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ABSTRACT

Short-term regulation'cbf the cardiovascular syétem is by the
cardiovascular reflexes. These may be classified as to their intra-
cérdiac‘aﬁd extra—cardiac'receptor sites. A wei] described example of
‘the former would be the left atrial low pressure receptors with complex
unencapsulated nerve endings in the atrial endocérdium and a végal
afferent nerve 1imb. Stimulation of these receptors results in a reflex
tachycardia, mediated by the sympathetic nervous system and a reflex
hyﬁo—osmo]ar diuresis and naturiesis mediated both by the sympathetic
nervous system and an as yet ﬁhidentif{gd blood borne substance. An

~example of a high pressure vessel reflex is the carotid sinus barorefiex
wfth méchano;eceptors Tocated in the specialized vessel wall at the
bifurcation of the common and internal carotid arteries. The afferent
nerve limb is vfak-the sinq; and g1ossopharyngea1 nerves; the reflex
response to increased stimulation is a bradycardia and vasodilatation.

‘The re?]ex regulation of the ﬁu]monary'system is by the respiratory
reflexes; these are c1a§sified by their physiological properties and the
location of their receptors. Of the four categoriesiof fef]exés the most
important are those with the slowly adapting pu]monary stretch

_-receptors. These .-receptors discharge with increased lung volume in a
cyclical fashion during spontaneous respiration. It has been shown by
various techniques that the afferent Timbs of both of the cardiovascular
and pulmonary reflexes enter the same brain stem ‘nucleus (i.e. nucleus
tractus 'sb1itarius) and Amay radiate to the same higher centers.
Interaétions between the réf]exes of the cardiovascular and the

-~~~ respiratory systems have 1ong~ been postulated; a clear experimental



demonstration of an interaction in their reflex regulation has not been
demonstrated. Recently, a new mode of ventilation, High Frequency
Oscillatory Ventilation, has become available in which the cyclical
discharge of slowly ddepting stretch receptors becomes continuous.

Three series ef experiments were performed:

<
1. Qua11tat1ve assessment of the effects of a1ter1ng the parameters of

high frequency vent11at1on on the discharge from the s10w1y adapting

pulmonary stretch receptors.

2. Evaluation of the effects of the altered diseﬁérge from the slowly

adapting pu]menary stretch ] spect to the//ref1ex
responses due to left atnial ) -

3. Evaluation of the effects of a]tered discharge from ;sloyiy“
adapting pulmonary stretch receptors with respect t e reflex.

heart rate response due to isolated carotid sinus stimulation.
The findings-were: |

1. ~Alterations of two of ‘the parameters of high frequency oscillatory
ventilation, oscillatory frequency and mean airway pressure, in the
model sfudied, altered the,é}scharge from slowly adapting pulmonary
stretch receptors.

2. Thev altered discharge of the slowly adapting pulmonary stretch
recepfors. during high frequency oscii]étOfy ventilation did not
affect the cardiovascular reflexes studied.

3. During high frequency osci11atory ventilation the control heart rate

was higher suggesting an increased sympathetic tone as compared to

intermittent positive pressure venti]ation;
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INTRODUCTION

Cardiovascular Reflexes ,

The maintenance of homeostasis of the cardiovascular system may
be divided into short (seconds to hours) and 1bng (days or more) term
regulation. With respect to short-term regulation, the cardiovascular
-gystem is dependent on the functional integrity of the cardiovascular
reflexes(1-5), Every reflex must havé an arc defined “for it
consisting of a receptor organ, an ﬁfferent nerve, an efferent nerve,
and an effector orgaﬁ. The classification and déscription of -the
cardibvascu1ar reflexes may proceed along this 'out1ine(6). " The
afferent limbs of these .ref1exes may be used to group the ref1exes
into those orginating from the heart(7)‘and those 6r1g1nating from the
vessels(8), The former may be fyrther\éubédivided into those from the
low pressure chambers (atriaT)“”and those from the high pressure
chambersb (ventriclar). Reflexes from the latter, the vesse]é, may
a1éo be sub-divided, into the baroreceptors and the chemoreceptors.
In the current study the function of representative reflexes from both
groups was evaluated under various physiological condftjons during a
new mode of artificial ventj]ation, high frequency oscillatory
ventilation (HFOV). The intracardiac reflex studied was that due to
the stimulation of the Tow pressure Teft atrial receptofs while the
extracardiac {vessel) reflex studied was that of heart rate change due
to stimulation of the high pressure Carotid sinus receptors.

'Thése two ref]exes have both been studied extensive]}, the left

atrial receptor (LAR) ref]ex-being'the subject of a récent book(g). A



brief review of their normal function is indicated. Cardiovascular
pressure- or volume receptors are mechanoreceptors that vcoupfe
intravascular pressure to an e]ectrica1‘\potentia1 via receptor
membrane distortion. The functioning of receptprs on a cellular level
may be explained on the basis of conventionaf\\membrané theory(lo).
Thé cellular events are not contributory to tﬁg remainder of the

discussign and with the exception of noting that\@rug effects, 1i.e.

digoxin effects, can be explained on this basis(gl) *thgr

A\

. , .
description will occur. Cardiovascular receptors may ‘dysfu...ion 1in

A\

disease states(lz) and may even contribute to ’maintenance//of
pathophysiological cardiovascular states during their abnormal
functioning (13); however, as the aim of this stUdy was to evaluate
normal physio]bgical function, this will not form part of the current
discussion. There are.a1sd numerous éther cardiovascular reflex arcs
that have been defined; the selection of the two arcs for the’ current
study was based on the extent” of knowledge as to their phyéio]bgica1"

g8
function and - the existence of accepted reproducable techniques for

their study. °

Heart rate fesponse to left atrial receptor stimulation

Senéory nerve endings may be divided into three groups: free
' nerve \éndings, comp1ex unencapsulated endings (e.g. Ruffini) and
encapsulated endi%gs (g.g.' Pacinian qorpuscles). Both of the first
two types of endings exist within the heart int the atrial

endocaraium(14). In the most dehée]y innervated areas of the heart,
P4

the junctions of the \Superior and inferior vena cava and the right



atrium, at the junctions of the pulmonary. veins and the left atrium as
well as in both atrial appendages, the complex unencapsulated endings
are the most comm(_)n(ls). The stimulation of these receptors has been
srelated to action potentials recorded from a strip of the cervical
vagus nefve, thus defining the afferent Timb of‘ the reflex arc(ls).
The physiological description of these recfeptors and the consequent
attempt to classify them by the diséharge patterns recorded from the
vagus is still a matter of some cont;roversy. Initially, two types of
atrial receptors were described(”'ls), Type A and Type B, the former
discharging during atrial contraction in atrial systole, -the 'a’ wavé
of the atrial pressﬁre curve; the latter during atrial filling in
atrial diasto]e', during the 'v' wave. This c1ass1’f1‘cat1’o.n suggests
that the first type is indicativg ‘of atrial contractility while the
s_econd ijs indicative of atrial volume. However, other work has shown
that the pattern of receptor discharge is dependent not on receptor
subtype put oﬁ receptor 10cét1’on, such that receptors located at or
near the pulmonary vein-atrial junctfon_s, the area subject to grea%est
di(stortion with atrial contraction, were more. responsive to atrial
contraction, discharging in a Type A pattern, whereas' those Tlocated in
the 1lateral .atria1 walls or in the distal pulmonary veins would be
v.mbr'e responsive to volume changesv‘ di;scharging in a Type B
pattern_(lg). Changing the geometry of the atria could cause
intercoﬁversioné among réceptor'. subtypes rendering the: qrig;ina1
classi‘_fiction 1es§ meam'ngfu1(9); _the recep';:or discharge patt.:ern‘ can

then be explained purely in terms of  mechanical events. . The

sensitivity of a given receptor, as evaluated by its frequency o'f.
£ . .

-
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discharge for a given stimulus, may also vary, i.e. it will dec%ease
with prolonged stimulation, it will increqse with some drugs such as
digoxin(20),

The afferent nerve limb for the atrial receptor heart réte reflex
is via mye1inatéd nérve fibresc}which characteristical]y» have a
conduction velocity of 2-35 meters/sec .as measured in the cervical
vagi. Most other receptors found in the myocardium conduct via non-
myelinated fibers at 1-2 meters/sec. Stimulation »of such non-
myelinated cardiac fibers could be responsible for the bradycardia and
hypotension’ that some investigators have observed during atfia]
receptor stimulation. Not all cardiac afferent .erve traffic is via
the vagus, some afferents have also been described in both myelinated
and non-myelinated sympathetic nerves. The central connections of the
left atrial receptor reflex will be described inia-1atef section.

Nuch experimental work using different stimulation techniques has
gone into delineating the afferent limb of the reflex response to the
stimuTation of atrial receptors. In the early 1960"s a technique was
déve1oped that permitted reproducible studies of Tleft atrfa1
receptors. Small balloons on fine catheters were inserted into the
pu]monafy veins ‘of the left lung. so that the tips of the balloons Tay
in the pulmonary vein-atria]'junctions(ZI), as well, another balloon
- could be fnserted into the: left atrial appendage(ZZ){ TQe balloons
were then distended with a sma]]“vo]ume of warm sa1ihe, in.all cases a
tachycardia resu]teﬁ withqut any significant concurrent change in
systemic blood pressures (i.e. without activating tﬁe aortic arch or

carotid sinus ba}oreceptor mechanism). The average mean increase in



>

- heart fate with three ,sités stimulated (i.e. three balloons) was
approx1mate1y 25 beats/m1n Thé afferént nerve 1imb of the the reflex
was - shown to be via mye11nated vagal nerve fibers; cooling these
nerves in a fashion so as to block nerve traffic in myelinated fibers
. reversibly abolishéd the refTex tachycardia to left atrial receptor
stfmu]ation(16).

Thg‘ efferent 1imb of the reflex tachycardia is solely via the
sympdthetic nerves to the heaft. .This.,1imb may be blocked either
pharmacologically  with | a‘. combination of a competative beta
adrenoreceptor blocking agent (e.g; propranolol) to block postQ
synaptic receptors and- an agent to decrease serve terminal
noradrenaline release ( a pre-synaptic effect) such as bretylium; or
surg1ca11y by a bilateral section of the ansa subc1av1ae
| Other investigators using techniques s1m11ar but not identical to
those described above (i.e. wusing larger balloons) have reported
decreases in heart kqte with balloon stimu]Afion of atrial
receptors(23). This may be due to concurfent stimulation of other -
receptors and the vaso-depressbr non-myelinated fibers. Some
controVYersy also exists as to a possible vagaf component in the
efferent 1imbs'of this reflex; howevgr; this does not appear 1likely.
Although the majority of the inve§tigators have centered on left
atrial receptors,. it has been shown by some, but not by all
investigati s (24) that stimu]atfon of right atrial sites also results

in  reflex bachycard1a(25)



F”?he\pfferent 1imb of the reflex consists only of a chronotropic
reéponse(26) suggesting that the right ansa subclavia 1is more
important than the left in the efferent limb; no ventricﬁ]ar inotropic
respénse ha§ been ddcumented(27); The magnitude of the reflex
tachycardia to 1efti atrial receptor stimulation can be graded by
varying the number of sites in the left atrium tﬁat are stimulated
(i.e. with a single pulmonary vein-atria]- junction: 10.8 beats/min,
with two pulmonary vein-atrial junctions: 22.2 beats/min, with three
sites (two pulmonary lvein—atria] junctions plus the 1left atrial
aﬁpendage): ?5.2 beats/min)(za). Attempts to grade the amount of
stimulation at a single site by varying thé ’istending pressure have
not been suécessfu1, probably for.technical neasons.‘

The reflex response to left atrial stimulation has been found to
be depressed by systemic acidemia(zg), a sftuatidﬁ tﬁat arises in a-
chloralose anesthetized animals(30) unless specific measures are taken
to prevent this with cafgful blood gas monitoring and bicarbonate
administratioq. The site of this depfession of respoase is felt to be
on the efferent 1imb of the response since the effects of both right
ansa subclaviae stimulation and sympatﬁomimetic amines are reduced in
acidemic animals. As Qe]], a deep level of surgical anesthesia(31)
with a chloralose or hypothermia can depress the response.

No effect on either respiration(32) nor peripﬁera] resistance
(33'34), has been . documented during stimulation of 1left atrial
receptors (some investigators have shown . a peripheral
'vasodilatation(35) with similar but not identica] fechniques;'qgain,

this may be due to non-myelinated fiber receptor activation).



Thus, although some controversy still exists regarding some
details of the reflex response of the left atrial récébtors with
respect to the cardiac effécts, the majority of expérimenta1 work done'
is in agreément with the above described pathways. Hence the
functional integrity of - the reflex uqder( different operating

conditions may be studied and compared to the expected response.

Renal response to left atrial receptor stimulation

A renal efferent limb to the stimulation of left atrial receptors
was first described in the mid 1050's(36) as an i1 ‘rease in urine flow
in response to the distension of a.large balloon in the left atriJm SO
as to block the mitral orifice and raise the pressure in the Tleft
atrium(37). The rena1.pé;ponse has since been well defined as a hypo-
osmolar diuresis and natﬁriesis(38). A similar renal response may be
obtained with' the selective_ method 29t1ined earlier for 1eft atriai
receptor 5timu1ation, hbwever, the 1argest responses- are those with
mitral  valve obstruction. The differencé in résponse may‘ bé
attributed to the fact_that the larger balloon, by ra{sing left atrié]
pressure, is -stimulating more receptors ‘than the smaller balloons.
Witﬁ obstruction of the mitra]\kva1ve not only does the 1eff atrial
pressure rise (generally by 10-20 mn-Hg) but ~a -fall. in-systemic bfood
pressure and cardiac output, as we]]_as an accumulation of blood in
the pulmonary circulation, occurs. Receptors'gthef than those in the
left atrium>may be stimﬁ]ated; however, the expected response for at

Teast some of these (aortic arch and carotid sinus baroreceptors)

would be the opposite of that seen and not a diuresis.



The receptor organs for thi;. renal reflex are the same Jeft
atrial receptdrs(39) as for the reflex heart rate response. Thé
afferent 1imb has been shown to be via myelinatéd vaja] fibers by the
same reversible cooling techniques as for the reflex l;achycardia.
With respect to the efferent pathway, however, the two reflexes
diverge. During left atrial receptor stimualtion there is a decreased
sympathetic dis;harge to the kidneys(40’41), which 1is selective for
the kidneys with no change in lumbar and splenic sympathetic nerve
activity(42). This change in renal sympathetic tone may cause
increases of renal Ab]ood flow and, via intra-renal pathways, affect
changes in urine composition. Unlike the.ref1ex heart rate response,
however, the renal responsé cannot be explained solely on the basis of
a change in éympathetic innervation. A number of Tines of evidence
hgve suggested that another factor is involved. Firstly, it was noted
that the time course (longer activation time and longer time to return
to Sontro1'1evels post stimulation) of the diu-esis suggested changes
in hormpnaT secretion; based on the ;omp;sition of the . urine
’a1terations' in  antidiuretic hormone secretion were suspected.

Secondly, following blockade of the sympathetic nerves with a beta
(43)

b]dcking agent and brety]ium, in a denervated kidney or, in an
iso]atéd perfused. kidney(44) a diuresis persisted indicating an
é]ternate activation pathway By a. blood borne agent or hormone.
.Vo1ume‘1oading of animals with a denervated heart also produced fhe
renaﬁ response(45). As noted. above, the hormone most frequent1}

implicated in these studies is antidiuretic hormone(46) the secretion

of which was felt by most investigators to be inhibited by left atrial



receptor activation{#7).  The differential response of hypothalamic
neurones to osmotic stimuli and left atrial recebtor stretch has also
been demonStratéd(48). The possﬁb}e influence of.. the left atrial
receptors on antidiuretic hormoné 'wou]d' not be the only such
cardiovascu]af effect; carotid sinus . stimulation can influence
antidiuretic hormone secretion(49). Not all studiés are in agreement
with this hypothesis, levels of antidiuretic hormone in the plasma in
anesthetized dogs have been found to be highér than in the conscious
anim$1 and no reprodUﬁib]e significént consistentu reduction (within
. the experimental limits of the assay) ~has been found.. In addition,
ab]ation‘of the posteriof pituitary gland surgically vig the ‘sphenoid
with a resultant absence of antidiuretic activity in thégpfﬁsma did

not result in an absence either of a diuresis in these anima]s(so‘sl)

or of a reflex heart rate_response(SZ).

That a .hormoné, or a blood borne diuretic substance(53), is
involved bin the ref]ex“ is also suggested 'by studies where altered
secretion from insect malpighian tubu]es(54) was induced by plasma
from dogs taken during Teft atrial receptor stimulation. Recent work
showing granules with a diuretic substance in the left atrium(49'so)
may provide the answer .to the search -of a blood borne diuretic
substance, perhaps one that may be re]eased from denervated heqrts(45)‘

Thus in summary, the .stimulatfon of left atrial receptors is
known to reduce the sympathetic nervous stimulation of the kidney and
cause the re1ease of a blood borne diuretic .substance, ‘possibly
' ant{duretic'hormone, atrial granules or some other agent and induce a

reflex hyposmolar diuresis and naturiesis. An experimental model in
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dogs using a large balloon to obstruct the mitral valve has been

developed.

Heart rate response to carotid sinus stimulation

The extracardiac receptors may be broken down into baroreceptors
and chemoreceptors. The carotid sinus barqref]ex is one of these high
nressure extracardiac vésse] reflexes active in the short-term
modulation of the cardiovascular system(8’57“58). The carotid sinus

js a segmental enlargement of the internal carotid artery at its site
of origin at the bifurcation of the common cartoid. Mechanoreceptors

(59) 3re located in the adventitia of the carotid artery at this site,
and increases in their stretch by. distension Qf the artery"by
intravascular pkessure (facilitated by a relative  thining of the
veSse] smooth muscle content at this site) results in an i;éreased
afferent nervevactivityQA However, baroreceptor sites in the cérotids
are not limited solely to the bifurcation and hay be found in other
carotid segments(GO). |

. The sensory innervation of the carotidﬂsinus islcarried in the
myelinated sinus nerve branch of the glossopharyngeal nerve. The
afférent discharge of these mechanoreceptors is sighificant]yAaffeéted
by alterationsi in the compliance or distensibility of the ‘carotid
sinus wall, i.e. from:catecho1amine stimulation, acidocis, - hypoxemia
of other factors that modify'vascuaar smooth muscle tone. There is
also an autonomic regulation of sinus distensibility via sympathetic

~

efferent pathways:that méy reduce the diameter and elastic modulus of

the carotid sinus(so).
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The carotid sinus(ﬁl) during intraluminal pon—pu]sati]e presgure,
is stimulated at\ a threshold _ of 60 mm Hg“and achieves a maximal
resﬁonse at 175-200 mm Hg ‘as judged by reflex changes in heart rate
and biood pressure as wej]_as electroneurographic recordiﬁgs from the
sinus nerve. With pulsatile flows the reflex response of the carotid
sinus is éfeater,' at * normal operating pressures; than with non-
pulsatile 1"Iowbs.‘= Changes in carotid sihué discharge influence cardiac
f(ﬁction via th§ee péthways. First, therg is a direct éffect on the
heért with alterations in sympathetic(G?)‘ (atrial and venticular
contractility, sino-atrial nodal autom&ticity, atrio-ventricular nodal
conduction) -and parasympathetic(63‘64) (cardiac pacemaker, atrial
contracti’lity and atrio-ventricular nodal conduction) discharge to the
heart.'.Second1y, the loading cbnditjons of the hééft are affected by
changes in the periphera] vasomotor tone(55). * Thirdly, changes in
arterial resistance will affect the afterload of the heart. Although,
" the afferent limb is the same,Athe effect of the efferent output of
. the left sympathetic nerves is predomihantly on ventricular inotropy
-while that of the right sympathetic nefves is predominantly on atrial
chronotropy.

In the normal animal the aorticwarch baroreflex system is crucial
to ‘'cardiovascular homeostaﬁis(34). Located 1in the éortic arch
adventitia and at the roots of the major great vessels, these stretch

5

receptors have classically been found. to have a higher threshold:
(approximately 100 mm HQ) for either pulsatile or non pu1sati1e‘
_'systems and a reduced sensitivity (as measured by. the activity of the

aortic nerve) to arterial pressure as compared to the carotid sinus.
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The maximum aortic arch baroreceptor activity 1is reached with a
'pu]satf]é arterial pressure of 215 or.a non pulsatile pressure of 300
mm Hg. More recent work suggeéts that due to a hysteresis in the
response of the aortic arch Eeceptors, they may be active at pressures
Tower than considered previous1y(66). Although somewhat
controver§1a1, some invedtigators consider that, with respect to heart
rate control at least, the aortic arch baroreceptdrs are no less
important thah the carotfd sinis receptors.

"~ In investigations of the great vésse] ref]exe§ it is necessary
to ensure a constant level of stimulation of all the receptors except
those at the site of study, which can then be varied in a controlled
fashion. The study of the cafotid sihus reflex heart raté responses
requfres either the maintenance of a constant mean systemic blood
pressure, and hence an unchanged stimulus to the aortic arch
baroreceptors (although variations in pulse amplitude at different
control " sinus pressures may result in a somewhat unequal stimulus) or
a surgfcé1 denervation of the aortic arch. Due to the wide area
covered by the aortic arch receptors the surgical appfoach {s
technicé11y difficu]t and may be incomplete especially wifh respect to
the bases of the right sided great vesse1s(671, thus the first
a1ternathé is often used.

In the current work, that of evaluating the heart rate response
to changes in pressure in a vascularly isolated carotid sinus, the
first technique was used.. Changing® the carotid sinus stimulation will
change the total vascular capacity and if the intravascular volume is

unchanged the blood pressure(68) thus a pressurized external reservoir

-
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that could compensate for changes in vascu]ar\caﬁacity and maintain a
- fixed meaﬁ systemic blood pressure was fequired. The vascularly
isolated carotid bifurcation could then be stimu1afed by a1teﬁingtﬁhé
distending pressure (independent of the systemic pressure) either by
{hfusing or extracting blood. A baseline efflux of blood from the
carotid sinus is maintaiﬁed by small vessel wall vessels. As the sinus
will reset to the prevailing pressure over 15-20 min, the range .of
pressures must be rapidly covered to prevent significant

hysteresis(sg).

Since the heart rate change due to” carotid sinus prgésure change
‘iﬁbthe above, preparation will depend on many factors, i.e. the sinus
‘/wa11 compliance, the sympathétic afferent.discharge to the sinus nérVe
terminals, etc., in order to eva]uate the raw:déta the response must
| be normalized to the range of heart rates obtained and g%ven as a
pércentage heart rate change per mm Hg of the cafotid'sfnus pressure
change.. The curve of the function relating these two variables is
sigmoid and the steép‘ part of the curve may be taken as the
characteristic response of the given preparatioh.’”
The factors that suppress the réf]ex response from left atrial

receptdrs' e.g. acidbcis, anesthesia, etc., also suppress baroreceptor.
ref1e£es (i.e. « ch]ora]ﬁse‘anesthesia can affect both the heaft rate

and blood pressure response(/0); in addition, other factors can affect

the response, e.g. hypoxia. Chemoreceptors are located in the carotid
body, situated at the bifurcation of the common carotid értery "and
supplied by the occipital and ascending pharyngeal- arteries and the

aortic bodies, located at the roots of the right and left subclavian
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artéries and near the he&rt‘ in the pulmonary artery énd aorta
(supplied by branches -from the nearby systemic vessels). qu.studies
monitoring the carotid sinus the latter are Eept constant by the
regulation of ‘the arterial «blood gases while the former must be
surgically denervated at the time of carotid sinus cathetefization
since the blood -pgrfusing the * sinuses may have a low oXygen‘
saturation. It is much more feasible to study isolated carotid
sihuses rather than isoTated aortic arch sinuses, for the feasons’of
chemoreceptor deneryatiqn, the maintenance of “a constant pressure to
the othef receptor, (however, ;he'carotidvsinus coﬁ]d be denervated
during aortic arch. studies) and from a technical surgical viewpoint.
The reflex regﬁ]ation of the cardiovascuiar system is a complex
mechanism. The classification of' reflexes given lmay suggest an
indepeﬁgent function of the various reflexes; this is ndt.so(71). It
has been found that the ref]ek increase in blood f]qw to the kidnéysA
during Teft atrial recepto} stimulation is modu]ated.by.igput from the
carotid sinus baroreceptors(72).(this may not hold for tﬁe héart rate
increase 1imb of the Tleft at;1a1 rec voor reflex) ahd during volume
iﬂfusiqns , with presumed left atrial receptor stimulation, -and a rise
in érteria] 'b]ooq pressure, the response »f the baroreceptors will
diminish resu]tihg in a tachycard{a(73). If changes in two systems,
the cardiovascular and the respiratory ;re studfed, further
interactions 'appear(63’74). To 'study individual componeﬁts of this
system, specffi; methods have been deveioped_that attempt t§ isolate
single ref]exes.so that reprodicible responses to given stimuli may be -

produced. If an external factor 1is postulated to affect the
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functional integrity of the reflex regu]at{on of the cardiovascular
system, this may be evaluated” by Studying individual r- “lexes using
established methods, before, during, and after the application of the
extérna] factor.

Pulmonary Reflexes

The regulation of respiration has been‘an aréa of investigation
for many_years(75‘77) and ﬁhe reflex arcs invo1v§d in this regulation
" have been" studied for over 80 years. The reflexes are classified by
their ”physié1ogica1 properties or by the - 1ocations of their
receptors. Four types of receptors, and reflexes, are defined:
slowly adapting stretch receptors (SAR or Hering-Breuer receptors),
rapidly adapting stretch recepfors “(Tung irrftant receptors),
juxtacapillary (Type J) receptors and bronchial reteptors innervated
by C fibers(75) (the latter two groups are often grouped together as
non-myelinated fiber receptors). The afferent 1imbs of the first two
‘are by vagal myelinated fibers, -the last two are by non-myelinated

vagal fibers. - The predomiqant cardiovascular effect’ of the non-
myelinated fibers is;’ dépressor (See Intro&uctioﬁ_ section on
Cardiopu1monahy'Intéractions). ;n addition‘to these airway recgptors,
receptors from structure; outside the respirztory tract, i.e. .the
mediastinum, Fhoracic great veése]s _ana the eéophagus, show a
respiratony'dischérge patﬁefn(78); the ro}e of which in the regulation

~ of respiration is not entirely'c1ear(79)
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The slowly adapting stretch receptors are the most important
group from a respifatony regulation standpoint.. Thus, of the various
receptors these are the most 1likely to have a physiological

interaction with the cardiovascular system. They are fnvolved in the

~

regulation of inspiratory and expiratory activity (i.e. in the Hering

Brede; 1nf1at%on feflex, they produce.apnea if the inflation stimulus
is prolonged or 1limit the tidal volume if the ensuing deflation is
restricted(Bo‘Bl) and in  the con£r01 of the mafn réspiratbry
muscles. During spontaneous breathing with lung inflation thevslow1y
adapping receptors show a long. 1astjng discharge with an immediate

rapid decline that slows spontaneously into a sustained discharge

until deflation occurs; the main stimulus for these receptors being

(77)

the \{trans-pulmonary pressure .

-

_microscopy has been -achieved. The majority (approximately 55%

S]ow]y adapting pulmonary stretch receptors

Slowly ddapiing stretch receptors are unencapsulated (free
ending) mechanoreceptors located in the bronchial smooth muscle, often

at branching points; visualization by both 1light and electron

(82))

are in the extrapulmonary airways with a significant proportion in the -

extrathoracic tkachea(83). The small airways are innervated only by



non-myelinated fibers, hence slow1y~§dapting stretch receptors, which
have myelinated fibers, are not foundlthere. The stretch receptors
are stimulated by both static and dynamic transmural pressure, thus
che discharge from these receptors ic dependent not only on the'degree
of inflation (static component) but also on the rate .of inflation
(dynamic componentf.‘ The dynamfc component is related to the viscous
properties of the trachealis musc]e where tﬁe.rcceptors are located;

the magnitude of both responses is dependent on bronchomotor tone(84)

increasing with bronchoconstriction, decreasing with broncho-
di1atfon(85). '

~ STowly adapting stretch receptors can also be divided into those
| that are active at the end expiratory volume and those that are
" recruited only during inépiration(gsy; The former are‘referred to as
tonic‘orb1ow thresho]d receptors wﬁereas the latter are ca]jec phacic
or high threshold receptors. The ‘majqrity of thc low threshold
receptors are located in tﬁe 1argcr extrapu]honahy cirways(86). In
addition to threscold characteristics, stretch receptors héve bcen
classified ac to their maximum discharge characteristics. Two types
of responses for lung inflation have been desccibed, in one the -

discharge reaches a plateau at about 10 cm water whereas in the other;

there is no plateau. The former~prgdomihate in the proximal airways,
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the latter in the distal airways(86). A decreased transmural pressure
(below zero) may activate extrapulmonary airway stretch receptors as

we11(78).

Slowly adapting stretch feceptors, although mechanoreceptors in

function, are variably affected by the €Oy 1eye1 in the'airways(87'

89) érohchia] receptors are inhibited By increased pulmonary €0,
(90), they are unaffected by venous or arterial CO,. The degree of
1hhibition lmay be _quﬁte significant (up to 40% of the control
discharge is inhibited by iﬁcreasing the airway CO, from 0 to 8%(90),
the}effect‘éf CO, is less at higher transmural pressurés. fhe stowly
ladapting receptoré' are not oxygen sensitive ahd the fﬁnctionai
significance of their inhibition By C0, is not yet clear, although it

would serve to decrease the respiratory inhibitory influence of these

receptors during Venti1atoky insufficiency.

In the study of s1ow1y adépting receptor function, recordings may
be taken from cervical vagus mye11hated.'fibers (as shown by
conduction ve1bcites(91)) that show a discharge pattern that follows
transmural airway pressure and its rate of change.o \A1though the
number of such fibéré and receptors is not known, in the cat there are
at least 1,200(92)and there is no evidence to suggest a smaller number

in the dog. . As mentioned previously, there are other types of vagal



and even sympathetié afferents(93) from the Tung. Ca?e must be takén.\
in the pressures used during %ung inflation so that only the slowly
adapting stretch receptors are stimulated if they'are the objeét of
the experimeht since stimulation of the other receptgrs would not be
expected to produce the samé responses. This samé difficu]ty arises
~dur1ng the interprefation of»sfudies of heart lung interactions whe;e
different tethniques and pressures (quite qften outside the:
physiological range) render it quite difficult to be sure that only
the slowly adapting stretch receptors were activated and thus
complicating the ana]ysis.‘ | \

Central -Connections

. . 4 .
Any -evaluation of the reflex mechanisms involved 1in the

homeostasis - of the bardiovascu1ar syétem would have to include the
central  connections and interconnections of these autonomic
reflexes(94), | The. afferent Timbs of the‘ reflex regulation of the
cardiovascular and pulmonary systems, as has been out1iqed ear]ier; is
via the vagus and g]ossbpﬁaryngea] nerves(95-96) | The majority of the
ﬁibers © from . these - cardiopu]monary(97) an& arterial
ﬁechanoreceptors(gs) terminate in the nucleus of the solitary tract;
From this site the information is relayed to other vasomotor
centers(gg), those within the reticular formation;,<and to the
effgrent nerve 'ngc1ei. As well, higher centers may. be affected by

input from the so1ifany tract, i.e., fibers pass to the hypothalamus
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“where 'they may regulate antidiuretic hormone re]ease(48). Routine

requlation of the cardiovascular system is also modulated by the input
from higher centers, i.e. the labyrinth of the inner ear via the

fastigiaT nucleus must be connected to the vasomotor center so as to

~avert orthostatic hypotension. It is clear, therefore, that within

o

‘the cardiovascular set of reflexes alone, numerous complex brain stem

connections exist and the occurance of interactions between

cardiovascular reflexes which result in a coordinated response to a

stimulus is not sprprising(72).

The discharge from the slowly adapting stretch réceptors that
corresponds to lung volume and its rate of change is also transmitted

to the nucleus of the solitary. tract, -then to the 'respiratory

«

center. That an interaction between the cardiovascular and

respiratory systems may exist in the braip stem has been postulated by
(99-100,4) _

2

numerous investigators

Cardiopulmonary interaction

It has long been noted that with inspiration there is an increase
?B heart rate; this is termed sinus arrhythmia. A number of
exp]anétions have been given to explain this phenomenon(lol): (1) a
reflex stimulation of the medullary vagal efferent nucleus by
increasing discharge from ﬁhe slowly adapting strchh receptor% (2) a
dirgct inhibition of/ the vagal (Eardiac efferent) nuc1eUs by the

. : /
increased discharge /from the medullary respiratory center during

i

inspiration (3) an increased discharge of the right atrial receptors



due to the increased filling of the right atrium during inspiratioe
with a consequent sinus tachycardia. Which, 1if any, of these
hypothesis is correct is as yet unc]ear,‘however, some experimental
evidepce to suggest that an interaction exists, at a central site,
between the cafdiovascu1ar_and respiratory system, is avai1ab1e. The
work can be divided into four main groups: (1) ﬁeureanatom1¢a1 studies
of eardiovascu1ar and respiratory neurones including ablation and
subsequent nerve degeneration and tracer migration (horseradish
peroxidase or radio1ebe1ed substances) studies to anatomically defiqe

cardiovascular and respiratony afferent tracts. (2) orthodromic

(stimulation of peripheral nerve with central recording) and
e

21

antidromic (stimulation of central site  with peripheral nerve

reeording) e1ectfophysiologica1 stimulation étudies of individual
cardiovascular and respiratory neural .tracts to: define functional
neural connections (3) brain stem recordings during experimental
"physiological™ {(non electrical) stimulation of receptor organs to
define neural conﬁections and radiatioﬁs and (4) physio]o;icé1 studies
that demonstrate a functional interaction. between the two systems.
Each of these modes of 1nve;t?gation have their detréctions, e.g.,

ablation studies provide only a crude localization of the structures

destroyed and more may be damaged than intended with tracts other than



those of interest. being destroyed; e1ectrophys1‘o1og1’lca1~ studies may
stlimu1ate wide areas and not oh]y the neurones of interest, as well
aeuronal tracts just passing through the area without synapsing may bé
stimulated; technical d'ifﬁ"cu]ties in accurately defining the site of
recording complicate brain stem recordings; and difficu’]tjes in
“iso1at1'ngr' single . reflex arcs and their ‘interactions plague
physiological stud.ies.

Neuroanatomical studies consist of either tracing degenerating
axons andk nerve terminals after cutting the rﬁnth and tenth cranial
nerves or.of desfroying meduHary‘ structures ana observing the effects
on physiological regulation. Studies of the fi.r.st type long égo
demonstrated vagal projections to the nucleus of the solitary tract.
Destruction of this nucleus has been shown to disrupt the reﬂex
response to peripheral baroreceptor stimulation in the same fashion as
w;u1d destruction of the peripheral receptor_(loz). Ab_sence of the4
r;ef1ex heart rate response to 1e'ft atrial receptor stimulation
foUowing ablation of the same nucleus bilaterally h‘as been
shown(103).‘ Using anterograde .transfsort of horseradish . peroxidose,
the projections of baroreceptor neurones have been found to have &
primary synapse in thé same nuc]eus(104). Pulmonary afferen“ts-‘have
a}/so been studied using horéeradish perox_idase, a ;ﬁonnection ﬁto the

7
!
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nucleus of the solitary tract was found(gs). However, with this
technique, in the case of the baroreceptors, the projections of

chemoreceptors cannot be separated out,.and in the case of pulmonary

afferents there can be no delineation as to receptor type.

Orthod}omic stimulation, Astimu1ating an entire peripheral nerve
and fecording centrally, has been .used to study baroreceptor
éfferents; both for the aortic arch(lOS) and carotid sinusi1065.
Howéver, it may again be difficult to separate the chemoreceptor from
baroreceptor fibers with this method. Single unit studies have also

been done and they reinforece the .finding of a central connection to

the nucleus of the solitary tract from the baroreceptors.

During antidromic stimulation (central stfmu1ation, peripheral
recordings from the nerve of interest) projections to the nucleus
tractus solitarius from Vthe arotic arch{104)  and the carotid
sinus(107) baroreceptors: have been confjrmed;l The exact site of
insertion of nérve tracts into this area and rinterconncfions and
projections to. higher sifes in the central nervous system are
difficult to ascértain with this mode of study due to the large fie]d.
stimulated. Since it is known that in decerebrate ahima1s the Teft
atrial receptor reflex is present(los) it may be postulated that any

interaction between the cardiac and respiratory system should be
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manifest at the brain stem level. The functional integrity of the

L : .
baroreceptors requires a more extensive area of the brain stem and
hypotha1amus(109), perhaps providing a larger area for cardio-

i

respiratory interactions.

LA

Recordings from‘sing1e neurones in the nucleus -tractus solitarius
has re§u1ted .in records of rhythmfc discharges that are similar to
typical baroreceptof discharges(llo) as wé]] as those tha; are similar
to Type A and Type B atfia] receptor discharges(lll‘if3). Another
“ approach, that of eXperimental mechanical sfimulatioh peripherally
while recording ceﬁtra]]y, has shown that balloon stimulation of left
at;ia1_~53ceptors' ieads .to changes in ceﬁtra] peurona1 qctivity(114)
%h?t caq)be blocked by'vgga1 cooling(97). Some further studies with

~ .

careful neuroe]ectrophysiologicaj methods indicated that: nearly all

neurones dfscharging with a cardiac rhythm show alterations in their
activ{ty %e]ated to the'resgiﬁatony cycle(llo). It is possible that
the reépiratony'modu]atjon.15 indirect and via“a changinQ_peripher%]
cardiovascular. input secondary to respirati;n(GZ) (sincé the
cardiovascular paraﬁeters were not controlled in most .of the
expgriments), 'of dué to- direct central respiratory center

inf1uences(63) on these neurones. However, as in animals ventilated

artiffcally the geSpiratofy modulation followed the ventilator
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excursions and was blocked in most case$ by interrupting afferent
vagal nerve _traffic(llo), it appeérs that the input for this
modulation to a significant extent originated 1in 'the pulmonary
receptors, the most 1ife1y group being the siowiy a&apting stretch
receptors of the 1uﬁg(111)3 whiéh have a typical response to lung
d{stension.v In the neurongsAin yhithrthere_was both a cardiac and
respiratory rﬁythm(llo),, it is supposed that either thesel were not
first Tevel neuronés from the cardiovascular or respiratory receptors
(which should have'indepeﬁdentvpatterns SO ds to permit indépendent
response to cardiovascu1ar and respiratory reflexes) or these were

first order neurones from receptors that were affected- by the

stimulation of both of these systems.

) Thaf pﬁysib]ogica] interactions between the cardiovascular and
pulmonary systems could occur is strongly suggested by the evidence
given abové tﬁét docuﬁent a convergence of pathways from the receptofs
in the two organﬁ‘Eystems and suggest an effect of input from vboth
systems at a s%ng1e ceﬁtra] neuronal level. quevér, if as mentioned
earlier, a ;ef1ex is described by a receptor organ, an afferent nerve
jimb, a central site;'an efferent nervé 1imb and an effector organ,
then an inferéction between two different reflexes s£5u1d show that

v

alterc. afferent input from two receptor organs results in a change in

3
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the single efferent Tlimb. Such a finding for a 6ardiovascu1ar
respiratory interaction has not yet been shown. Observations on the
function of the two systems in addition to the previously described
sinus arrhythmia can be evaluated efther as studies during
experimentally stressed physiological parameters outs%de the. normal
| range or those in which the observations are obtained while the

A physiological parameters are in the range of normal function.
Discharges from the 1lungs (afferent neuronal pathway not
delineated) can tonically inhibit the vasomotof center(115-117) gpq
experimenté] Tung inf1§tion with high airway pressures, outside the
normal ranget\ can céuse a reflex decrease in blood pressure as a
result of  dilatation of the 'systemic vessels, bradycardia and a
negative inotropic effect on the ventric]es(118’1193. In animals
studied durﬁng intermit;ent positive pressure ventilation interruption
of fcardiopu1monary" vagal afferents augmented' the reflex vascular
resposnes to changes .iﬁ carotid pressure suggesting a centra]
inhibition by {the .fcardiopu1mohary receptors"(IZO), and hence an
1nter§ction of afferents from gﬁese cardiovascu]arjjand respiratory
sites. " In the above reports a variety of_receptqrs was most Tlikely
stimulated. High inflation pressures of the -lung were employed; these

.

&/
would result in stimulation.of receptors other than the slowly
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adabting receptors, as well, the term "cardiopulmonary" receptors
covers a wide, péor]y defined spectrum of thoracic receptors. At
normal airway pressures the reflex response to inspiration is a
t&chycérdia and .possib1y a slight vasoconstriction with the reverse
seen at higher airway pressures(IZI). The importance of the above is,
however, that an interaction has_ been demonstrafed to exist between

the cardiovascular and respiratory systems albeit under somewhat

unphysiological conditions.

At physiological airway pressures a cyclical respiratory
inf1uence on cardiovascq]ar regulation is felt to be via slowly
adapting pulmonary stretch receptors122) with myelinated vagal nefve
afferents. The contribution of the sowly adapting pulmonary stretch
receptors to the ton%é cardiovascular depression by lung afferehts is

not well elucidated, but the majority of the afferent 1imb appears to

be via n?n-mye1inated fibers(123). The contributions of the slowly

=5y

~adapt1ng recebtors to this depression is unclear. Brief stimuli to
the carotid ‘;inus bardreceptors evoke a bradycardia only if timed
during expiration, an equivalent stimulus in inspiration being
ineffective. This‘hag led to the hypothesis o% réspiratory gating of
the Saroreceptor reflex such that the cardiovascular reflex arcs are

more receptive to stimuli during the expifatory portion of the
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respiratory cycle. The site of this gating and the origin of the
respiratory input. (central, peripheral or both) a;e noi well
, .
defined. It has g]so been shown that total body sympathetic discharge
is altered by central respiratory center acfivity, being augmented'
with 1nspiration(124), and that pulmonary afferent activity exerts an
impg;éant' influence on the cenfra1 regulation of this sympathetic
discharge(lzs). Although in the two studies above the effect of
inspiration on sympathetic dischargé was oppbsite (i.e. in the second
it‘decreased symﬁathetic activity)lthis_may be due to phase effects or .
related to the markedly different techniques used. In sum, however,
sympathetic discharge tone appears to be affected by Arespiratory
aétivity.\ As the baroreceptors reflex is influenced by the underlying
sympathetic tone(ﬁl); thié may " be .th; exp]ahation for the "gating"
effect. A respiratoky efféct on the parasympéthetic cardia; v%ga]
efferent activity during baroreceptor reflexes has been demonstrated
as wel1(126) an effect of the tardiowasqﬁ1ar reflexes on respiratory

neuraones has also been noted in that carotid sinus stimulation results

in an increased discharge from medullary respiratory neurones(127) of

uncertain significance. "’

The abqve discussion outlines that: (1) afferent neurons from the
cardiovascular sysfem, both from the systemic baroreceptors and from

»
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the left atrial reééptors, and from the pulmonary system from the
pulmonary -stretch receptors, synapse inlthe nqc]eus of the solitary
tract (2) medullary neurones exist with both a cardiovascular and a
respiratofy pattern of d1$charge (§uggestingi but }nbt prb@ing, .thaf
connections at this level 6ay exist betwéen the two systems) which may
indicate a convergence between the two syétems (3) afferent puimanary
nerve traffic modﬁ1ates sympathetic discharge which in tﬁrn may affect
cardiovascﬁlar ralex function (4) an effect of afferent pu1mohary
nerve trafffc due to lung distension on cardiovascular responses,
albeit at unphysio]ogica]b pulmonary pressures, indicates tﬁat a
functional interaction may exist between the two systems (5) at
"~ physiological airway pressure sinus arrhythmia, by a bathwa& not:yét

defined, links the two systéms.

Until further evidence is available about a central interaction,

speculation as to even  higher projections and interconnections, is

”

tentative and hence was not revjewed;.

A major difficulty inﬂevaiuating the %nf]uence'df'1qng receptors
on cardiovascular reflexes has SEen the de]ineétion of the changes due
to respiration on the cardfovascular receptors themselves from

interactions occurring in higher centers. It max‘be concluded that

aTthough well described reflexes with separate recebtors and afferent
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énd efferent neurones exist in both the ;ardiovascu]ar and resp'iratory
systems and there is a geographic proximity to their eentral tracts,
the evidence for an interaction.between the two S).lstems has not yet
been conclusively Aestabh‘shed, although it appgars quite likely that
the respiratory system can affect the function of the cardiovascular
system. |

High Frequency Ventﬂétion'

The area of. the effect Of respifation on the function of the
cardiovascular 'sysfem has been an area of much investigation, as
outlined previouis1y without a c'IeAahr consensus being reached. Some of
the work done during 1'ntenn1'tter;t positive pressure ventilation has
suggested that reduééd right ventricu]ar fﬂh‘ng(lzm caused the
.‘cardiovasc_u1ar changes Whﬂe othef studies suggested a more complex .
.interaction(lzg). Since in a normal physiological setting it ﬁ]ay be
considered that the pulmonary Timb of the interrelationship between
" the cardiovascular and pulmonary systems woﬁ]d be the d*is‘ch_arge from
the slowly adapting stretch receptors, it would be useful to have a
method of altering this discharge to }determine its effect. ‘As has
been mentioned previously, the slowly adaﬁting receptors _may bc;
considered to be lung .v01ume¢ and lung volume change receptors. Hence,
during either spontaneous respiration or intermittent positive
pressure ventilation there is an fncrease in receptor discharge during
~inspiration and a deérease during expiration. A technique for

altering this: discharge, both qualitatively and quantitatively, may be
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found with high frequency ventilation.

Differences exist between various types of ‘high frequency
ventilation. Nomenclature ‘is frequently overlapping and confusing,
hence ciassificati\r is best based bn technical considerations and the
ventilatory pattern of the three main categories df high frequency
Qentiiation(130). It is useful to keep intermittent positive pressure.
ventilation as a-reference‘with whiéh in dogs the respiratory rate is
set at 18 breaths/min and the volume at 15 ml/kg.

The first mode of high frequency ventilation is fhat of‘ high
frequency positive pressure ventilation (HFPPY) which was introduced
in 1967(131-132). The major characteristics of this technique of

ventilation are(l33)

: (1) a ventilatory frequency of 60-100

breaths/min, and an inspiration/expiratory ratio of 1éss than 0.3 (2)

a pneumatic valve to regulate gas flow (prohibiting evaluation of
tida volume due to a Venturi effect) (3) small tidal volumes

(measured externally to animal) (4) positive intratrachéai and

negative intrapleural pressdre throughout;ﬁge ‘'ventilatory cycle (5)

less circulatory interference than with conventional intermittent

positive pressﬁre ventilation (6)‘ref1ex suppression of spontaneous
réspiratony rﬁythmicity (7) deceieratihg inspiratory flow without an

énd—inspiratony plateau (8) more efficient pulmonary gas distribution

th&n in coﬁyentional intermittent positive pressure ventilation. This

mode .of respiraﬁion has Been exfensiveiy investigated, mainly in‘
Sweden, and has been used in a variety of clinical situations, e.g.

bronchoscopy; laryngoscopy etc.(134‘37) with good results.

The second mode of high frequency ventilation is that of high
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frequency jet venti]ation(HFJV)(138‘39). With this mode. 'of
ventilation the flow of gas( from a high pressure source is
intermittently interrupted using a rotating valve or a solenoid so
that a jet of gas may enter a catheter iﬁserted into an endotrachea]r
tube or percutaneously through the tracheal wa11(140); the rate is 30- .
240 cycles/min. - As with with therprevious1y described system, gas is.
en;rapped by §~Venturi effect at the top of the catheter so that tidal
"v§1ume actually delivered to the recipfé@; is not known; The clinical
uses are simi]ar(14lj??); it has been used in weéning patients from
artificial venti]atio;(143). .

The third mode of high frequency ventilation and the mode
employed in the current study is that of high frequency oﬁci]]atory

ventilation (HFOV).

High frequency oscillatory ventilation

This mode of ventilation is defined as one where the tidal volume
.is equal to or less than the anatomic dead space and the ventilatory
frequency is between 2 andl30 Hz. Two main tjpes of respirators are
available, electromagnetic and mechanical. The former, essentially
lToudspeakers driQen in ﬁn amplified sine-wave, are .useful for small
"~ volumes at.1oQér frequeﬁcies; at a %igher’va]he of either, the dfher
variable decreases. Méchanica] ventilators are either piston pumps
(prone to .rapid wear) or eccentric can rubber diaphragms (prone to
sine-wave distortion at higher frequencies or volumes). A special

‘circuit between the ventilator and .the animal 1is then required. The

connection between the ventilator and the ~am‘méﬂ is interrupted so
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that a bias flow ( a cross flow of fresh gas at right angles to the
oscillator output) may ‘be attached. The gas mixture and volume of
f]ow in the bias flow input tube is controlled as is,in some systems,
the output flow via.the exhaust tube. A respiratory stop-cock may be
placed at the top of ;he endotracheal tube to permit easy switching
from conventional to high frequency oécillatory ventilation. As most
systems differ considerab]& the above 1is a general descrfption; a
detailed description of the system used in the cu}rent study is given
under "Methods". High frequency oscillatory yenti]atibn has also been
applied experimentally using presufe changes in a container.éxterna1‘
to the animal with adequate gas exchange(144). Gas exchange during
conventional high frequency venti]étion is dependent on oscillatory
.vo1ume, oscillatory frequency, bqu flow and airway pressure(145"46).
A‘ problem wfth all modes of nhigh frequency venti]ation and
especially high frequency oscillatory vénti]ation is that at the high
frequencies required, the éccuracy gf measuring deviées (which for an
accuréte reproduction of physio]oQica] parameters should _have a
frequency resphnse of ten times the highest expected‘frequency(147))
is inadequate. A Specifié_ related problem with this mode of
ventilation with resbect to oscillatory flow is the measurement of
qsci11atory tidal vo1ume(148'49). . The volume displaced by the
ventilator during each respiratory cycle both in an inspiratory and
éxpiratory motion is termed the .dsci11atory tidal volume, but the
volume of gas moving in and out of the animal's airways»(or'the volume

of gas moving in the gas exchanging airways) is not necessarily the

same. The 1atter is determined by gas lTosses Via "the bijas flow
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‘mechanism and by the compliance, both of the respirator circuit and
the airways of the animal. Hence, it can be significantly different
~ from the respirator oscillatory tidal volume and the relationship
between the two . can change with changes jn the other pump
parameters. | For .example, histémine, an  agent  that causes
bronchoconstriction will alter the setting of oscillatory respirator
settings that provide adequate gas exchange. In order to restore gas
exchange to its previous level, pump paraméter settings must be
altered. These interventions can both cause variable losses of gas
via the exhaust tube as well as changes in stretchjreceptor discharge
due to altered bronchial muscle tone and possibly altered ventilatory
setfings(lso). In the current‘étudy oscillatory tidal volume will be
used to refer to the ventilator sgtting for this variable.

The first high frequency oscillatory ventilator was patented in
1959(151) Experimental work was first reported in 1972(152‘53) when
this mode of respiration was first used in physiological research.
These early experiments were complicated by hemodynamic dinstability
(with aFAetabo1ic acidocis) of'uncg}tain;etio1ogy(154). More recent

work has revealed a much more minor impairment of hememodynamic status
(156-58) gince 1980(159) when a renewed level of interest began in

this mode of ventiT;tion and many centers began to study high
frequenéy oscillatory’ ventilation. A problem that has arisen in
comparing the work from differént centers is that-‘due to technical
differénces between various respifatory circuits , .comparisons are
difficult to make.

Gas exchange during conventional ventilation is explained by'the
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bulk transport theory of fresh gas to the alveoli. During high
frequency oscillatory ventilation there is no significant bulk flow;
gas exchange 1{s postulated to occur by the enchancement of
diffusion(lso). In addition, the regular’ contraction of -the heart
‘causes localized lung oscillations which induce "cardiogenic" mixing
of gases. This has been- estimated to account for up to a tenfo]d(161)
increase of gas mixing as compared to spontaneous diffusion.  Strobe -
light studies of lungs during high frequency ventilation have shown an

asynchrony of movement with phase differences evident(lsz) so that

-some regions of the lung are expanding while others are contracting,

i.e. pende]uﬁt(163) which may enchance gas mixing. . Any such intra-
lung gas movement may render meanin§1ess ény oscillatory tidal volume
measurements taken ap the. level of entire lung. Stable
physiological Tlevels of arterié] blood . may be maintained with
this technique (regardless of the mechanism)(164'65). In fact, very
high f]ows of .gas in the airways without any oscillation may maintain

gas exchange at physiological levels(166),

This mode of ventilation has been employed in animals durigg
oleic acid pulmonary oedéma(14f’158) without deleterious effects and
in  human infants with respiratory distress syndrome of the#
newborn(167) and in respiratory failure with improvement ~ in
respiratory and cardiovascular -fﬁnction. “No ‘deleterious effects on
lung surfactant or lung structure have been found(lsg). ‘Indeed, since
during high frequency oscillatory venti]atibn the airway pressure is

more constant than with the large pressure swings of intermittent

positive pressure ventilation, there should be less barotrauma and
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less interference with lung function (e.g. lung lymph flow).
In investigations conducted during high frequency positive
pressure ventilation, it was found that the afferent traffic from

multi-unit slowly adapting stretch receptor recordings which - were

cyclical during intermittent positive pressure, became grouped and
irreqular during high frequency ventilation. Furthermore, efferent
phrenic nerve activityvdecreased, indicating cessation of respiratory
-drive(169). Similar work conducted during high frequency oscillatory
ventilation using single unit fibers from slowly adapting stretch
recepto;; has shown that during high frequency oscillatory ventilation
the stretch receptor discharge become continuous, again the phrenic
nefve activity is suppressed(170) and apnea ensues {reversible by
vagal section)(171). The frequency of discharge from slowly adapting
stretch receptors at a given airway pressure is higher during high
frequenéy oscillatory ventiTg%ion than during intermittent positive
p%essure ventilation, indicating a contribution from the dynamic
component of the slowly adapting stretch Eeceptors.

Since the ,vén?i1ation rate during high freqdéncy :osci11atory
ventilation is the hfghest of the rates of the three mbdes of high
freéuency ventilation, the rate of stimulation of the dynamic
component of the' slowly adapting stretch receptors would be the mbst
constant and the most different from that during‘interhittent pdsitive
pressure or sbontaneous ventilation. It is thus the best experimental
approach 1in the technique of changing the discharge from slowly
adapting stretch receptofs in | a ‘qualitative and quantit-tive

fashion., The qualitative changes are known but the qdantitative

b
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changes in the frequency of discharge from the slowly adapting stretch
receptors due to alterations in the parameters of high frequency
oscillatory ventilation are not known.

High frequency oscillatory ventilation thus appears to be a gobd
technique to a]fer the afferent input from the slowly adapting stretch
receptors if the effect of this pulmonary afferent nerve traffic on

cardiovascular reflex regulation is to be investigated.

Aims of the Present Study

This stud} was designed to inveétigate the effects of
qualitatively and quantitatively altered vagal nefvé traffic f%om thé
slowly adapting' pu]monary' stretch receptors on cardiovascular
reflexes. The alterations in vagal nérve traffic were achieved by the
use of high frequency osci]]atofy ventilation.

Answers were sought tb'the following questions:

1. What are the quantitative changes in vagal .nerve .dischérge froﬁ.
the slowly adapting pulmonary stretch receptors due to chénges in
the parameters of high frequency osci]]atbry Qenti1ation.

2. Is the reflex response of the low pressure left atrial receptors
altered during high frequency oscillatory venti]atioh, either with
respect to the réf]ex tachycardia or the' reflex hypo-osmo1af
diuresis and naturiesis. ‘ |

‘§, Is the reflex heart rate response of lthe véscu1ar]y .isolated
carotid ‘sinus to pressure changes altered during high frequency

oscillatory ventilatic:
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The dog model was used .since the techniques for determim‘ngﬁ
cardiovascular reflexes are well established 1"n the literature for

this model. . .



METHODS

"~ General

Since in this study there were four différent experimenta¥
preparations used, the description in this section shall deal initally
with aspects common to all preparations and then with the specific

aspects of each protocol.

Mongrel dogs‘weighing 16-22 kg, which had been kept fasting'on
* the morning of the' experfment were used 1in all sections of the’
experimenf. With the-excéption of fiQe dogs in protocol IA, and the
animals in 'prqtoco1s IB & IC (yi11 be séparate]y described later),
which were anesthetized with pentobarbital sodium (Nembutal, Abbott
' LaBoratories, Des Moines, Iowa) all the dogs Were anesthetized with o
chioralase (Fisher Sciéntific,_U.S.A.); The dbgs were premedicated
with morphine sulphate (dose 7 mg,su@?ptaneous]y) then thirty minutes
later they . were anesthetized with- an intravenous infusion of o
chloralase (dose 0.10§/kg) adminfsteredl via a polyethylene catheter
(I.D. 1.57 mm, Intramedic Polyethylene Tubing, Clay Adams, Parsipanny,
New Jersey) introduced through ‘thg right saphenous vein to the
ihferior- vené ‘cava. A local anesthetic (Lidocaine, dose 10 mg
xylocaine-zz,w/v Astra Phgrmaceutica] D%vision, Mississauga, Ontario)
was used to facilitate the insertion of this éatheter. Subsequently
during the experiment a steady state of='1ight anesthesia was
.maintafned by a continuous infusion of « chloralase as required to

maintaip a steady level of anesthesia (5 gn of a-chloralase in 500 ml

/
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of normal saline [0.9% NaCl w/v], dose O.Sbto 0.75 ml/kg/10 min).

When pentobarbital sor - m was used, fasting dogs were
anestheti%ed by an initial intravenous injection (dose 25 mg/kg) and
anesthesia was maintained by doses given intfavenoué]y (2.5 mg/kgq)
every 30-40 minutes to maintain a speady level of anesthesia. ‘

After the induction of anesthesia the trachea was intubated :ith
a cuffed endotracheal tube (I.D. 10 wm length 28 cm, Natioﬁal Catheter
Co.,; Argyle, N.Y.) ‘and the animal véntilated using kg‘ Harvard
Respirator (Model 607,.Harvard Instruments Co., Millis, Mass.) at a
tidal volume of 15 ml/kg And a respiratory frequency of 18 per
minute. A large bore (I.D.'V mm) ‘three way stop-cock was interposed
between the ventilator and the\éndotraéhea] tube so as to pefmit the
animal to be connected to either the Harvard or oscillatory
ventilator. The outflow from the Hérvard venti]ator.was piaced under
water to alter the end expiratqry and hence mean ai{ray pkessure as
requiféd. _Q | |

The high frequency ventilator used (Model VSMV Metrex Instruments
Ltd., Mississauga, Ontario) had an eccentric cam mechanism driving a
‘rubber diaphrégm. The oscillatory tidal volume and oscillatory
frequency settings‘could be adjusted on the ventiTafor. .

The ventilator was connected to a four way coﬁnector,using thick
walled si1a$tic tubing (I.D. 15 mm, Dow Corning Corpora®. .. Midland
Michigan). Two opposing.ports'of this four way connector wc. . used to
provide 5' crbss, &biagf flow of air enriéﬁed wifh 6xygen (4
1itres/minute; pressure 50 PSI). The gas mixturé: eoteréﬁ the

connector having passed fhrough a flow gauge (J. Nageldinger and Sons

J
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Inc., New York N.Y.) which permitted this flow to be maintained
constant. The gas leaving éhe connector passéd through a flexible
tube (I.D. 10 mm, length 210 cm., "Tygon", Johnson Industrial
Plastics, Edmonton, Cangda) before passing into the atmosphere. When .
required the tip of this tube was placed under water to‘a1ter the mean
airway pressure. The fourth part of ‘the connector was attached to the
three way stop-cock which providgd a meanc of alternately ventilating
the animal by intermittent positive pressure or high frequency
oscillatory ventilation (Figure 1).

Thq hean pressure in the trachea was measured at-the level of the
carina _by inserting a multiple side—héﬁe po]yethy1ene cannula (I.D.
1.67 mm). This cannula was connected to a transducer (P23 db Gould
'Strathém Ihstruments, Hato Rey, Puerto Rico). The systemic pressure
was measured through a cannula (I.D. 1.67 mm) fnserted into the right
femoral artery and connected to a simi1ar.transdﬁcer. The frequéncy.
respohse of the blood pressure recording‘system was found to be }ng;—/
to 30 Hz ($2%). ' The output of both transdqcers ’was' amplified and
recorded on 1light sensitive paper (Model VR12, Electronics for
Medicine/Honeywell, Pleasantville, N.Y., U.S.AL).

The esophageal temperature was monitored = (Model 43TD, Yellow
Springs Instrument Co. Yellow Springs, Ohio) and maintaiﬁed at 37+1°C
by means of heating blankets. | | R

Arterial blood gas measurements were made at the start of each
experiment and then periodically to ensure normal values
(Instrumentation | Laboratory Inc., pH/Blood Gas Analyzer 813,

Lexipgton; Mass.).
L G

S
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Protocol 1. ‘ Determinants of Slowly Adapting Stretch Receptor

Discharge Frequency During High Frequency Oscillatory Ventilation.

This section of the study investigated the effect of varying the
parameters of high frequency oscillatory ventilation on pulmonary
stretch receptor activity.

In addition to the general procedures outlined above, the
following additions were employed.

The right femoral vein was cannulated for the purpose of
administering drugs and for ‘infusions during thg‘_egperimént. The
animals were hydrated with é constant infusion}%éf 5% dextrose/.9%.
saline (2:1) at a rate such that the total infusion rate (including «
chloralose) was .1 ml/kg/min. Following this cannulation ga]]amihe
triethiodide (dose 20 mg Flaxedil, Rhone Poulenc Pharma ‘Inc.,
Montrea], Quebec) was giVen and repeated evefy 45-60 minutés, -as.
required, as a muscle relaxant.

Action -potenfia]s ‘were recorded from afferent fibers of the
.cervical vagUs.v The left vagus was dissécted away from the cafOtjd
artefy and desheathed. Strips of the vagus nerve were randomly
separated from the main'trunk and single fiBer ac;ion potentials weré
recorded frgm the-peripheﬁa] end using:s11ver electrodes. The input
from “fhé electrodes was amplified ‘(féktkonix “Type 122, Low Level
Preamplifier, Tektronix Inc., Oregon) and recorded. Thevoutput from

‘the recorder was fed into a puise discfiminatﬂr,'which provided noise
free trdcinés which wefe ‘recorded along with the EKG and preséure
tracing$ (F%gure 2).

Identification of tﬁe fibehs froh- the slowly adapting stretch
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receptors was'fac11ita£éd by obtéining an ‘audio representation of the
amplified action potential signal (Amplifier Model 32-2032 Radio
Shack, Tandy Electrgn1cs Ltd., Barrie, Ontario).

Conduct1on velocity was obtained by conventional means. The
vagus nerve was- exposed over a length of 8 cm or more. An electrical
impulse (Nerve Stimu]ator_Modé] SD9B Grass Inst. Co., Quincy, Mass.)
was applied 5-6 cm distal to the recording'e1ectrode. The conduction
velocity was calculated from the latency of the evoked response
uti]igfﬁg the pulse discriminator oscilloscope and'the measured exact
distancg betweén the stimulating and recording electrodes.

Three protocols were carried out in this series of experiments.
In all cases, a period of stabilization was allowed to elapse
Afo]]owing the completion of the surgical procedure. Since it was
ascertained that the experimental préparation did—not allow any
chanéés in bias flow without a co*responding change in end expiratory
pressure; bias flow was fixed in each section of.the experiment.

In all pﬁotoco]s‘ only recbrdihgs from singte fiber units from
slowly adapting-streych receptors were made; E%ése were idenE;fied by
e their typicd]\ cyclical discharge - pattern during> normal airway
pfessures during 1ntermitent positive‘ pressure ventilation. Eéch
sett1ng was ma1nta1ned for at least three m1nutes and record1ngs were
taken only after the frequency of d1scharges from the 576wvy adapting
stretch receptors.hadlstab111zed; Thirty second counts were obtained
in‘dupTicaté or trip1icaté ovér a nineﬁy second period and expressed

as a mean value for that setting:. These:times were.selected'on the

basis of prévious studies which indicated that the discharge from the
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s1qw1y adatping stretch receptors had reached a steady state.

In all series control recordings of the discharge of stretch
receptors du;ing intermittent~positive pressure ventilation were made
béfore and,affer each period of high frequency oscillatory ventilation
to establish the stability of the preparation;

Recordings were made from a. variable number of pulmonary stretch
receptors in each 2xperimental animal; ranging from one to six
units. As eagh anfma] has hundreds of pujmonary stretch receptors,
the exact response of which to a given airway pressure will vary as
the subtype and the location in the pulmonary free, the response of
one receptor gs influenced very little, if at all, by its being in the
same\énimal as another receptor. The receptor vagal units were picked
raﬁdom[y from the vagal nerve bundle and the results summed for all

~

the units together. This method is an accepted experimental approach

in action potential studies(l72).

il
7

Protocol I A. Slowly adapting stretch receptor discharge with

alterations in ventilatior settings of oscillatory tidal volume,

oscillatory frequency and mea: airway pressure.

In tﬁis protocol, havir, fixed bias flow, the other pargTeters of rv
high frequency oscillatory venti1atioh, oscillatory tidé]‘ volume,
oscillatory frequency and mean airway pressure were aItered
individually. Continugus_recofdings were obtained from single étretch
receptors in strips of phe cervicaLwyagus with the animal ventilated
in the 'fo11owing fashion (i) intermittent \positive - presure

ventilation (2) high frequency ‘osci11atory ventilation with the
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oscillatory tidal volume setting of the pump varied to 2.5, 5.0, and

7.5 ml/kg respectively, (3) intermittent positive pressure ventilation

(4). high frequency oscillatory ventilation with the osci11atbry
" frequency setting of the pump varied tb 8, 18 and 28 Hz respectively
(Sj intermittent positive pressure ventilation and finally (6) high
~frequency oscillatory ventialtion with the mean airway pressure varied
to 2.1, 3.0, 6.0, 9.0 and 2.1 cm water in turn. The base1iné 2Tue
of 2.1 cm water was the average mean airway pressure inherent in the
experimental preparation. .whi1é on high frequency oscillatory
ventilation only the parameter mentioned was varied and the other pump
settings‘were not altered. In‘some'of these.anima1s the conduction
ve]ocity‘waé recorded és well.

\

Protocol 1 B. Slowly adapting stretch receptor discharge with

individual alterations in oscillatory tidal volume, oscillatory

frequency and mean airway pressure.

After the completion of the above series it became apparent that
with high frequency oscillatory ventilation changes in the principal
parameter (i.e. os¢i11atoty volume, or oscillatory frequéncy) resulted
in concurrent changes in the other determinants of ventilation (i.e.
oscillatory frequency and mean airway pressure in the éase of primary
changes in oscillatory tidal volume a:d mean airway pressure in the
case of primary changes 1in oscillatory frequency). Thus, in the
second series of éxperiments, the dogs were studied fn the same
fashion as in the first except that at each setting of high frequency

oscillatory ventilation only the bfincipa] parameter - under

(-



_investigation was altered and the other parameters were fixed so that
no absolute change occurred in them due to changes in the principal
parameter. Thus, the effect of changes in only one parameter at a

time was evaluated.

\

Protocol 1 C. Combined effects of oscillatory frequency and mean

airway pressure on slowly adapting stretch receptor discharge.

In the third section of this experiment the individual effects
and interactions of the two parameters that had been identified in
protocol IB as having the greatest effect on stretch receptor
discharge were investigated.  These were oscillatory frequency and
mean ai?hay pressure. The other parameters, biaé flow and oscillatory
Qo]ume, were .kept fixed in each experimental: run. The oscillatory
frequency was fixed at each of 8, 16 and 24 Hz 1n'turn, then the mean
airway[preSSOke was randomly set at 3, 5, and.7 cm'Water.

Recordings of each stretch receptor unit during intermittent.
positive pressure ventilation were -made before ang after each change
fn oscillatory frequency was made.

Protocol II. Stimulation of Left Atrial Receptors Dun{hg In%qiﬂittent

Positive Pressure and High Frequency Oscillatory Ventilation.

' This section investigated the effect of altered afferent vagal
nerve traffic from the stretch receptors on the -reflex cardiac and
v y

renal responses to stimulation of left atrial receptors.

In addition to the general procedures outlined above - the

following adqitions were employed.
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The right femoral vein was cannulated for the purpose of
adminstering drugs and for infusions during the experiment. The
animals were hydrated with a constant infusion of 5% dextrose/.9%
saline (2:1) at a rate such that the total infusion rate (including «
chloralase) was .1 mi/kg/min.

This section of the study»consisté of four sﬁbsectiOns. In the
first 3 subsections the reflex tachycardia to left atrial receptor
stimulation was evaluated:in protocol IIA the presence of the reflex
heart rate reéponse to -left atrial stimu]a#ion during high frequency
osci1]atory vent%]ation was ascertained; in IIB the heart raté
response  was eva]uated during alterations in the respiratory
. parameters of high frequency .osci11gtory ventilation; -1n IIC the
reflex response to graded left atrial receptor stimulation was
. recorded. In protocol IID the fena] response to left atrial receptor
stimulation during high frequency oscillatory ventilation was studied.

The surgical preparation jn the first three subsections was
identical, this will be described first; while the preparation in the
fourth section was different and will be described separately.

. In the first three sections the chest was opened in fourth
intercostal space on the left and an expiratory resistanée provided by
placing the expiratory line UEder 3 cm of water. Small latex balloons
(Conform Latex Tissue Finger ACots, Ackwell Industriés Inc., Dothan,
Alabama) on polyethylene cannulae kI.D; 1.59 mm) were placed at each
of the left upper and left middle pulmonary vefn-afriai junctions and
a larger latex balloon (digit of surgical glove Roll-proof sheers,

Ingram & Bell 'Ltd, Don Mills, Ontario) on a similar cannu1a,'was=
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inserted into the left atrial appendage. A piulyethylene cannula (I.D.
1.67 mﬁ) with a side hole was inserted into thé left atrium to record
pressures. Fo]ﬁowing this cannulation the upper and middle lobes of
the left lung were tied off. The‘1eft atrial appendage and pulmonary
vein-atrial junctions were stretched by distending‘the balloons with
warm saline, the appendage with app;oximate1y 3-4 ‘ml, the vein- _
atrial junctions with hbp?dkﬁm§te1y 3,0-1.5 m]L(Figure 3).

In some of the animals 1h;Ehe second §éction thelﬁ}essure in the
inferior' vena cava was also recorded using a multiple side hole

polyethylene (I1.D. 1.77 mm) cannula inserted through the right femoral
vein.

In the fourth section the chest was opened in the same fashion.
A single 1a}ge latex balloon on a cannula was placed in the left
atrium. - A polyethylene cannula (I.D. 1.67 -mm). with a side hole was
inserted into the left atrium to record pressure. Through a midline
abdominé1 incision the ureteré Qere disected free and bOiyethy1ene
éannu]ae (I.D. 1.19 mm) with side holes were inserted and thé distal
ureters were tied off. The distai ends ‘of thé cannulae were then .
.p1aced n ca“ibraped test tube§ so that the urine output could be
measured. The atrial receptbrs were §timu1ated by distending the
large balloon so as to block the mitral orifice and raise the pressure
in the left atrium by approximately 10 cm water.(Figure 4)

Four subprotocols were carried .out in this series of
experiménts. In each case a period of at least 30 minutes, for
étabi]ization, pbst~ éurgery, was' allowed to  elapse. " As iﬁ ‘£he

previous section bias flow was fixed in each section .of the

"
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experiment.

Protocol IIA. Left atrial receptor heart rate reflex during

intermittent positive preseure and high frequency oscillatory

ventilation. \

The first protocol studied whether the refiex rise in heart rate
present during intermittent positive pressure ventilation was still
present during high frequency oscillatory venti1atioh. Intermittent
positive‘pressure ventilation, as opposed to spontaneous respiration,
was Eequired in the control periods due to the -use:hofl eurgica1
anesthesia. f

Stimulations were done first during intermittent positive

. pressure ventilation (IPPY) then during high frequency oscillatory
ventilation, then again during intermittent positive pressure
ventilation, each sequence repeated twice. Finally, the right ‘and
left ansae subclaviae were crushed and a final sequence comp1eted.

B During each sfimu1ation‘sequence, at least two minutes were recorded

»as an fnitia1 control period. The recording was continued as the
stimulus was applied for'two mfnutes. Then the stimulus was removed
and a further reco?dfn{:ébtained for five minutes or until thefheart
rate stabilized. —

A ?or the purpose of aha]yzingéthe data the heart rate Qas counted
over the final minute of each period. The eontro] value was taken to:
be the average of the two control periods. This value was compared

with the value obtajned during the period of stimulation for both the

heart rate and for.the other physiological parameters.

4



Protocol IIBY¥ Left atrial receptor heart rate reflex with variable

slowly adapting receptor discharge frequencies (during high frequency

oséi]Tatory ventilation).

In this protocol the effect on the reflex tachycardia due to left
atrial reéeptor stipulation was studied at various settings of the
high frequency oscillatory ventilatordparamefers. Work from Protocol
IA had shown that changing the pump parametgh settings of oscillatory
tid;] volume and osc111étony frequency would result in a predictable
changé in slowly adapting receptor discharge. |

Following a similar protocoi for the stimulations the following
sequence was carried out: (1) during;interm%ttent positive pressure
ventilation (2) during high frequency oscillatory ventilation with the
oscf]latory tidal volume nominally fixed at 5 ml/kg and’uosc111atory
fnéquencies of 8, 16 and 25 Hz in turn (3) during intermittent
positive pressure ventilation (4) during high frequency osci]]atory
ventilation with -the oscillatory frequency fixed at 16 Hz and volumes
of 2.5, 5;6 and 7.5 ml/kg in turn (5) during intermittent positive
pressure ventilation.

Protocol II C. Left atrial heart rate reflex with graded left atrial

receptor stimulation during intermittent positive pressure and high

frequency oscillatory ventilation.

In this protocol the effect of grading the left atrial receptor.
stimulation by varying the number of sites stimulated was studied.
Following a similar protocol for the stimulation the following

sequence was carried out: (1Y during fintermittent positive pressuré
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vent11at1on with all three ba]]oons (one each on the upper and middle
left pulmonary vein-atrial junctions and one in the left atrial
appendage) inflated (2) during intermittent positive = pressure
ventilation with only the two nu1mpnary‘vein—atria1 junction balloons
inflated (3) during intermittent positive pressure ventilation with
only one of the pulmonary vein-atrial junction balloons - inflated

4 5,6,) repetition of the above sequences 'during high frequency

,;fn11atony ventilation(7,8,9), repetition of the initial sequences on

fnterm1ttent pos1t1ve pressure venti1ation.' The high frequency

'7'vent1§&t10n parameters were an osc111at0ry tidal volume of 5 ml/kg and

a frequency of 16 Hz.

Protocol II D. Left atrial receptor renal reflex during inte-mittent

positive-pressure and high frequency oscillatory ventilation.

|

In this protocol the_‘rena1 response to left atrial receptor
stimulation was evaluated. ‘

Following a similar neriod‘ of stabilization post' surgery,
sequential ten minute urine collections - were obtained ‘until three
consecutive ones had _stabilized to %1 m].. These were taken as the
control period. The mitral valve was then obstructed by diatending
the left atrial balloon for thirty minutes and then deflating it. }
During nthe period of stimu]atian and- for forty mintues' post’
stimulation the urine collections were continuec every ten minutes.
The volume of urine was recorded and the sample then sentr for
electolyte (sodium) and osmolality measurement (Corning Flame

Photomeger, Model 430, . Corning EEL, Evans Electroselenium Ltd.,

t
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Halstead, Eng]and and Osmette S., Model N.4002, Precision Systems,
Waltham, Mass., U.S.Af. In all cases the data for the three initial
control periods, the last two periods during stimulation and the first
post stimulation and the last three periods were averaged to proQide
the control, the stimuiation and the control values. In alternate
animals the sequence of tésting was intermittent positive pressure .
Venti]ation then high frequency -osci11atory ventilation, then again
interﬁittent positivg pressure venjilqtion and the reverse'sequence.
The high frequency ventilation barameters were aﬁ oscillatory tidal

volume of 5 ml/kg and a frequency of 16 Hz.

Protocol III. Isotated Carotoid Sinus Reflex Heart ‘Rate Response

During Intermittent Positive Pressure and High Frequency Oscillatory

Ventilation.

This section investigated the effect of altered afferent 'vaqu
nerve trafffc‘from the slow]y_adapting.stretch receptors on the heart
rate response to alteration in pressure 1n‘vascu1ar1y'iso]ated'carotid
sinuses (systemic blood pressure fixed)}

In addition to the general procedhres ‘ogtlfned prgyious1y the
f6ﬁ?owing additfopé were 'emp1oyed. The right femoral veiﬁ was
cannulated for the purpose of administering drugs and fdr infusions
durjng the experiment. The animals were hydrated with a constant
infusion of .9% saline w/v ét as slow a rate a§ possible.

The dogs were'given 2,000 iu of heparin sulphate i.v. (Allen and
Hanburys, Gé1axo Canada Toronto) and one million units of crystalline
| penfdi11iﬁ (Crystapen, Galaxo Labofétories, Toronto, .Ontario). _}A‘

)
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tapefed cannula (16F, Bardic) was introduced into the Tleft femoral:
~artery and poéitioned so that the tip lay at the bifurcation of the
'abdomihal aorta. The distal end of .this cannula was connected (240 mm
1.D. 3/16" inch Nalgene 8000 Tubing) to an arterfal reservoir (clear
p]astit cylinder 340 ﬁm in height; 150 mm in diameter, volume 6.5L)

which had been primed with 500 ml -of Dextran 40 .n dextrose 5%
(Rheomacrodex 10% w/v; Phacmacia (Canada) Ltd., Dorval, Quebec) to

which had been added 1,000 ju of heparin. The pressure in the sealed
larteria1 reservoi: was maiwtained copstant by varying the balance

between (a) the inflow of pressurized air and (b) loss of pressure via
an ‘adjustab1e stop-cock (Propper, " West Gefmany). A water Heater
(Hoake, Gebrudér, Type F.E., Berlin, West Germany)ACOnnected to a coil

in the arterial reservoir maintained the blood at; 37£1.0°C.

The cervical carotid arteries at the 1level of the carotid

£
mon

bifurcationhwere carefully disected out and a meta] u" shaped cannula
(depth of "u" 3 cm, spreag of tips of "u’ 5 cm, 1.D. 3 mm) with a side
arm (length 1.7 mm, I.D. 1 mm), to which a pressure transducer (model
P23 db Gould Stratham Instruments} was attached via a polyethylene
cannuia, (I.D. 1.67 mm) was inserted. A second side arm of the "u"
shaped cannd1a (length 40 mm, I.D. 5 mm) “was connected via én
intravenous infusion set ﬂSoftset i.v. set, Cutter (Cahada) Ltd.,
Calgary, “A1berta),- through -a pressurized air traping chdmﬁer‘ (clear
plastic cylinder 230 .ﬁm x 25 mm, volume .120 cc) to the arterial
;eservdir. A roller ,pumﬁ'"(Minif Puls 2 Gibson ‘Medica1 Electronics,
Ffance) was placed between tﬁe‘artef1a1‘reservoir énd the air trapping:

chamber to "~ permit variable rates of perfusion of the' carotid
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sinuses. The reservoir and air trapping chambers were connected
(Na]gene‘ 8000 tubing). The interna] and external carotids, the
‘ occ1p1ta1 arter1es as well as any other visible arter1es were then

b11atera11y ligated; care was taken to 1nact1vate the carot1d bodies

v -

by ligating the occipité1 arteries at their origins. B]ood fr6m the
isolated sinus was allowed to flow away through small Tatera] muscu]ar
branches. A third chamber (clear plastic cylinder 205 mm in height, -
50 min 1in diameter, uOTume 400 ml non-pressurized) was cohnected
(Nalgene 8000) via the same roller pump in a reverse direction to the
~carotid sinus perfusion circuit so that the volume in the arterial
reservoir could be held constant (Figure 5).

With the above arrangement the pressure in the carotid sinuses
could be varied independently of the systemic pressureu,byk adjusting
~ the settings on the ro1{er pump. and -the pressure generated in the
carotid sinuses measured. ) The Systehit arteria]h pressure was kept
fixed by lnaintaining a cOnstant air. uresure aboue‘the blood in the
:arter1a1 reservoir; the vo]ume of blood in the- reservoir was perm1tted
to change in response to comp]wance changes in the card1ovascu1ar
system. |

At the comp]etioh of the _surgical protocol the an1ma1 was
. :rmitted to stabilize. The system1c blood presure was f1xed at 110
-to 125 mm Hg and the carutnd sinus pressure was regu]ated to 120 mm,
Hg and then raised in ‘263 mm Hg increments unt11 either no further
" changeé in heart rate was obtained or no- fu: ,her carot1d sinus pressure
1ncrement»mas poss1b1e. The carot1d s1nus pressure was then dropped

to 100 mm Hg and decreased by 20 mm Hg ‘decreases until no.further‘

3-..‘,} - _ 7 . . 0
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m,
change” in heart rate occurred. The carotid sinus pressure was then

returned to 120 mm Hg for a final control. The above protocol Was
\r»-

initially done during 1nterm1ttént positive pressure ventilation,. then -

repeated during high frequency oscillatory vent11at1on and then repeateﬁ” -

i p 'J

again during 1nterm1tttent pos1t1ve pressure vent11at1og At each»]eygﬁw
" of carotid sinus pressure, the record1ngs were obtained over a mfnut@ﬂ
on1y when all the variables were stable. The pressure at each seft1mgf

was maintained for as short a per1oﬂ as passic.. to prevent resetting of

L)

the carotid sinus



- General

error of the mean.

STATISTICAL ANALYSIS.

-y
.
v

The data is given as the a ithmetic mean plus or ninus the standard
“ - In a11 cases s1gn1f1cance was taken at p<0.05. Where two or more
tnéatments were compared by an ana]ys1s of variance (ANOVA) the Tleast

significant- difference test (LSD) at p<0.05 was used if the ANOVA was

significant.

RS

B

Prptocoi‘iﬁ Determinants of S1qw1y Adap;ang Stretch Receptor Discharge

Frequency Dur1ng H1gh Frequency 8\n11)atgry Vent11at1on

In protocol IA and IB a two wa;t§%a$ﬁ?;g of variance was used; in

;lprotpco] i a split plot analysis of variance was used. Due to the wide .

-ange "of discharge frequencies the data ih"protoco] IA and IB were also -

.eva]uated by the non-parametric Wilcoxan test. In the first prptoco1"

\

where a number of parameters changed s1mu1taneous1y, ‘an ana]ysis of -

covar1ance was used to ass1st “in de11neat1ng the pr1mary parameter'

effect apart 'from the effect of concurrent. change in’ mean a1rway
pressure.
In all ”expériments,‘ the frequenc1es of d1scharge from stretch

receptprs'fduring 1nterm1ttent pos1t1ve pressure vent11at1on Qefore,

O

osci]]atory Ventiiation were éva1uated by'a two way anaiysis~df variance

" during, and, “after .’the “experimental .protoco]n bn“ h1gh frequency

to determine 1f the exper1menta1 preparat1on had rema1ned stab]e over

the course of the study

4

R
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e

Protocol II. Stimulation of Left Atrial Reeeptors During Intermittent

Positive Pres.ure and High Frequency Oscillatory Ventilation

stadent -t test was used to

J

In p-otocols IT A, B, and C the pa1red

dete if the heart rate .change w1thﬂﬁ gﬂven set of respiratory
. W“% ,
parameters was significant during stimulation as compared to contro1

In protocol- IIA the student-t test was also used to determine if
- N

the other " physiological parameters changed dur1ng Qéy: p§:1oda of
_ 7 F

stimulation. As an alternative method of eva1uat1ng the respanseg the~)

Heart rate 1ncreased during stimulation during 1nterm1ttent7ﬁboswt1ve
'pressure ventilation for each sequence-were averaged and then\cpmpared
to the increase during high frequency oscitlatéry osgﬁ]]ation\on that
run. : \ .w " 9‘ N |
7. . .
‘In protocol IIB the two way analysis of variance was used \to
e compare'the,heart rate responses, as well as the\ether physio]ogicai
parameters, at the various settings of the respiratory’parameters ' The
responses during 1ntnrm1ttent pos1t1ve pressure ventilation ‘between the
sequences during high frequency yent11at1on were evaluated .by a two way
analysis of’ varnance. cfa,' ’
In protocol IIC the two way‘ ana]ysjsfnetA,variaﬁce was used ito
Jcompare_the hedrt rate responses at“the;varieus grades"ofvleft atrfaj
recebtpr stime1ation"as'we11 as theeother physio1ogica1 parameters for
bbth modes'ef venti]ation
In protoco1 IID the data were, ana]yzed by the pa1red student -t test
'.for urine f]ow, urine sod1um, total sod1um excret1on and osmolality. No
- eva1uat1on stat1st1ca1]y 'was done of the 1eft atrial pressure,- heart
“rate and b]ood pressure since the techn1que emp]oyed ca]led for a

. s1gn1f1cant obstruction at the m1tra1 valve (to raise Tleft at:ial

3o

\

~
7
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presure) intentionally causing a drop in blood pressure‘and a resultant

tachycardia.

Protocol III. Isolated Carotid Sinus reflex Heart Rate Response During

Intermittent Positive presure and High Frequency Oscillatory

Ventilation. .

The range of heart rates ‘in each_experimenta1 run was normalized to
a range of 0 to 100 and the arithmetic mean of the ndrma]ized heart
rates in the carotﬁd sinus pressure: ranges of 45 64, 65 84, 85-104, 105-
124, 125-144, 145-164, 165-184, 185”294 205 224 mm Hg were: .plotted
against the midpoints of these carotig sinqupressure ranges, name]y 55,
75, 95, 115, 135, 155, 75; 195, and 215 mnm;héhfréspeCt1ve1y;  This
resu1ted in a plot of normalized heart rate as a function of carotid
sinus pressure - For each';run the data for the initial and final
.controls on” intermittent pe##@%ive pressure ventilation were taken
~ together. The data below the range of 85-104 mm Hg carot%ﬁ sfnus
pressure showed a‘1eve1ing off of the.heart rate response and were not
;hc1uded in the subsequent regression analysis. The linear regression
eqdation for the pressure range: 85-224 was then determined hy the nethod
of least. squares différence for both modes of vent11a€gon (for each
exper1metna1 run). The two sets of slopes (percen; heart rate changes
per mm Hg change in carot1d sinus pressure) were compared using the
studentfi_testu; The values for normalized heart rates with-eachdmode of
ventilation at the variousylearotid sinus presdres' and the oeher
phys;e1ogica1 parameters were compared qsing' the two way ana]ysis- of

variance.



RESULTS

Protocol I. Determinants of Slowly Adapting Stretch Receptor

Discharge Frequency During High Frequency_Oscj11atory Ventilation.

Protocol IA. Slowly adapting stretch receptor dischafge with

ns in ventilator settings of oscillatory tidal volume, .

osc111atory frequency, and mean airway pressure.

In the 10 experimental animals studied the heart rate and mean
arterial pressure at the comﬁencement of the protocol 'during
intermittent posit1ve pressure ventilation were 126 4+18.3 beats/min
and 113.9+7.8 mmHg. The arterial. pH, PC02 and P02 were 7.39:+0.02,
37.411.7 mm Hg gnd 24023 mm Hg réspective]yu The frequencies of

discharge from slowly adapting receptors obfained during control

periods = during intermittent positive pressure ventilation were

24.2+3.7 25.5%4.3 ﬁnd‘25.214.5-HL‘#espective1y. These values were
calculated from the total number of aciion potentials genérated over a
minute. These values were not significantly different indicating the

functional stability of the units studied. The conduction velocity was

measured in 12 ynits at the completion of the protocol and found to be

34.1+4.3 m/sec. e

" Initially the effect of changes in oscillatory tidal volume on 25 -

stretch receptor units was studied with the oscillatory frequency pump

CSettidg at 17 Hz(Figure 6): The airway pressure and the os¢i11atory

—

‘ffrequency were perm1tted to vary freely. - As the oscillatory ‘tidal

vo1ume was changed from 2. 5 to 5.0 to 7 5 ml/kg the frequencies of

;?)
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discharge from the stretch receptors increased from 22.8&@«? to
36.245.6 to 44.6+6.8 Hz respectively; " all these frequencies -were
significantly statistically differgnt, both with parametric énd non
parametric testing. ,Although the oscillatory frequency was set at 17
sz at these settings of- oscillatory tidal -volume .the actual
oscillatory frequencies were ‘féund to be 20.250,5; 16.9+0.1 and
14.1+0.4 Hz respectjve]y; these cﬁangéé were statjstica11y
different. In addition, the values for the mean airway pressures at
these oscillatory tidal volume settings (and oscillatory frequencies)
were fouﬁ& to be 1.3+0.2, 2.140.2 and 2.6%0.2 cm water
respectively. The Tlowest value was significant1y~different from the
other two (Figure 7). |

Secondly, the effect of changes in osciT]atory frequency ohlihe
same 25 umfts was: studied. As the frequencigf were variéd from 8 to

&

18 to 28 i r’he oscillatory tidal volume was held constant at 5 m]/kg
and the airway pressure was a11owedftd»Vary freely (Figure 8). At the

- above oscillatory frequencieé the frequencies of discharge from the

stretch rggéptors . Weré" 16.8+3.7, 33.0t4.5 and 36.615.4 Hz

‘respective1y; these values are all statistically different from each

other, . both by parametric and non parametric testing. Céncurrent

changes 1in mean airway pressure were 1.2t0.2,;,2.1tb.2, 2.6+0.2 c¢m

water the values again are all statisticaly different from each other

<4

(Figure 9).

Finally in 20 units the end expiratory pressure-was varied with

‘the oscillatory frequency set at 17 Hz “and the oscf11atory. tidal

volume set at 5 ml/kg. The control mean pressure was 2.1 cm water;



. this was altered to 3.0, 6 0, 9.0 and finally 2.1 cm water in turn-‘

(Fioure 10). The frequencies of discharge altered from 31. 4t5 6

(1n1t1a1 contro]) to 46.8t8.5, 55.549.0, 53.749. 4 and 23.0+3.5 (final

61

control) Hz. The difference between the control va1ues and the other

vaiues was signaficant, both by parametric and non parametric

testing. There was no significant diffenence between the oscillatory
frequencies (Fig. 11). |

‘In this series it was apparent that variation_in the principal
parameter resulted in concurrent changes in the other parametens. lin
-..addition 1ta-appeared that mean airway pressure seemed to ha;e the
greatest 1nf1uence on the discharge from stretch receptors. Thus the

: ddta Was re ana]yzed to determ1ne the poss1b1e influence of changes in

a1rway pressune (e1ther as a pr1mary or a secondary change) on the

activity of the stretch receptov’ This analysis 1is presented

graphically for high frequency oscillatory ventilation in Figure 12.

From this data it became apparent that the changes in stretch receptor

actiVity observed with variation in oscillatory frequency and ~

oscillatory tidaf volume eou]d be, to a 1ange extent, due to changes
in a1rway pressure |

‘A two way ana]ys1s of covar1ance, compensating for the changes 1n
airway pressure,.however,,%ng1cated that the influences. of osc111atory
frequency and osc111atory tida] volume were significant (n1ease see
Discussion with respect to tnis analysis). |

Protocol IA was ‘the only section of the experiment condncted
‘partia11y ‘-under a ..eh1ora1ose"'(5 dogs)' and pantia11y under

phenobarbital (5 dogs) anesthesia.. The results with bofh modes of



anesthesia were similar, although the mean values for the frequencies
of discharge from the slowly adepting receptors tended to be higher,
but not statistically so, during phenobarbital anesthesia. (The slowly
adapting receptor frequencies of discharge during « chloralose and
phentobarbital anesthesia during changes in oscillatory t1da1 vo]ume
were 17.6+3.4, 28.5+4.1, 33.1#3.1 Hz and 26.3+9.2, 41.448.8, 52. 3:10 9
Hz respectively; during changes oscillatory frequency were 11.7+3.2,
29.414.6,  32.614.7 " Hz and 20.3t5.8, 35 4+7.0, 42. 7t8 4 Hz
respectively;during Chanqes in mean airway pressure were 20.4+4.1,

23.9+6.2, 29.3+5.6, 40.036.7, 19.2+3.5 Hz and -35.0£7.2, 54.4$10.5,

63.5£11.2, 58.3£12.2, 20.8+4.6 Hz). The data was pooled together for

analysis.

Protocol IB. Slowly adapting stretch receptor discharge with

individual alterations in oscillatory :idal volume, oscillatory

4
frequency and mean airway pressure

In the four exper1menta1 an1ma1s studied the heart rate, and mean

arterial pressure at the 'commencement of the protocol during

62

"‘1nterm1ttent pos1t1ve pressure ventilation were 163.316.3 beats/m1n

and 131.0t4.0 'm Hg. The arterial pH, PCO, PO, were 7.40#0.03;

28.7+2.4 mm Hg and 279.1+21.7 mm Hg respective]y. The frequencies of
discharge * from s1owiy aqapting stretch receptors during control
-intermittent positive pressure “venti1ation recordings, during the
initial control per1od, after osc111atory tidal volume variation, and
after | osc111atory .frequency var1at1on were 27.9£3.7, 29. 8i5 3,

28.114.4 Hz respectively.‘ These frequencies vere nqt' significantly

i)



different indicating the functional stability of the units.

The order of changes in the primary parameters was the same as -in
the first protocol. Sixteen stretch receptor units ﬁgrgfstudied. The
oscillatory tidal voTume was varied from 2.5 to 5.0 fg&7;5 m]/kg‘with
the mean airway pressure fixed at ‘3 cm water and the oscillatory
freguency fixed at 16 Hi. The frequencies of_wdischarge from the
lst;etch receptors  were 44.8t€.2, 48.246.3 agﬁ? 49.0£6.0  Hz
respectively. These frequencies were not significantly different,
either by parametric or non parametric tcsfing. |

Next the- oscillatory frequency was varied .stepwise from 8 to 16
to 28 Hz Qith the mean airway pressure fixed at 3 cm water and the
oscillatory tidal volume held co-stant at 5 ml/kg. The frequencies of
discharge from the .stretch reccptors .were 44.146.3, 46.615.8, and
52.5¢6.7 Hz respectively. Tﬁe latter value was different significantly
frdm the other two, either by parqmetric or non.parémetr{c testing.

Finally, the mean airway pressure was varied from 3 to 6 to 9 and
then again to 3 cm water. The oscillatory frequency was maintaineg-at
16 Hz and the oscillatory tidal vo]ggglnomina11y held constant. The

frequencies of discharge from the stretch recepﬁors were 50.316.4,

P%J
~ e

69.8t8.3,-81.7t9.7, 52.846.4 Hz. The two values at 3 cm fater were
not statistica11y different‘,‘either by parametric or non parametric
testing, .but the values at thevother éetting Were°differént. Frbm
these results it was concluded that the discﬁarge froﬁ“ the stretch
receptors was influenced mainly Ry the airway pre;sureﬁzﬁﬂ oscii]atqny

r

frequency (Fig. 135.
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Protocol I C. Combined effects of oscillatory frequency and mean

64

airway pressure on slowly adapting stretch receptor discharge.

In the four experimental animals Astudied, the heart rate and mean

arterial pressure at the commencement of the protocol during

intermittent positive pressure ventilation were 163.3110.0 beats/min
and 147.dt5.6 mm Hg. The arterial pH, PCO, and PQO, were 7.34+0.03,
39.7}5.4 mm Hg, 281.4154.7 mn_H§ respectively. A total of eight
-stretch receptor units were studied. The frequencie: of discharge
from the stretch receptors from the control periods during
intermittent positive pressure ventilation were 26.5t1.4, 26.1+1.3,
25.8t1.4, 25.8+1.5 Hz respectively. These frequencies were not

statistically different.

The bias flow was fixed in each run and the qg;i11atory tidal .

volume fixed at,/ﬁ,vs _m1/kg. At an oscillatory frequency of 8 Hz and mean
airway pressures of 3, 5 and 7 cm water the frequencies of discharge
from the s1qw1y‘adapting~' stretch receptors were 36.7+¢2.7, 50.4+2.3 and

61.4+2.5 Hz respectively; at an oscillatory frequency of 16 Hz and

. mean airway pressures of 3, 5, and 7 cm water the frequencies of

--dischargefrom the stretch receptors were 42.2&2.4, 53.9+2.0 and
1.7¢1.7 Hz respe‘ct~1've1y. At an oscillatory frequency of 24 Hz and
mean airway pressures‘ of"3,‘ 5 and 7 cm water, the fr‘equencies of
6}).511.7 'Hz' respectively. The split plot analysis of- variance ;ith
.frec‘iuency as the main variable showed the inf1uences of oscillatory
frequency . (p<0.05) and of mean airway pressure (p<0.01) to'-‘-:rbe

significant. There was also a significant interaction between the
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effect of mean airway pressure and oscillatory frequency with each
being greatest at jthe lowest level of the other parameter and

diminishing as th%/ other pérameter increased (i.e. at the highest

‘value of mean 'airway pressure the effect of changes in frequency was

least) (Fig. 14).

Protocol II. Stimulation of Left Atrial Receptors During Intermittent

Positive Pressure and High Frequency Oscillatory Ventilation.

S 47

Protocol II A. Left atrial- receptor heart rate reflex during

intermittent p.sitive press@gﬁizhyenti1ation and high frequency

oscillatory ventilation.

In five dogs at the commencement of the recordings the mean heart

rate, systemic blood pressure, left atrial pressure and airway

2

pressure were 95.4&11.9“beats/m¥n, 121.0t8.2 mm Hg, 6:612;6 cm water

and 4.2:0.4 cm water respectiVe1yt The arterial pH, PCO, and PO, were

‘ 7.3950.2, 31;112.9 mm,Hg and 231.7£35.5 mm Hg respectively.

In five dogs ted sequences of stretching the left atrial

pulmonary vein junction. were cdmpletedl (Figures 15,16). The mean

 heart rate increase during 'twénty stimulations during .intermittent

- rate increase was 24.5t5.4 beats/min (Figure 17). The responses were .

positive ?preésure ventilation was 23.9t3.4 beats/min. On ten

stimulations during high frequency oscillatory ventilation the heart k

not statistically different, nor was a different result obtained if

the intermittent positive pressure ventilation stimulations for each

65
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run are averaged aﬁd then compared to those during high frequency
oscillatory ventilation on that run (24.6%4.3 and 24.5%5.4 beafs/min
respectively). The: increase after sectioning the ansa subclaviae with
ten runs during intermittent positive pressure.venti1atidn~was 2.1£1.0
beats/min while during high frequency oscillatory ventilation in five
runs the heaff rate increase was 2.0t2.0 beats/min. These increases
were not‘stétistica11y signiffcanf, nor were they different from each.
other; however, they were different from the heart rgte change prfor
to ansal sectioning. | |

There was no significant cnange in.'b1ood pressure dr airway
préssure with any - the st .ulations; (Table 1) however, during both
modes of ventilation. there was a rise in left atria] pressure during
stimulation. Vhen the rise in left atrié1 pressure was compared‘to
the heart rate increase and a linear regresSion‘obtainéd by the least
squares method ~ the correlation coefficient for either mode of
ventilation was not significant (r=-.13 and r=.16 rgspective]y). (Fig; /
19). A rise in left atrial_pressure post ansal sectioning, without an
additional increase during stimulation was gbted, this would not be =
expected to .affect Afhe reflex response. With the high frequency
oscillatory system used, $1though no end eXpiratory préssﬁre was
intentionally applied, there was always'a positive airway pressuref =

The initial -control heart rate .duriné intermittent positive
preésure ventilation was 89.9:6.7 beats/min; v "iring high
frequency ventilation it was 112.7t11.3 beats/mi: ~ence that

achieves statistical significance.
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Protocol IIB. Left atrial recept&# heart rate reflex with variable

slowly adapting receptor discharge frequences (during high frequency

oscillatory ventilation)

In five dogs when the recording commenced, the mean heart rate,

systemic blood pressure, le.c atrial pressure and airway pressures
were 68.2i6.6 beats/min, 1i0.8%£9.7 mm  Hg, 10.0t1.0 cm water and 4.615

tm wéter respectively. The inferior vena caval .pressure was measured
in 3 dogs at 9.0t1.0 cm water. The arterial pH, PCO,, PO, were
7.37¢0.02, 35.6+2.7 mm Hg and 178.33142.7 mm Hg respectively.

In these »anﬁma1s the stimulation sequence described previously
was repeated eight tiﬁeSu Thus a total of 24 stimulations during
intermittent positive. ventilation and ‘eight sequences of Xaried

’ paraméters during high frequency osci]]aéoryrl ventilation were
completed. ‘The heart rate incfeases (Tab]e 2) with osc111atony:tida1
volume held constant and oscil1atony frequency Varied to ﬁ? 16 and 25
Hz' in turn were 16.0t1.7, 20.0%3.3. and 18.612.9 beats/minute

respectivé]y. The heart rate increases with oscillatory frequency

S

held constant and oscillatory tidal volume varied to 2.5 and 7.5

m1/k§vin turn were 14.0:3.8, 17.613.3 and 19.3+2.5 beats/min. (Figure’

| 20)..Takgn individually all these increases are significant, however,

there is no statistically significdnt difference between the

responses. The heart rate increases during intermittent positive

pressure -ventilation during inital control, .mid protocol and final
control were 20.0%3.5, 15.5+1.8, and i5.3+4.1 beats/min. There is no

significant difference betwgen the responses.
— v \



There was no significant difference‘inAarterial blood pressure,
left atrial pressure and infer.or vena caval pressure measured at
different - volumes, frequencies and 'th or without st1mu1at1on.
Although at any given setting the me . rway pressure did not vary
with stimu]ation,_ there was a statistically significant- increase in
mean airway presure with 1ncreasee,efther in oscd]]atony tidal volume
or osci]]atory frequency. The osc111atory1901ume in this protocd1rwas

5 mi/kg, hence the mean airway pressure tended to be lower than in the

68 -

first section where the osci11atory’tida1 volume was 7.5 mi/kg (Table -

3).. As in protocol IIA, the control heart rates were significantly
N | : R

" -higher during high frequency oscillatory ventilation, there was no -

tlsignificant difference between the heart rates at the various high
frequency oscillator settings..

- S | : :
Arterial blood gases were taken at the various high frequency

\

respirator settings. HoweVer ~in the initia] five secuences they were3

mot taken at every sett1ng.~‘ There was ' no stat1st1ca1 s1gn1f1cancd§ 1ﬁ,g

: between the sett1ngs, however ‘a trend to a 1ower pH and h1gherj
was evident at Tower Cettmgs of oscillatory t1da1 volume (Tab]e 4)

: . v
. & ° A% 3

Protoco] II C. . Left atriaT receptor heart rate ref]ex w1th graded

1eft atrial receptcr <t1mu] t1on dur1n§\1nterm1ttent pos1t1ve pressure

: L \y,. . z
vent11at1on and h1gh frequency oc111atonf vent11at1on BT

e

LR . D

)

e

«
]
w

/‘«

In f1ve dogs when the record1ng commenced the mean ‘heart rate,

A

systemwc blood pressure,'a1rway pressure and 1eft atr1a1 pressure were

3

71.6;#8.5 beats/min, 132.0t5.1 mm Hg and 2.8+0.4 c%ater, and 9.9+1.5
. . ’]a

y . L o TN
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_cmwater respectively. The‘-'arteriai pH, PCO, and P05 were 7.39;.0],

32.7¢3.4, mm Hg and 202.5+14.5 mm Hg respectwe]y. }“;\,
. In ten runs of the st1mu1at1on sequ\%nc\eJ during intermittent‘-

pos1t1ve pressure vent11at1on f"Or three,'two, and then one baHoon,

the heart .rate increases 5 were 29 8i6 0, 22. 4t5 9 and 10. O:tZ 5 “"?:

(

bea,ts"/min' the correSpondmg va]ues dur1ng high frequency osc111atory
ventﬂation (5 runs) were 25.91—7.1, 18.144.9, and 9.6t4.1 beats/mm

‘(F1gure 21) If for the runs during 1nt‘enn1'ttent positive pressurel

ventilation the initial and final contro] are averaged the va1ues are

29.8t8.0\ 22.4&8%3 : 0133 beats/min; , the JRan ..values and,
s1gn1f1cance were s1_,.‘ to those of the '

of ventﬂatmn 'there wa“’gf@@raded
b .1eve1sf of st1md1at1on, how er,, a

3.
" g . R

ca]cu]atwn. Dur1ng both mods

)
45'

'-_-'d1fference between- the varid

~-’sta*t1st1ca11y s1gn1f’1cant 1ncrease was present on1_y between one

‘method of

“V a%{oon and tany other comb1nat1on. There was 'no d1fference between w

T' o
B

the ;)éﬂex response with either mode of vent11at1on I 2.
', Contro] vheart ratef for“»three, two and one baHoons;'t"imMativons
during intermittent positive presure and high frequency oscﬂlatory
ventilations were 90.745.2, 91 95.4, * ‘88.744.9  and - 109.619.2,
112 -4i8 .5, 1‘18‘ 4:107 beats/min. 'A1though a mar}ted trend \»'as.’present,

there was no stat1st1ca,1 ‘incréase din control heart rate during high

e _ . o
frequency ventﬂatw‘n . Eva]uation of the other parameters, . blood-
pressure, and n a1rway pressure ‘showed- .no significant dif‘f.eren}ces

,w1th any contro‘l va1ues compared to . stimulation, different levels of

1eFt tr1a1 st1mu1at1on and - finally, no s1gmf1cant d1ffev=ences <.

between modes of ventﬂatmn. ~Left atrial pressure ahd mean a1rway_
. . i ’ . z - o

-
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pressure tended to be higher dur1ng 1nterm1ttent positive pressure E

ventilation but these ‘did not achieve stat1st1ca1 s1gn1f1cance

(Table 5). - _— ’
i \‘/f’\{

Protocol II D.. Left}akrfa1'receptor renal, reflex during intermjttent

»

system1&ﬁﬁ%ood pgessure_

beats/m&Q)

positiVedpressure'and high frequency oscillatory ventilation .

W ¢ )
' ' - "o,
- - Wy i . Y

.. . - L .
K " e N ‘ : o

: A1terna%§iﬁ

’(,4\ :‘\,: R ol

o
2,

i pos1t1ve pressur&@or hfgh»frequency osci]]atory vent11gtion.“r “,“ !

O

In s1x dogs wﬁenv

A

o g

an1méls‘ started on h1gh frequency ventf1at1on were 105 3+11.5

120 718 6\ | ats/min; 112 51106 mm Hg, '8, SiO 9 cm water 2. 7t0 7 c¢m

\'f‘,x‘v,x‘v o ’

- water respect1ve1y ~ The arter1 pH, PCOZ, and: P02 were 7\3910 01

y 8
38.8+2.5 o Hg and 180. Ofdl 9 mm Hg respect10e1y

PO
- !

an1ma1s weré i studied first during 1ntermittent

the record1ngs commenced the mean heart rate,'

3109 3£5.9 - Hg, -84 7t1 O cm water 3. 310 3 cm water and”

1eft atrial pressure and meas airway pressure '

- for three an1ma1s started*dhd1nterm1ttent positive pressure'and three.' ;

In these an1ma1s “the st1mu1at1on sequence descr1bed prev1ous1y '

Kl

was repéated ‘a tota] af ﬁ1ne t1mes during each mode\\of vent11at1on'

©

(F1gures 22 23) The ur1ne F1ow 1ncreased by a mean va1ue of 7. 312 0

' . m]/lO min segment dur1hg 1nterm1ttent pos1t1ve pressure vent11at1on‘

and by a mean va1ue of 6. 5t1 4 m1/10 min. segment durung high frequency
osc111atory vent11atiﬁnﬁ . Taken 1nd1V1dua11y, both of these changes
are s1gn1f1cant 'but no’ s'anificant d1fference ex1sts between them

(F1gure 24). R o ) : ;;

<

N



The totaT urinary sod1um excretion 1ncreased by 88t 17 mEq/lO
“min segment during 1nterm1ttent positive pressure ventﬂa'tilon and by
97&24 mE.q/ '10" min - segment 'during high frequency oscillatory
~ ventilation. Urine. osmo]ahty decreased by 251+55 mOsm/kg during

jvnt'ermittent positive -pressure ventilation and by 259;t4_6 mOsm/kg

smmfiwce for tota] urmary sod1um and osmolal tty were as for urine.

a2

AN,

‘dur1ng fni:ermit?ent positive pressure }centﬂatmn apd by 33. 1118 5

imEqiL dur1ng high fr‘equency osc111atory ventﬂatmn, these changes'

. ; ‘\.3
’were not s1gn11’1can'cr (Tab]e 6) The ‘mean airway pressures during

D
e .

- O
‘fnterm ttent pos1 tive, pressucre »and h1gh Frequency oscd T a¢ory
_ Y.

qVENtﬂ.atmn were 31-:0 2 and 2 7-.t0 4. cm, water reSpective]y (not

Ex ' L vl

s1gan1cant1y d1fferent) o m;f' o E
. : & . v u B

) M . -
‘ .&q, . R . v
’. N : a ,, ' -

: Protocol o

\Durmg Int\mttent Pos1t1ve Pressure and High ' F(;equency Oscﬂ]atory -

}Ventﬂatmn B | L3 " B B S PR

3

. . .
- b . M, -

. prd -
& - B

AN

=3

In’ five dogs when th‘e) recording commenced the .‘mea_n heart rate,

&,

systemic bltood pressure and awway p'r'essure ‘viere‘ 109.3¢23.2 -

"beats/mm, 118‘83&2 5 m Hg and 3 7i0 3 cm water respectwely The

'artema'l PH, -pco2 “and po2 were "7.37:0.02; 33.92.0 m .Hg and

LA
270.4+22. 1 mm Hg respectwe'ly

In . thése am’nia]s"the sequence of altering the isolated carotid

sinus  pressure was repeated once in each animal; the heart rate

during ;mgh frequency ‘osciﬂator’y " ventilation. " StatisticaT

o

AT

N

dnetf’sodium concentratmn decreased by 19 0+23.2 mEq/L °

-R "
0.

.

TR

<t
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S \
by

- - _
responses as @ function of the pressure changes in the vascu]ar]y

id s1nus were : 1nd1v1dua11y ca]cu]ated for both modes of
*y-V\ ;\t

if“»”Figure 25). The .average percent heart rate ch&nges per

mm  Hg chenge Jn garotid sinus pressure (range 84-224 mm Hglﬁnur1ng
‘fntermittent'positive pressure venti]ation was -1. 0610i09 ane ddrinp
h1gh frequency ° osc111atory ventilation was -1.10+0.09. No signifieant‘
d1fference was present (F1gure 26). During h1gh frequency vent11at1on
the curve describing the re1at10nsh1p between carottd sinus pressuré

and, heart rate was s1gn1f1cant1y sh1fted to the rigng;&

Eva]uat‘ion %f; system1c b]ood preSsure an,d mean airway - pressure
. S :
ShOWed no s1gn1f1cant d1fference bethﬁn the: var1ous carot1d s1nus

v

W

pressure sett1ngs nor the two modes of vent11at1on (Tab1e 7)

v

x-
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headings, each corresponding to one of the protocols of the study: (1)

~and in, a‘ﬁquahtatwe fasmon (dur1ng$ ‘C’i‘bn

jfr%gﬁfhe slow]y adapt1ng pu]monary stretch re tor }”_

DISCUSSION

The results of the current study can be summed up under three

—

“ determinants of stretch receptor discharge ~ frequency dUring,,highf“

.
, _ e
frequency oscj]fatory ventilation (2) heart rate and renal response to

stimulation of left atrial receptors during high frequency oscillatory
yentifgtion and (3) heart rate response due. to vascularly isolated

carotid sinus pressure changes during high frequency 'oscii1atory
, N :

ventilation. In each of protoco]s two and three, high frequency. o

osc11fatory vent&ﬂation was the technique used to a]ter the discharge

i a quant1tat1vef

Q‘the vent11atoryd

v

parameters of h1gh frequency osc111atory\«y\nt11at1on as shoWn‘ in

| protoco] one).. . The effects, of these changes !jn d1scharge were

'

evaluated wfth respect to two, we11 def1ned céﬂd1ovascu1ar ref]exes
(def1ned> by the "docation of the afferent organs) the left atrial
receftor reflex and the carot1d .sinus reflex. . These were

representative- of the intracardiac (low pressurg) and extra cardiac

it -

o : \ i
vessel, high pressure) ref1;>é§, 3 ?"/]' , ,

Vel ‘f\iﬁ P »

w

Protocol I. Determinants of Slowly Adapting Stretch Receptor
7

D1scharge Frequency During H1gh\Frequency Osc111atory Vent11at1on

,n_\z"'-a_;x o

Th1s protoco] was d1v1ded into three subsect1ons. It had been

prey1ouslx reported that during h1gh frequency ventilation the

"discharge from the* slowly adapting stretch receptors, which is



74 v

A

-~

cyclical during 1nterm1ttent positive pressure ventﬂat1on becomes -
. continuous(169 170) , Further it had been’ shown: that duq}ng h1gh \
' J&. ‘frequency oscﬂlatory ventﬂatmn‘ the ventﬂa@ry_uefﬁcacy ‘*Cgis
" determined by oscﬂ]atory frequency, a&scﬂ]atory tLda] volume, bias
flow and “airway pressure(lm) In the current study where bias flow
was fixed due to the: natur% pf the resp1ratory ci&cuit var1at1on in
the otherﬁ three parameters 1nﬂuenced the grequenmes of discharge
- from the | v]ow]y adapting " stretch receptors,if:.v i_n protoco] iA
osc111at%ry t1da1uvo‘rume, oscﬂ]atory frequency and nnean a1rway were 4

:’r
rh“ 1tered fn turn and the other variab1es were allowed to vary

ﬁf?-

free]y Increases 1n any’ of the ventﬂatory parameters caused an’

%»-incr’ease 1n th'e :"'frequency of.- discharge from- the "slowly adapting :

~.stretch reg‘%%;ters, however, due to the specific character1st1cs of the

.‘f-

high frequency ventﬂatory c1rcu1t emp]oyed primary changes 1'n ‘a
gwen ‘parameter resu1ted‘.J1n.secondary changes in the _other parameters,
"i.e. pr1mary increases i‘n’ ;‘othf oscﬂ'latory' tidal ’v\{o]ume and
oscﬂ]atory frequency both increa‘sed‘ _‘m_ea'n'" 'a}rwa;g;gj‘ p’r‘essﬁi‘gee,. and ,4
1ncrease§' in oscﬂ]atory tidal vo1u|he déQreased the . oscillatory
frequency. - It is Taossib]e- that these inter-relations were.
i‘diosyncrasies Lof ‘the high *frequency respiratory," circui\'t‘”used,
\ howevep- they do indicate that \'changes‘ Yin pa_ singlhe. ventﬂatov(*
paramete{f will s1gn1f1cant1y a]ter the d1scharge frequency from the
s]ow]y adaptmg stretch receptors in a pred1ctab1e fashion S1nce,
the san%yventﬂatory c1rcu1t was used throughout the study, th1s wou]d

hold true for all protocols.

'd

In this, as in all subsequent protocols, no attempt was made to

“ Te
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quant1fy ‘thanges in volume or the flow within the a1rways§
frequency oscillatory ventilation. Thus, ‘at the level of éhe receptor:tﬁf

the; amount of Tlocal stretch of the t1ssue, which would be

.

A'reqated to the transpu]monary pressure and hence the lung voTume, wai

aot known ~The d1ff1cu1t1es associated with quant1f1cat1on of -this
‘\,»’(’ Wi

B 1,1 .

vo]ume or flow have .been mentioned in the Introduction with respect to
intra 1ung vo]ume sh1fts and the frequency response requ1red for
measur1ng,inStrumentguoperat1ve at these frequenc1es. With the high

frequency vent1lator used 1n th1s study, dﬁtrobe light exam1nat1on of

«!: r uj\

’ ~, the venti]ator diaphragm showed a sign1f1cant deformat1on dur1ng high

5 frequenc1es The the va]ues g1ven for osc111atory t1da1 vo]ume were

»

those that were determlned by ‘the manufacturer (Metrex Inc ) for the

vo]umes de11vered at. zero 1oad (i. e zero ?mean airway presure) by a

%

very slow manua] movement of the eccentr1c , cam mechanism. i There can;

.-he“wno . assurance that th1s vo]ume rema1ned the same at h1gher

osc111atory grequené1es, “or airﬂay pressure sett1ngs. This primary
parameter sett1ng was referred to as the oscillatory tfﬂgi volume. In
addt¢1on to ‘the above observat1ons, it has been reported.by other

investigators - with open circuits similar to the one employed in this

N .
study in that during high frequency ventjlation the volume oscillated
' » N Ty . e i N

by the pump is not the volume oscillalted at the level of the airways

. ) vy . el ) . A R oo
since a varjable proportion of this. gas volume. is legst down the bias

i.' . ) : g ” ~
f]ow’thbing(1§7). This is dependent on endotracheal tube size, ajrway
: . X

resistance and numerous other factors. This problem may be partially

remedied by regu}ating gas flow in the exhaust tube\by the application

LSO

. b L :
- of an exhaust vacuum and exhaust gas flow gauge(149). However, even
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if the volume of the gas oscillated at the external end. of the
endotracheal tube fis known, the volume changes at the level of the
slowly adapting | stretch receptors, which may be affected by
1ntrapu1monarf"*gas ﬂows, are unknown. _'Therefore any” meanfngfu]
eva]uatmn of the volume stimulus _to_ the pu]monary stretch receptors
must - await further development in téchno]ogy. (Venti_]atory volume
determ'i'nations for the other two modes of hif“g}h frequency ventilatio
‘ " are equally difficu]t in that both use_a narrow g'as stream withou/
: sea1ed endotrachea] tube, thus gas additio'na1 to that inp,{.the stream

.,

may be brought 1nto the 1ungs by _the Ventur1 pr1nc1p1e) In- add1t1on

Wyt

to the prob]ems with frequency response ment1oned above, \t"he

2 b}:ransducer’ ‘available {Gould- Statham | P23db5 was - 1ntended for the

measurement of blood pressure 1n a f1u1d fﬂ]ed system, hence with'i;é;
respect to a1rway pressure on]y the mean va]ue ‘was reported and the
oscﬂ]ations in pressure dur1ng h1gh frequency ventilation were notv
commented on; a decrease in the frequency response of this system as -
compared to a ﬂu1d filled system would be expected

¥
: Tﬁg,? re- ana]ys1s of the data from protoco] IA by an analysis of -

"‘Tl.c’o variange to statist1ca11y compensate for the multiple concurrent

i
,;\'jc ‘r)

L\econdary changes with changes in the pr1mary parameter (espectally

[N S

qean airway pressure changes with any, other - parameter chénge) q;d not

show a. conc]uswn different from the initial analysis. The ana]ys1s

-

of co-variance was used in th1s instance as the best avaﬂab]e test
strict]y taken it cou1d not be appHed heré since aﬂ the secondary

[ AR
- mes occurred due to the same factor as that which caused the

pr'imary changes, hence they were not 1ndependent



The non parametric tests, applied since the spread of ‘the

4

_ frequenofes of stretch receptor discharges was so large; gave. the same

In Egptoco] IB the settings on the osc111ato;f" ;«11ator were
adJusted\so that on]y the parameter of interest wa@f;,en:
(except for osc111atory tidal, vo]ume,lfor wh1ch the pump sett1ng was
kept unchanged). Only, osc111atory fnsﬁhency and mean-- a1rway pressure
had independent effects on thé frequenc1es of d1scharge from the
slowly adapting stretch receptors " This would suggestythat the effect
%f changes in the oscillatory tidal volume on the frequencies of
/discharge from the slowly adapting pu]monary stretch receptors, in
protoco] IA ‘was via the concurrent changes - 1n mean a1rway ﬁﬂ@ssure

e

and osc111atory frequency (probably the former since with the later

A

the effect expected wou]d be the opposite to that seen)

In protocol IC these two s1gn1f1cant var1ab1es from protoco1
were investigated to determine the ‘nature of any interaction between
them. The osc111atory tidal vo]ume pump sett1ng was fixed. Not only
d1d eaoh of these variables have an 1ndependent effect on the
frequenc1es of d1scharge from the slowly adapting receptors, but a]so
the effect of,each'variab1e was greatest at the 1owest’va1ue of the

..

other. Overall it was determ1ned that in the exper1menta1

o

preparation used single increases of any of: osc111atory t1da1 voTume,
osc111atory fnequency or: e1rway press:re wou]d increase the frequenc;
of discharge from the s1owly adapt1ng pu1monary receptors but only the"rv
changes in a1rway pressure and osc111atory frequency were 1ndependent

of changes in other parameters. : ' _ .

¢!



In protong I with the exception of five andmals in“protocol IA,
the animals were anesthetized with pentobarbital sodium. In protocoti
I1 and III, and for the five animals in protocol I, Chioraﬁose was~y
used. It is usual in experdments involving measurements of action ,
potential frequency to use’ pentobarbita] sodium, induction and
maintenance are simplified and no metabolic acidocis or persistant
acid-base abnormality due to* the anesthesigjpagent occurs as’ with
ch1ora1ose(30) The card1ovascu1ar paiameters of heart rate and b]ooﬁ
presure are both e]evated _during pentobarb1ta1 anesthes1a (maklng it ‘
unsuitab]e. for the 'study 'of cand1ovascu1ar reflexes which may be
altered at .grOss]y abnormal restigg cardiovascular parameters) and
"sgme ev1den%ex1sts for 1ack of . response to left atr1a1 re"Cepto,r'

§§@§%§at1on

fﬁé&nghcy” of , act1on potent1a1 dlscharge from the s]ow]y adapt1mg

N k

| stretch receptors tended to be h1gher during pentobarbital sod1um*
v

.adm1n1strat1on, however, the responses with both anesthet1cs were

ing pentobarbital anesthes1a(174) in protoco1 IA the

stastically similar and are thus grouped together ‘in this analysis
since it is the trend of changes, rather than the actua] numeric- vaTue ;

(which variegjgréadﬂyfdue toJ;eceptor 1ocat1on and subtyped that is
“ - : 4
_1mportant. . ’ D : ' L

‘s . . N -:_" e

The 5uppress1ve effect of airway C02 on the 1ntrathorac1c stnetch; .

reCeptors is well descr1bed the same suppress1ve effect may not hold

~ ¢

for extrathoracic receptor . In a]] protoco]s arter1a1 b]ood,gases e

Ea

-were per1od1ca11y checked to mon1tor arter1a1 PCOZ,' 10 tattempt at ™
i J ~

mon1tor1ng airway PCO, " was made. Since, p1as flow - was f1xed'and the

- rate of removal of CO, Yda the bias flow may be taken as constant at*a



o

=
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-
given settTng,_ it may be assumed that the arteria] PC02 reflected the
. highest alveolar value in the presumed gradient from the alveoli to
the site of} removal (the bias flow). In the~‘protoco1s where . the
ventilator parameters were altered, 'IA, 18, IC, and IIB this arterial
b1ood‘ gas anal‘ysis'“womd_rbe of special importance. In protoco‘l 118

where repeated” measurements were taken, no stat1st1ca11y s1gn1§icant

/ d1fferences were: presenf“between the. 1eve1 of PCOZ at the various

sett1ngs a]though at 1ower oscﬂ]atory tidal vo]umes a treﬂ to'a

¥

'resp1ratory ac1doc1s was‘present A s1gn1f1cant change}f‘in the

discharge. frequency of the pu1monary slowly adaptmg stretch receptors

<,w.

‘was absent . durvingéﬂoscﬂlatory tidal vo]ume changes sugge‘s‘tmg that

*.,}(:"ixther the PCOQ T":‘i'tuanges were.not s1gn1f1cant at the Jevel " of the,

a‘luveoh or that 1’1‘#; @ s odcwred (the. changes in arterial PC02 were
w "‘?\w LR

P 'S
-such that changes o?‘ a “similar magmtu& in. the a]veoh _may be'

expected to change the receptor d1scharge) they were oppos1te 'to the

oscﬂ]atory vo1ume chan 2sand.-hence . compensated for them, th1s seems

,1ess ‘I1ke1y at sma]], osciﬂatory tida1 vo]umes where with PCO,

= retentwn the changes would be expected to be add1t1ve., This woul

°make the f1rst aTternatwe .more attractive.
P
In th1s study,‘ since the purpose of eva]uat:ng the d1scharge

i r

frequency for lupg, receptors during high »freguency ventﬂatwn was- to '

use this 1nformat1on in a study of“ heart-lung 1nteract1ons durmg,h

phys1o1og1ca1 spontaneous resmratwn, ‘:on]y the slowly "'adapting

stretch receptors were stud1ed. These were de,f1 ned by theqr dfschargef

charactéristics: * during intermittent pomtwﬁf pres‘sure ventitation. ~

vThe effect, if any on the other pu]‘inonary‘ réceptors, mye]inated and

-



* “In .the case of osc111atory frequency the dynamic component of receptor

80

unm&e]inated during this mode of uentiqation is not known.- Studies
into‘the effects of high freguency‘venti1ation on damaged lungs or on
lung function have not shown any deleterious effects which’/cou1d
predispose to activation of the other receptors. Airway_pressuhe was

képt within the range of the slawly adapting receptgss.
. . . . . l"' ‘q4‘ .

In speculating on the findings from protoco ft‘““ is 1ike1f'that o
in the case of increases in receptor dfscharge'with'increases in mean

" airway presure'the static component of receptor discharge’increased:

_d1scharge may have been _more 1mportant in determ1n1ng the oveﬁa]T
‘act1v1ty, howevét, an e1ement of air trapp1ng could have 1ncreased the -
' stat1c componeqt. No attempt was made to d1fferent1ate between these .-
- two poss1b1e 1nf1uences The absence of flow’ and vo1ume measurementsujln,
makes specu]at1on on the 1ackaof effect. due to - changeg‘hn osc111atohyi<t
t1da1 vo1ume more difficult. ‘ It is poss1b1e that no~ changes i o
oscvllatony t1da1 vo]ume occurred at tife level of . the a1rways or that . 2

- the dynam1c and stat1c components changed Jin such fash1on that they A

compensated for the1r respect1ve 1nf1uences E B "i-{ -§

In summary, protoco] I 1nd1cated that high frequency osc111atory“ 'ew5#;
ventilation” altered the “dischage’ from pulmonary stretch ?%ceptors, at
. the Beve] of the cervwca] vaga1 nerve, 1n a pred1ctab1e fash1on. An i~

1nteract1on between ghe pump parameters was a]so‘d1scovered oy
T .

T 5»

PR :
“ - : - - : %\'\
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Protoc01 1I. Stimulation of Left Atrial Receptors Dur1ng Intermittent

Pos1t1ve Pressure and. H1gh Frequency 05c111atory Vent11at1on

XA
Ju ‘a

Having confirmed in protocol I that qua11tat1ve chang&s oqgurred‘
dur1ng “high frequency ventilation in the d1scharge frequency from

slowly adapting. stretch receptors and hav1ng demonstrated that

‘q*ntitative changes in th1s ~discharge - cou]d be brought about by -
a

hering' theA>parametrs of gas. exchange dur1ng “high’ frequency
vent11at1on protocol’ IT was, undertaken to eva]uate the effect of this

i ":,')

atrial receptor- Tow - prqgsﬁre cardiovascular ref1ex. ' sets of
. ; R B -

experiments were done,‘gthe"First' three 1nvest1gated the” ref]exi~

tachycard1a wh11e ‘the last 1nvest1gated the renal response.

In the f1rst set, ‘nrotocol IIA; it was ascerta1ned -that the

!

reﬁ?ex tachycard1a that 1s well described’ dur1ng 1nterm1ttent pos1t:ve :

oA
\( ,

15 «pressure vent11at1on w1th 1eft atr1a1 receptor st1mu1at40n«1s ‘présent

)

-

e

dur1ng h1gh/frequency osc111atory vent11at1on and that it is abolished

v{} '

' altered dlscharge (qua11tat1ve1y and quant1tat1ve1y) _%§§ithe left .
Fodr

&7

i

by the same procedure, sect1on1ng of the ansa subc]av1ae the efferent_ﬁzi

1imb. of ~the -ref]ex; as dur1ng 1nterm1ttent pos1t1ve pressure;

,yentj1ation. Dur ig both modés of vent11at1on there was a significant

o

. riSe 1n 1eft' atrna] pressure dur1ng the st1mu1at1ons. The mean -’

o

. that w1th frequency vent11at1on was 1.9 cm of water : There was nofl”

assoc1ated fall® 1n\mean system1c b]ood pressure, nor. did the r1ses in

heart rate--corre]ate w1th the heart rate response. It 1s~\un11ke1y: ;

_-1ncrease w1th 1nterm1ttent pos1t1ve presSure vent11at1on was . 1 0 wh11e,1.

“that the increase:ip heart rate could be due, therefore, to a systemict -

‘&'t“ - . «
. o .

<4 . Lt
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hypotension secondary to left ,ventricular {nf1ow obstruction. ~The

> syStemic blood pressure and airway presure were sjmi]ar'during both

-modes of ventilation,: however, the resting heart rate. during _high

82

frequency ventilation was significantly higher than. 'during '

‘intermittent positive pressure ventilation. This change in resting

: LI .
_heart rate in the absence of baroreceptortactivation suggests a higher
g{;éresting sympathetic stimulation (or a1ternative]y and less -likely, a

1esser parasympathetic st1mu1at1on of the heart) The- mechaniSm of

"

such an a1tered base11ne status is: unc]eaﬂ but will be d1scussed _

D]

d]ater. A1though the ref]ex tachycardia due- to 1eft atr1a1 receptor

“stiﬁu]at1bn may - not be equ1va1ent at a11 rest1ng heart rates, s1nce

-
the goal of this protoco1 was s1mp]y to eva]uate the per1stance of

¥

th1s reflex during h1gh frequency vent11at1on this restwng ﬁhfference"

T “( k'r
' is vrrelevant.A& AT - : BN ;
oo : ,'q Tt ‘,0

) Fo]]ow1ng ansa1 sect1on1ng a.s1gn1f1cant e1evat1qn of left atr1a1

B

pressure Was present dur1ng h1gh frequency vent11at1on. This may ._ﬁ

represent onset of relat1ve Ieft ventr1cu1ar dysfunction secondary to'»

1oss of 1notrop1c sympathet1c stimu]at1on "of the’ 1eft ventr1c1e dur1ngf

a period when there are changes in sympathet1c tone e]sewhere (as

"é, - 3. &
man1fested by a]tered rest1hg heart . rate) However,‘s1nce there was

¢

no ref]ex heart rate nespdnse there is no spec1a1 s1gn1f1cance to ‘this

Tt x'.“ ,

. observat1on except to suggest a hemodynam1ca11y s1gn1f1cant a1terat1on
| 1n sympathet1c tone during h1gh frequency osc111atory vent11at1on.

In protoco] IIB wt ‘was ' demonstrated that? chang1ng the s1ow]y

’

T ada§t1ng 4 stretch receptor act1v1ty either ‘by 1ncreas1ng thes

<

osca]]atory : t1da1 ~.v01ume ,or “_oscillatory ~ frequency did nqt;_:

T > oy . N N L

b4
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significantly alter the reflex tachycardia due to left atria1’recgptor

stimulation. The range of osci]]afony %ida] volumes and frequencies

was’-se}qcted on the basis of .thel previous work, and the mean

osci11atony‘tida1 volume setting was 5 ml/kg as compared to 7.5 ml/kg

in protocol I. This resulted 1in Tlower mean airway pressures.
. ) )

~Although the ranée of'Vénti1ator“settings was determined on the basis

-~

e

of the maintenance of adequate gas exchange a mild acidocis occurrred

at an oscillatory volume of 2.5 ml/kg and ﬁt is possible that the

mildly reduced increase in heart rate at this setting could be a

consequenée (not a gtétistica11y significant reduction).

Left atrial pressufes were higher in this series than in protocol
IIA, it s possib]e ‘that with the lower airway pressureé there was
less of an obstruction to venous return and hence »betfer ~cardiac

$ .
filling as compared to protocol 11A, alternatively it is possible the

animals were better hydrated. There was no significant difference in

the inferior vena caval pressure, in the three dogs in which this was
studfed24ﬁgetween the two modes of ventilation. As in protocol IIA

3 . . .
there was a siwnificant heart rate increase with the commencement of

high frequency ventilation, however, once on this mode of ventilation

the control heart rates and the responses to stimualtion were

svatistically \equa1. As expected from protocol IA airway presure

increased - during increases of either oscillatory tidal volume or

oscillatory frequency.

In protocol IIC it was shown that, as hadf been previously

\ demonstrated. during intermittent positive pressure ventilation,

increasing the amount of left  atrial receptor stimulation - by

83



increasing the number of left atrial sites stimulated would result in

an incrgase in the reflex tachcardia. Again, the heart rates, during
the‘cohtro1 periods on intermittent positive pressure ventilation were
lower than for similar periods during high frequency ventilation.

In the final seftf\ w1 tre protgcol, 11D, it was demonstra.ed
that the renal response o lcovt atrial receptor stimulation consisting
of a hyposmolar diurésis " and naturiesis that is described during
intermittent positive pressure ventilation was preserved during high
frequency oscillatory ventilation. Again, a non statistically

significant increase in the control heart rate during ‘1 : frequency

ventilation was present.

Protocol III. Isolated Carotid Sinus Reflex Heart Rate Response

During Intermittent Positive Pressure and High Frequency Oscillatory

Ventilation. N

The third protocol investigated the effect of a qua]itative
change in thé discharge from slowly adapting stretch receptors (that

from cyclical to continuous) on the reflex heart rate response due to

pressure changes within a vascularly isolated carotid sinus with the-

systemic pressure' and hence the aortic baroreceptor stimulation
fixed. | It was fouﬁd that the percent heart rate change per mﬁ,Hg
 carotid sinus pressure change was unaltered during high frequency
ventilation compared ‘tg 1nterm{ttent positive pfessufe ventilation.

The curves def” ing this Eelationship, however, wefe,not jdentical 1in

that during high frequency ventilation the curve was shifted to the



kright 1ndicat1hg a higher carotid sinus threshold. This relationship
‘persisted throughout the range of carotid sinus pressures stud%ed and
may again be a =—anifestation of an increased sympathetiE tone during
high frequency ventilation eithér via a direct mechanism on the
carotid siﬁ&s receptors or by a change in’ the properties- of the
carotid sinus wall musclature.
éonc]usion -

vIt can be concluded that: (1) during high freqqency ventilation
the discharge of the slowly adapting stretch receptors 1is not only
altered qualitatively (becoming continuous rather ;hen cyclical)  but
agso may be altered quantitativé]y by altering the pa?ameters of gas
exchange during high frequenéy oséi]]atory ventilatjon_ (2) the
altered stretch receptor di;charge does not interfere with the
functional - integrity of the'léft atrial receptor reflex (in an open
chest preparation) nor the carotid sinus baroreceptor—reﬁléx.

Through the course of the experiment contro1. heart rates taken
during high frequency ventilation were higher than those during
intermitent positive pressure ventilation.- There was no difference in
control heart rates at different high frequency parameter settings
(Table 2) Repdrts from other studies of high frequency ventilation
have not commented on this(155:158,159) " I addition, in protocol IIA
following efferent denervation by sectioning of the ansa subclaviae
and removing the inotropic st1mg1us to ventricular function appeared
to bring about relative left ventricular dysfunction during high

frequency. but mnot during conventional ventilation. In protocol III a

85



higher carotid sinus threshold and curve of operation was found
suggesting that a decreésed parasympathetic tone was not the likely
mechanism. These findings taken together indicate a higher control
sympathetic tone during high frequency ventilation; this may be due to
obstruction to venous return since during this mode of ventilation

airway pressure is positive and unchanging. However, in protocol FIB,

where in three animals the inferior vena caval presure was measured,

no evidence for such a hypothesis was found. It is possible that in a
larger sample, evidence of caval obstruction could be found. Other
mﬁghanisms, perhaps even the -altered pg]monary stretch receptor
discharée (which at anj mean airway presure is increased during high
frequency _vent11ation)(170) increases thea.resting sympathetic tone.
Previous work(124) has shown significant augmentatfon of sympathetic
fiber discharge duringv central respiratory center d1§charge, i.e.
during phrenic nerve discharges (in a cat model with cut vagi) and
more.recenf]y it has been suggested that pulmonary afferent activity
influences this central _respiratory modu]atiod of sympathetic
discharge(125). In thié 1attér work, however Tung inflation debreaséd
sympathetic discharge. In the current work, respiratory center
activity was not monitored, however, " it is known that with high
frequency os§111atory ventilation phrenic activity(170) and perhaps
respiratory center activity3iis suppressed. The effect of pulmonary
afferents may be.greﬁter in this-ﬁetting. In spite of the(fact that

the two experiments (124,125) above do not seem to be in agreement on

the timing of changes in sympathetic discharge, it may be speéuﬂated:

that if the cardiovascular sympathet1c outflow increases (i.e.

86 -



inspiratory increase in heart rate with sinus tachycardia) with Tung

distension; then during high frequency ventilation this may cause a

chronic increase 1in sympathetic tone. Since evaluation of this:

phenomenon was not the aim of the expériments, no definite
Eonc]usiqns, # its etiology, can be drawn from the resu]ts.obtq1hed.‘

‘The aim of th1§. study was to determine the effect of altered
slowly adapting stretch receﬁtor‘ dfscharge gﬁring' high frequency
'ven£i1ation on cardiovascular reflexes; the possibility -of -oth~r
receptor activation and subsequént interactisnsA was not direétiy
addkessed. It is not known if high frequeﬁﬁy ventilation alters the

. AN . L " - . .
dischargé\from left atrial receptors (or other intracardiac receptors

both atrial  and ventricular) or from the éafétid \ginus (located in
g1ose proxim{ﬁy‘to the osci]]ating'traCheq), further it is not known
if the normal function Qf these receptors requries the respfratjoh
associated cyclical vériation in- cérdiovaécu]aﬁv volumes  and
presures. However, since respiratony.1nf1uences are not the normal
s;imu1i- for the éardiovascu]ar. receptors it is notw likely that the
change in ventilation directly affects tﬁe function of thésebreceptors

to a significant degree. Incidentally, ,du>ﬁqg/ high frequency

oscillatory venti1ation,»there is no sinus arrhythmia, however, this

observation does not clarify the mechanism of this ﬁhenomehbn due to

87

| the multiple changes with this mode of ventilation.  In every

p?gtocol, it appeared that the resting level of ‘sympqthet1c~ tone
during high frequency ventilation was higher; this ¢ou1d predisposé to
- changes in réf1ex cardiovascular arc function that would. tend to

minimize the direct effects of‘high frequenéy ventitation (jt is known



e

that tﬁe carotid sinus has efferent sympathetit:1nnervation).

On the rekpirqtqny side, as mentionéd previously, care was taken\
in‘ protocol 1 @o study only s]ow1y' adapting stretch receptors. The
role of chest wa11'¥ecepto}s(80’175), or chest musclature recepto;s,

or of the other 1lung receptors during high -frequency ventilation is

not known. Rapidly adapting (or irritant or cOugh)'recEptors(76) also

conduct via myelinated nerves, however, their discharge during control

™

perﬁdds are irregular, both with respect to the respiratory cycle and
_pattern. Théir natural\ stimulus appears -to" be either mechanica1' or
. chemical irritation. As with s1ow1yv adapting reéeptors,n their
activity isAinvers1ey re]afedvéq lung comp1{ance(176).5‘{9985“"9'that
transpu]mbnary pressure is an jmportant factor in regﬁ]ating their
discharge. The non-myé]inated fibers, divided .into either J receptors
or: bronchial C fibers, lack any resp1r;torximodu]ation in open chest
-artificially ventilated dogs even where the inflating pressure exceeds
10 cm water(177), a level not reached as the mean airway presﬁre“%n
this study. Sympa£hetic‘afferents may exist from the lung, little is

known with respect to their normal function. It is possible, that one

or more of these receptors was actfvated during this nbn physio]ogicaT .

. mode of respiration, and that the-éffeCt of its diséharge compensated -

Lok

for any changes that would have .occurred die to- discharge from the

slowly adapting stretch receptofs: It" is also possible that the

postulated rise in sympathetic tone was'due to the st?mu]ation of some
of these receptors i.e. chest wall musculature Jreceptoﬁs may help
raise sympathetic tone during exercise. .»

With réspect to thg~ central pathways and connections of these

88



that the carotid sinHS‘has efferent sympathetic innervation).
On the respiratony side, as ment1oned previous1y, care was taken

in protocol I to. study only s1ow1y adapting stretch receptors The

ro1e offcheSt wa]T receptors(80’175)” or chest musc]ature receptors,‘

or of the other 1ung receptors during h1gh frequency vent11at1on is
not known. Rapidly adapting (or 1rr1tant or cough) receptors(75) a1so
conduct via mye{inated-nerves, howeveri their dlscharge dur1ng-contro1
periods are'irreoular; both witn respect :to the respirotory~tyc1e and
pattern. Their natural tstimu]us appears~to‘ be~e1ther nechanicai or
chemical kirr1tat10n. As with \slow1y adaptkng ikeceptors,v‘their
activity is inversley re1ated to lung comp11ance(176) suggesting that
transpu]monary pressoLe is an important factor in regu1at1ng their
discharge. The non-myelinated fibers, divided 1nto e1ther J receptors
or bronchial C fibers, lack any respiratory modu1at1on 1n open chest
.art1f1c1a11y ventilated dogs even where the 1nf1at1ng pressure exceeds

10 cm water(17_z), a _1eve1 not reached as. the mean a1rway presure in

this study. . Sympathetic afferents may exist from the 1ung,'1itt1e‘is
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Known with ‘respect to their normal function. It is possible, that one

or more of these receptors was activated during this non physiological

mode of respiration, and that the effect of its discharge compensated

for any changes that -would have -occurred due to discharge. from the,

slowly adapting stretch receptors. It is also possible that the

 postulated rise in sympathetic tone was due to the stimulation of some

of these receptors ij.e. chest wall musculature receptors may help.

raise sympathetic tone during exercise.

With respect to the central pathways and connections of these



reflex arcs, no brain stem investigations were done to determine if
Many interaction occurred at a neuronal level or what the medullary
nerve traffic battern was. The altered pulmonary discharge during
high frequency ventilation was documented ag the level of the cervical
vagus, it was assamed that at the site of integratiap- of the
cardiovascular" and pulmonary reflexes, after ‘1n1t1a1 neuronal
‘ Varocéssing; no marked ‘alteration had. occurred in comparison to the
) cervical vagal .nerve traffic. !

"'Bofh of the cardiovasca1ar reflexes investigated in this study,
“the Tow. preséare intracardiac \1eft ‘atrial'wreceptors and the high
pressure,'veése1: cafotid sinu§ baroreceptors, are importanf j;. the
maintainance of cardiovascular homeostasis. When their function
becomes disordered deficiencies in regulation caa exist that may be
seriously _detrementa1 to the.-animal. -In human clinical work high
frequency osci11atoﬁy venti1atidn’ has been used for..venti1ating
critically 111 patients in whom any further instability may not be
toferatéd. Adequate functioning of all reflex-hethanisms is required
~in all such patienfs. Tha current investigation showed that the
| functioﬁa] integrity of two specific reflexes was not disturbed by
high frequency oscillatory ventilation. Moreover, it may be possible
to extrapolate that since cardiovascular homeostasis was maintained in
these anfma1s, no net significant effect on cardiac ref1e£ regulation
‘was caused by this mode of ventilation. fﬁis'finding is important in
‘the clinical app]ications of high ffequehcy' oscﬁ]]atory" ventilation.
Clinicalestudies with this mode of ventilation have also not reported

significant. cardiovascular pulmonary interactions, as would be
S~ : . . .
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expected’from the current study.

It would bevincorrect to state that based on the work presented,
no effect of the respiratory system exists on the cardiovascular
system within the physiological range, of oach system. CurrenE
evidence strongly suggests altered sympathetic tone during high:
frequency oscillatory ‘yentilation, this effect may not be due to
mechaniqa] obstructfon to venous return but to central evenis; th.
abolition of sinus arrhythmia during high i .equency oscillatory
ventf1at19n does not provide an explanation for the occurrence but
suggestS that high frequency ventilation 1ntefferes at some site in
the genesis of this phenomenon.

"Only fwo reflexes out of a great number of cardiovascular
‘reflexes were evaluated. Not all reflexes are equally susceptible'in
the same fashion to other 1influences, i.e. in studies dur;ng
intermittent positive pressure the blood presure response to changes
in isolated carotid sinhs pre§sure Qas modified but little change was
noted in the heart rate response(178). It is entirely possib]g that
an effect of altered discharge from pulmonary stretch receptors‘exists

for other reflex arcs, or different éspeéts of the reflex arcs studied

in this work.
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endotracheal tube

agus

aortic pressure:F
ECG -

3

-

FIGURE 2 VAGAL NERVE RECORDING PREPARATION: A section of desheathed
ce}Vica] vagus nerve is shown. Recordings were taken from éffereht
nerVé fibers from slowly adapfing stretch receptors (idenfified by the
typicé] discharge pattern.duringbintermittent positive pressure ven-

tilation of single unit fibers.).
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FIGURE 3 LEFT ATRIAL RECéPTOR STIMULATION (HEART RATE RESPONSE)
PREPARATION™ The heart is 111Ustrated;ﬁ(LV) left ventricle, (LA)
left atrium, (SVC) superf9r vena cava, (A0) aorta, (IVC) ififerior
vena cava. Small Tatex ba]1q9ns Qere placed at each of the left
upper and {;ft middle pulmonary veiﬁ—qtria1 junctions and a larger’
balloon was inserted into the left atrial appendage. Pressures were
measured in the left atrium,:abrta, and in'protoco1 11B in some

animals in the inferior vena cava. Distension of the balloons

stimulated the left atrial receptors.

N



FIGURE 4 .LEFT ATRIAL RECEPTOR STIMULATION (RENAL RESPONSE) PRE= -

‘PARATION' Apbrev1at1ons as in F1gure 3; (LAP) 1eft atr1a1 pressure

A single large latex ba]Toon was 1nserted 1nto the 1eft atr1um to
obstruct the mitral valve wh11e 1nf1ated ‘The ureters wete cannu]ated
to collect ur1nary output over ten m1nute 1nterva]s Inf]at1onnof

-~
the balloon caused a st1mu1at1on of ]eft atr1a1 receptors
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FIGURE 5 CAROTID SINUS STIMULATION PREPARATION: Abbreviations:
(CSP) carotid sinus pressure, (I. C. ) internal carotid, (E. C. )
external carotid, (0. A. ) oécipjta] artery, (C. C. ) common ca-
rotid, (BP) systemic blood pressure, (C1) container number one,
(C2§ container number 2, (C3) container number three, (P1) pump
number one, (P2) pump number two. The carotidksinuses were vas-
cularly iso]ated’and cannulated with a "u" shaped cannula that
permitted Soth p:essure moniforing in the carotids and a non-

- pulsatile flow taken from the arterial reservoir (C1) via a roller
pump (P1) and then via a pressure dampening chamber (C3) to be ”
infused. The left femoral artery wﬁéitonhected.to the arteriaif

" reservoir (C1), which had a water heater to maintain.the blood
teﬁpgrature, and in which é constant air pressufe was maiﬁtained |
by means of a balance between an inflow of pressurized air and é ‘
Teak of this air via an adjustable valve. F1u1d'from a third.
chambef (C2) was .re .urned to the artgrial'chamberl(CI) by the

same roller pump (P1) to repla:e f uid infused into the carotids.

Systemic blood pressure was measured.

g



FIGURE 5 CAROTID SINUS STIMULATION PREPARATION
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FIGURE b SLOWLY ADAPTING STRETCH RECEPTOR DISCHARGE RECORDINGS

" DURING VARIATION IN OSCILLATORY TIDAL VOLUME: Abbreviations:

(Act. Pot..) action potentials recorded in the cervical vagus
from slowly adapting pulmonary stretch receptors, (Paw) mean \
airway pressure, (0. T. V. ) oscillatory tidal volume, (0. F. )
“oscillatory frequency, (B. F. ) bias flow, (V. ) tidal volume,

(F. ) respiratdry frequency. Five panels are shown, in each th§7
upper half shows the sing]e.fiber afferent nerve action potentials
recorded from myelinated cervical vagal nerve fibers and the Tower -
tracing shows airway pressure. The first and fifth recordings are
during intermittent positive pressure_venti1ation; the middle
~three are during high frequéncy oscillatory ventilation, the first
with an oscf]]atory tidal volume of 2.5 mi/kg, the second wiht 5.0
ml/kg, the third with 7.5 ml/kg. .The pump osqi]]atofy frequency
was set at 16 Hz but varied with the oscillatory tfidal voiume.
Airwéy pressure was noted to increase with oscillatory tidal vo-
Tume. Bias flow was fixed. The qua]itafive chdnge in action
potential dischargé:from intermittent to constant fs evident as

1; the qualitative increase in action potential frequency Qith
increasing oscillatory tidal volume. In the pane]g recorded during
high frequency oscillatory vent11atjon the airway pressure is

initially shown as phasic and then e]éttronical]§ meaned.



1LPPYV,
Act. Pot.
Paw
(ecm Hy0)
HF.O.V,
Act, Pot,
Paw s \\
(em Hy0) [ . \
o L . \
0O.T.V. 2.6mi/kg O.F. 10Hz B.F. tOL/m \\
——————————————————— (\
\
HF.OV, ,
. -
. . .
Paw -] - \
o), [ . ——— |
0.7.V. 6.0mi’kg O.F. 10z B.F. 10L/m
H.F.O.v.
Paw’ -8
emigor [
O.T.V.7.5mi/kg  O.F. 14Hz B.F. 10L/m
LP.P.V. — -
e DL NN NN W
e
Paw -3 ¥

{em Hx0) o[\/\/\k\

V. 17mi/kg F. 1&m

5 seconds

FIGURE 6 SLOWLY ADAPTING STRETCH RECEPTOR DISCHARGE RECORDINGS

DURING VARIATION IN OSCILLATORY TIDAL VOLUME
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FIGURL 7 SLOWLY ADAPTING STRETCH RECEPTOR DISCHARGE FREQUENCIES
DURING VARIATION IN OSCILLATORY TIDAL VOLUME: Abbreviations as
in Figure 6. Abcissa: Aosci11atory tidal volume (ml/kg), Ordinate:
frequency of d;scharges from the slowly adapting, stretch receptors
in action pégéhtia1s recorded from the cervical vagus (Hz). Under
'the abcissa are concurrent changes in oscillatory frequency (Hz)
and airway pressure (cm water) at each setting of the oscillatory
tidal volume. Statistical significance (p<0.05) is indicated by
the stars ( 1*’); in the data for oscillatory -tidal Vb]ume and
osci]]atofy freguency it is given with respect to the mid value,
in the case of airway pfessure it is as indicated. The stretch
receptor discharge was different from the mid setting at both
.high and low oscillatory tidal volume settings, héwever, the
oscillatory frequency was also different at these settings. The
airway pressure was~diffefént between the lowest and any other

setting of the oscillatory tidal volume.

~

~
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BIAS FLOW ‘ held constant

FIGURE 7 SLOWLY ADAPfING STRETCH RECEPTOR DISCHARGE FREQUENCIES
DURING VARIATION IN OSCILLATORY TIDAL VOLUME



PPV,

| v
Act. Pot. I_l___-__J-—-—l&

Paw 8 ’
{em “20) 0 [: \/\/‘\/\
. ' V. 1Tmi/kg F. 18/m

: HF.O.V. ¥ .
Paw ] .
{cm H0) ° [ w
O.T.V. 8§ mi/kg O.F. 8Hz 8.F. 10L/m
HF.O.V,
Act.Pot.
Paw 5
cmo) ;[
OT.V. Smi/kg  OF.18Hz  BF. 0Lm
H.F.O.V. .
Paw ] . <
ey [ R —————
) - O.T.V. 8mirkg  O.F. 28H2 B.F.210L/m
LPPV.
Act. Pot. E - III . ) | I
* Paw L]

(em 1) OEW\/ "

V. 17mi/kg F. 18/m

S seconds

FIGURE 8 SLOWLY ADAPTING STRETCH RECEPTOR DISCHAQGE RECORDINGS
DURING VARIATION IN OSCILLATORY FREQUENCY: Abbreviations and
arrangement are as in Figure 6. A similar increase in action
potential frequéncy with increased oscillatory freqyency from

3 to 18 to 28 Hz wasuﬁreSent. Airway pressure increased with
“creasing oscillatory frequency. Bias flow was fixed. 'Osci1-.

“dal volume was at a fixed ventilator setting.
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Paw o12% 24 2.6 ¥
(cm H20) +0.2 +0.2 +0.2
BIAS ’FLOW held constant

FIGURE 9 SLOWLY ADAPTING STRETCH RECEPTOR DISCHARGE FREQUENCIES .

DURING VARIATION IN OSCILLATORY TIDAL VOLUME: Arrangement similar

to Figure 7. ‘The stretch receptor discharge freduency was different

a% both high and Tow oscillatory frequency settings as compared

with control, however, so was the airway pressure. The oscillatory

tidal volume pump setting was fixed as was the bias flow.
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OT.V. Smi/ng  OF. 100z BF. 10LIm
1LeP.Y. - &
f | R
Act.Pot . -| - . -:
Paw 10 w,
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FIGURE 10 SLOWLY ADAPTING STRETCH RECEPTOR’DISCHARGE RECORDINGS
DURING VARIAT&ON IN MEAN AIRWAY PRESSURES: Abbreviations and ar-
réngement are similar to Figure 6. A similar quantitative increase
in action potential frequeh;y with 1n¢reased airway. pressure from
3tob to 9 cm wéter was noted. ‘Oscillatory frequency was unchanged

and bias flow and the pump setting of oscillatory tidal volume were

fixed.
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‘FIGURE 11 SLOWLY ADAPTING STRETCH RECEPTOR DISCHARGE FREQUENCIES
DURING VARIATION IN MEAN AIRWAY PRESSURE: Arrangement is similar
to Figure 7. The stretch recepfor discharge freqﬁency was different
at all Tevels of airway preséure compared with control. There was
no change in oscillatory frequency. The oscillatory tidal volume

pump setting was fixed as was the bias flow.

Py
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N
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“ i
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Y o30
O
a
&
- 7
Q 20 |
Variation: ® 0.T.V.
® O.F.
10 F " A Paw
BIAS FLOW held constant
0 1l 1 ' |
3 B - 9
L . Paw (cm~H20)

AV
FIGURE 12 SLONLY ADAPTING STRETCH RECEPTOR DISCHARGE FREQUENCIES
"WITH CONCURRENT VARIATION IN MEAN AIRWAY -PRESSURE: Abcjésa: mean’.
»airway'pressure (cmlwaterj, Ordinatéi-frequenéy of»discharge; from
‘the’stretch receptors'recordéd as acfion‘potentia1s in the cervical
vagus.(Hz); Abrreviations as in Figure 6. Changes in any brimaf;
parameter produced a concurrent increase ih:airwgy pressuré and a

-similar increase in stretch receptor discharge.
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Oscillatory frequency (Hz):
° 24

ACTION POTENTIALS (Hz)
o
o
T

40 u S s 16
¢ “ + 8
3o L A n=8
4 1 —
3 5 7
Paw (cm H20)

FIGURE 14 SLOWLY ADAPTING STRETCH -RECEPTOR DISCHARGE FREQUENCIES
DURING VARIATION IN MEANAAIéWAY PRESSURE AND OSCILLATORY FREQUENCY:
" Abcissa: mean airway pressure_(cm water); Ordinate: frequency of
Hischa}ge from stretch réceptdrs recorded from the cervical vagus
(Hz). Split p'ot'ana1ysis of the efféct.bf airway pressure and
oscillatory frequency on the frequency of discharges from sTowly
adaéting stretch receptors. Differences were significant‘between

all airway pressures and all oscillatory frequencies.
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140} n=20 n=10 T
o T 1]
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HEART RATE (beats/min)
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T
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C S C C S C
IPPV : : HFOV '

FIGURE~17 HEAﬁT RATE RESPONSE DURiNG'iNTERMITTENT'POSITIVE PRESSURE
AND HIGH FREQUENCY OSCILLATORY VENTILATION WITH LEFT ATRIAL RECEPTOR
STIMULATION: Abbreviations: (C) control period, (S) stimuiation
period. Abcissa: sequential stimu]éi s during intermittent positive
pressure and high frequency oscillatory ventilation. Ordinate: 'heart
rate (beats/min). The increase.in  heart rate with each mode of ven-

‘filation was significant, but there was no difference among them.

The stars ( W) indicate statistical significance.
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HE

IPPVHFOV - IPPV HFOV
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FIGURE 18 HEART RATE RESPONSE WITH LEFT ATRIAL RECEPTOR STIM-
ULATION PRE AND POST ANSA §UBCLAVIAE SECTION: ASbreviatiohs as
in Figure 17. Abcissa: sequential results during intermittent
positive pressure and‘high frequency dsci]]atory venti]]at%on

pré and post ansal sectioning; Orainate: heart rate increase
during stimulations. Similar resuts were noted during both modes

of ventilation, the héart rate increase fo]]oWing ansal sectioning

was not significant.



113

HEART

RATE -
INCREASE | Y=24.82 +1.22x
(beats/min) r=—13

! R2=
a0l R°=0169

1 1

-15 -10 -5 0 5 10 . 15
LEFT ATRIAL PRESSURE
CHANGE. (cm Hy0)

FIGURE 19 HEART RATE INCREASE.AND LEFT ATRIAL PRESSURE CHANGE.

WITH LEFT ATRIAL RECEPTOR STIMULATION: Abcissa: change in left
atrial-pressure during left atrial receptor stimulation (cm water);
Ordinate: heart rate increase (beats/min). Data taken from sequ-
ences during intermittent positive pressure ventilation. There
was no correlation betwéen the change in left atrial pressure and

the heart rate increase. A similar lack of correlation was present

during high‘frequency ventilation.
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‘FIGURE 20 HEART RATE RESPONSES WITH LEFT ATRIAL RECEPTOR STIM-
. ULATION DURING HIGH FREQUENCY OSCILLATORY_VENTIALTION PARAMETER
vVARIATION; Abcissa:.seduential changes in oscillatory frequéncy
and o§c111atory tidal voTume;.Ordinate: heart, rate 1ncrea$es*
during left atrial receptor stimulation. = No significant difference
in heart rate increase was present during changes in either

oscillatory frequency or oscillatory tidal volume.
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FIGURE 21 HEART ﬁATE.RESPONSES'WITH GRADED LEFT ATRIAL RECEPTOR‘
S{TNULATION Abcissa: sequent1a1 left atr1a1 receptor stimulation
with one, two and three s1tes st1mu1ated during intermittent po-
sitive pressure ventilation and high frequency oscillatory ven-
tilation; Ordinate: heart ‘rate increase (begts/min). A signifi-
cantly greater increase in the heart rate response with either
two or three sites stimu]ated,l as compared to one site, was
present with both modes of ventilation. Statistical significance

is indicated by the stars ().



FIGURE 22 RENAL RESPONSE DURING INTERMITTENT POSITIVE PRESSURE
VENTILATION WITH LEFT ATRIAL RECEPTOR STIMULATION: Abbreviations:
(BP) systemic‘b]ood presshre, (LA?) left atrial pressure, (Na)
sodiUm, (C) control period, (S) stimulation period. Abcissa:
exﬁerimenta] sequence of 10 min.intervals, three intervals for the
initial control, three during stimu]étion, and four pdst stimula-
tion. For data analysis the first three and and last three were
taken as the -initial and final contol, the last two intervals |
during stimulation and the first post was taken as stimulation.
Ordinate: six panels are shown for heart rate (beats/min), blood
pressure (mm Hg), left atrial pressure (cm water), urine flow
(ﬁ]/ 10 min segment), osmolarity (mOsm/kg) and urine sodium
(mEg/L). During the stimulation period a rise in heart rate, left
atria]fpressufe, urine flow and urine sodium were pﬂesent, with

.a drop in osmolarity.
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FIGURE 22 RENAL RESPONSE DURING INTERMITTENT POSITIVE PRESSURE
VENTILATION WITH LEFT ATRIAL RECEPTOR STIMULATION
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FIGURE 23 RENAL RESPONSE DURING HIGH FREQU.ENCY OSCILLATORY
VENTILATION WITH LEFT,ATRIAL RECEPTOR STIMULATION: Abbreviations’

~and arrangements as in Figure 23. The responses were similar to -

those in Figure 23. /
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FIGURE 24 RENAL RESPONSE DURING INTERMITTENT POSITIVEaPRESSURE

AND HIGH FREQUENCY OSCILLATORY VENTILATION WITH LEFT ATRIAL RECEPTOR
‘SfIMULATION: Abbreviationsﬁ (C) control period, (S) stimulation
period. Abcissa:‘seqﬁenﬁigl responses during intermittent poSitfve
pressure énd high freguency o$c111atory ventilation. Ordinate: |
‘urine flow per 10 miﬁ fnterva] (m1). A similar significant increase

in urine flow was noted with both modes of ventilation. Statistical

significance is indicated by the stars ().
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FIGURE 25 HEART RATE RESPONSE WITH ISQLATED CAROTID SINUS
STIMULATION: Abbreviations: (C. S. P; ) carotid sinus pressure,

(IPPV I. C. ) intermitteﬁtjpdsitive pressure ventilation, initial
control; (HFOV) high' frequency oscillatory yenti]atjon;.(IPPv F. C. ).
1ntermittént positive pressure venti?ation; final control. |
Abcissa: carotid sinus pressure (mm Hg); Ordinate; heart rate
(beats/min). Curves fitted by eye. Data taken from initial inter-
mittent positive pressure ventilation run, the high frequency
oscillatory ventilation run and the final control intermittent

positive pressure ventilation run. A similarity between the

_responses was evident.



121

100

N

L

3-8 (o] ®
(o] -0 o
| I 1

% HEART RATE CHANGE (beats/min)
N
(o)
T T

0 { L | 11 1 | 1 1 .
40 80 120 160 200
"~ -C.S.P.(mm Hg)

- FIGURE 26 HEART RATE RESPONSE WITH ISOLATED CAROTID SINUS
STIMULATION: Abcissa: carotid sinus pressure (mm Hg); 0rd1nate
percent heart rate change (beats/min) [norma11zed heart rate].

The eUrves foﬁ intermittent posifive pressure venti]ation (IPPV)
aqe high frequency oscillatory venti1ation (H#OV) were fitted

b& eye. With the method of least squares for s]ope analysis

of the linear section of the curves no difference existed between
the two modes‘of Venti]atjon. 'The curve for hiéﬁ frequency vent-

‘ilation was shifted significantly to the right. The values for

the percent'heart rate change for each se :ing of the carotid
sinus pressure were obtained from repeated runs and then averaged
this resu]ted 1n the values obtained during high frequency venti-

lation not go1ng comp]ete]y from 0 to 100 percent.



TABLE 1. Physio]ogica]‘Parameters, Protocol 11A.

The values for systemic blood pressure (mm Hg), left atrial
pressure (cm water) ahd méan airway pressure (cm water) during
intermittent positive pfessure and high frequency oscillatory
ventilation pre and post ansa subclaviae sectioning are shown:

Significant changes are noted only for left atrial pressure

during periods'of stimulation prior to ansal sectioning.
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Physiological Parameters, Protocol I|IA
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TABLE 2 Mean Heart Rates, Protocol 11B

Abbreviations: (0. F.) oscillatory frequency, (0. T. V.) oscillatory
tidal volume, (C.) control periods, (S.) stimulation periods. Mean
heart rate during the various respirator parameters of protocol 118

are given; there is no significant difference between the values.

< HEART RATE
(beats/minute)

0.F. (Hz)/0.T.V.(m1/kg) C | S C

8/5 . 96.6 114.4 100.0

| £ 6.0 £ 5.6 £ 5.7

16/5 98.9 121.5 105.4

‘ +10.8 +9.8 +10.0

25/5 112.0 129.6 110.0

+ 8.9 + 6.2 +

16/2.5 . 83.8 101.9 89.5

+7.1. + 9.4 + 8.1

16/5.0 90.6 108.8 91.6
. + 7.1 + 8.1 + 6

16/7.5 - ' 100.0 121.0 103.8

+ 7.2 +7.9 + 6.1

A11 the heart rates during the stimulation periods are significantly

greater than during the control periods.
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TABLE 3 Physiological Par;ﬁiétens1 Protocol 118
Abbreviations: (B. P.()'systemic blood pressure, (L. A. P.-)
]eft.atria1 pressure, (Paw ) mean airway pressure, (I. V. C. P. )
inferior vena caval pressure, (0. F. ) oscillatory frequency,
(0. T. V. ) oscillatory tiﬁa] volume. Thereljs no signifjcant

difference among any of theiphysio]ogica] paraneters measured

at different respirator settings.
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2.7
0.5

Yol

8.8
+0.7

9.2
+0.9

2.8
iQ.ﬁ

9.0 9.0 2.6
£ 0.7 $0.9

+0.7

119.9 9.4
+0.6

119.5

119.8.

16/5

[ee]

+I

5.6

+!

5.7

+1

6:2

+l

8.4-

+1.1

8.4
+0.9

3.5

+0.4

3.5
£0.4

3.5

8.9
+10.0

9.1

+0.9

120.0 121.9 9.1
+0.8

+ 5.1

120.8

25/5

0.4

+

5.2

+

5.5

+1

8.0
+0.6

1.5 7.8 - 7.8
.i0.4 £0.6

+0.3

1.4
+0.3

9.0 9.4 1.5
+ 0.6 +0.3

+0.9

8.9
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125.5 122.6

126.0

16/2.5

4.8

+

5.3

+

+ 5.8

"16/5.0

8.4

8.2
1.1

+0.6
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+0.2

2.8

+0.2

2.7
+0.2

9.0

+ 1.0

9.1

+1.1

9.0
+1.0

123.5 123.8

123.1

5.5

+1

5.3

<+l

+ 5.9

9.0
+0.6

8.8
+0.5

4.1
+0.5

4.1
+0.5

3.9
+0.5

9.1
+ 0.9

9.1

+1.0.

122.3  125.1 9.0
+0.8

+ 4.3

127.9.

16/7.5

5.4

5.8

+1
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0.T.V. 0.F. pH pCO, ~ p0,
(m1/kg) - (Hz) (mm Hg) ~ (mm Hg)
5 16 7.40%.0]1 32.6:2.3 164.0+18.9
5 ~ 8 7.40£.02  34.8:3.4 142.8+23.1
5 25 7.40£.04  37.7:4.5 134.3:10.7
2.5 16 7.34:.02  41.2:3.7 . 143.0t12.1
7.5 16 7.48+.01 28.13.2 153.2+ 6.2

TABLE 4 ARTERIAL BLOOD GASES, PROTQCOL 11B: Abbreviations: (0. T. V. )
osci]Tatory tidal vo]uméf (0. F. ) oscillatory frequency. The various
combfnatﬁons of high frequency oséi]]atory ventilation pﬁmp paramgters
are listed in the two cp]umns on the Teft hand side and the respeéfive
arterial blood gases in the three columns on the.right hana side.

There is no stétistica]]y significant difference between any of the’
values at the different respirator setfings but a trend to a reépiratory
alkalosis at higher oscj]]atory tidal volumes and a acidocis at lower

oscillatory. tidal volumes. is presenf.
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A\

BLOOD PRESSURE - LEFT ATRIAL PRESSURE ~ MEAN AIRWAY PRESSURE

(mm Hg) (cm HZO) (cm HZO)
C S C C S C C S C

3B IPPY | 123.5 120.0 .124.0 9.9 10.0 10.0 3.4 3.4 3.

+ 3.8 - 4.2 + 4.1 1.0 1.1 +1.2 +0.1 +0.1 0.1
3B HFOV | 124.0 121.4 123.4 9.0 8.9 | 8.7 2.8 2.8 2.8

+53 +£6.9 +5.6 +2.1 #2.1 '£2.0 £0.4 +0.4 0.4
28 IPPY 124.0 125.0 124.5 10.0 =~ 9.7 9.6 3.4 3.5 3

£ 4.1 + 4.4 + 4.1 +1.2 +1.3 1.0 {. +0.1 =+0.2 +0.1
2B HFOV | 122.4 125.0 125.2 8.7 9.1 8.9 2.8 2.8 2.8

+ 5.1 £+ 5.7 + 4.1 +2.0 2.1 +2.1 +0.4 +0.4 0.4
1B IPPV | 124.5 125.5 125.0 9.6 9.5 9.6 3.4 3.4 3.4

+ 4.1 + 4.3 + 4.2 1.0 #1.1 +1.0 0.1 +0.1 =0.1
1B HFOV | 123.6 122.6 124.0 9.1 8.7 8.9 2.8 2.8 2.7

+ 50 +5.6 *+7.3 +1.9 iZ(Ju;;2.1 +0.4 +0.4 0.4
IPPV - n=10
HPOV -'n=5

TABLE 5  PHYSIOLOGICAL PAPMETERS, PROTOCOL 11C:Abbreviations: (B) balloon.
Table arranged as in Table 1. There is no difference between the hemo-

dynamic parameters or airway pressure with any of the varied number of

sites of stimulation or with either of 1ntermittent'posit1ve pressure or

hiéh frequéncy oscillatory ventilation..
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IPPV ' HFOV
C S C C S C
OSMOLALITY 940 621 804 .| 853 567 799
mOsm/kg +74 72 71 " +86 %56 +82
' P < .05 — P < .05
4l : ]
NA 1.59 2.57 1.84" 1.69 2.72 1.81
mEq/10 min +.48 +.62. *.46 +.43 £.53 +.37
P < .05 P < .05
CNA . 212 201 228 196 168 206
mEq/1 +37 +23 +30 +35  +23 +32
' : NS E NS

TABLE 6 URINARY PARAMETERS, PROTOCOL 110: Abbreviations: (C) control
periods, (S) stiﬁu]ation period. Significant decreases in urinary
osmolality and increases in total sodium excretion were present

with botﬁ 1ntermitfent bositive;pressure and high frequency oscil-
latory vénti]atioh. No change in urine sodium concentration wés.v

recorded.



130

Carotid Sinus
Pressure
(mmHg)

‘55
75
95

115

135

155

175

195

215

* Systemic Blood

Pressure
(mmHg )
IPPY HFOV
125.0%6.1 122.0+0.
124.4+4.5 121.2%4,
121.7+4.4 118.0+3.
125.3+3.1 123 3+3.
129.5%3.1 129.4+5,
129.8:4.1 117.522.
126.4+3.2 124.7+3.
131.0:2.5 125.045.
131.7+4.8 135.0:+0.

O PO PO - p OO

IPPV

2w W W W W W W W
e« & & 2 e & & s e

P P T PR
=N W NN NN

Mean Airway
Pressure
(cm water)

HFOV

.30,
.920.
70,
.7+0.
.70,
.9+0.

R w0 W W W W W W
O O W NN W O

TABLE 7 PHYSIOLOGICAL PARAMETERS, PROTOCOL 111: The values for systemic

blood pressure (mm Hg) and for mean airway preséure (cm water) for

each step increment of carotid sinus pressure (mm Hg) are shown

both during intermittent positive pressure and high frequency oscillatory

ventilation. There was no statistically significant difference

between values at different carotid sinus pressures or modes of ven-

-
‘tilation.
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