetic tone. 

Vascular input impedance 

As the most obvious characteristic of arterial blood 
flow is its pulsatile nature, several investigations 
have been made on the pulse wave and its velocity 
(cf. 42, 47). McDonald (41) suggested that the term 
impedance should be used when pulsatile pressure 
and flow in arteries are considered and that re- 
sistance should be confined to steady flow. He also 
introduced the concept of input impedance, which 
is “the pressure-flow relation at the input artery t o  a 
vascular bed in the presence of reflections”. The 
input impedance is obtained by calculating the ratio 
between each of the harmonic frequency compo- 
nents of the oscillatory pressure and flow (43). 

Randell & Stacey (48) were the first to measure 
the input impedance of the vascular bed of the 
femoral artery. McDonald (42) produced changes in 
the input impedance of this artery by vasoconstric- 
tion and vasodilatation. In an extensive study, 
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O’Rourke & Taylor (52) analysed a large number of 
pressure and flow waves both at  constant heart 
rates (pacing) and at variable heart rates. They 
noted changes in input impedance and in the 
reflection of the pressure wave on intraarterial 
injection of vasoconstrictor and vasodilator drugs 
and found support for the assumption that the major 
reflection sites are in the arterioles. According to 
Gessner (20) the known non-linearities (elasticity as 
a function of transmural pressure; non-linear 
hydrodynamic phenomena) seem to have little in- 
fluence on impedance. 

In this study the aim of calculating input impe- 
dance was to find out whether carotid sinus nerve 
stimulation would cause the same changes in impe- 
dance as  intraarterial injection of vasodilator drugs, 
and whether any differences would be obtained 
with different stimulation patterns. 

In contrast to  earlier studies of input impedance, 
an experimental situation without ventilation- 
synchronous variations in blood pressure was ac- 
hieved by the use of HFPPV (28). The heart rate 
was kept constant by atrial pacing. Since no 
changes in either pulse or flow waves were ob- 
tained on measuring subsequent cycles a t  steady 
state, data from one cycle alone were used for the 
impedance calculations. The numerical harmonic 
analysis was performed according to Manley (44). 

Resynthesis of the blood pressure and blood flow 
waves by a computer (61) almost completely re- 
covered the original curves when the Fourier coef f -  
cients were used for the first six harmonics (58). 
This reflects the accuracy of the method despite the 
fewness of the sampling points. 

The changes in input impedance obtained in dog 8 
(cf. Fig. 4) are very similar to those obtained by 
McDonald (42) and O’Rourke & Taylor (52) after 
intraarterial injection of a vasodilator (acetyl- 
choline), and lie in the opposite direction to  those 
resulting from a vasoconstrictor (noradrenalin). In 
dog 9 (Fig. 5 ) ,  which had a lower prestimulation 
mean blood pressure, the changes in impedance 
moduli and phase shift on CSNS were smaller but 
lay in the same direction as  in dog 8. No differences 
with regard to the type of stimulation applied were 
noted. 

It seems probable that carotid sinus nerve stimu- 
lation causes a reflex vasodilator effect giving rise 
to changes in the input impedance of the femoral 
artery, which persist for at least 5 min after the start 
of stimulation. 

CONCLUSIONS 

The results of this study show that the differences 
in effect of stimulating the carotid sinus nerves with 
impulses of constant frequency and with intermit- 
tent impulse trains, with the same number of 
impulses per cardiac cycle, are small, both as  
regards the blood flow in the common carotid and in 
the femoral artery, and as  regards the stroke 
volume and regional peripheral resistance. The 
initial change in blood flow in the femoral artery is 
dependent primarily on the total peripheral re- 
sistance prior to  stimulation and secondarily on the 
stimulation frequency. 

The study verifies previously reported differ- 
ences in heart rate reduction with different stimula- 
tion types, and shows that the decrease in cardiac 
output follows that in heart rate. During atrial 
pacing, CSNS reduces the stroke volume. 

Calculation of the input impedance of the vascu- 
lar bed of the femoral artery indicates that the 
impedance changes on CSNS are similar to those 
observed earlier on intraarterial injection of vaso- 
dilator drugs. 

The asymmetries in the autonomic effects on the 
S.A. node of the heart are discussed as a reason for 
the differences in heart rate reduction on constant 
frequency and intermittent stimulation of the 
carotid sinus nerves. These effects are only ob- 
tained in dogs with intact vagal nerves and no 
clamping of the common carotid arteries. 
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