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CHANGES IN CARDIAC QUTPUT FOLIOWING THE ADMINISTRATION
OF SARTN AND OTHER PHARMACOLOGICAL AGENTS

PART 2, Correlation of ballistonardiographic and direct
flow measurements the dog, and observatiorson
the effects of Sarir.

By

ReJ, Shephard
SUMMARY

1o Ballistocardiograph (B,CeG.) estimates of cardiac output in the dog
have been compared with direct measurements of aortic flow made by venturi
tube canmila,

2, The relationship between indirect and direct flow measurements was

not linear, but the B,C.G. gave a correct qualitative index of flow changes
produced by Sarin, prersor z..lnes, and hasmarchane o llomang 0 o7 PRI
inhalation the B.0.G. indiocated a small inorease cf cardxas sutput noc snown
by the sortic flow-meter,

3¢ Tit+lo improvement in the accuracy of the B.C.G. oan be expocted from
modificutions of table design, since the errcyy arisc mainiy fror the action
of the drugs tostold on sortic ercss wscticn; pueipheral vas.alzy tone, rate
of cardiuc ejection, and overlap of successive ballistis waves.

4y Sarin had no effect on the cardiovascular systom of’ the dog at a dose
of 5 pa/kg.

A dose of 20 pg/kg gave slowing ot the pulse and a tall of blood pressure,
but an increase of stroke volume, after 1 lag poriod of 20 ~ 180 sec. Thuse
chanﬁes were roversed by 1,2 mg of atropine (with continued artificial respira~

tion), but in some cases the blood pressure later again folil This se
offosd was revarsed by prossor amints. & . secondary

(sgds) O, Lovatt Evans,
Head, Physiology Seotion,

(sgd.) WeS.Se Ladell,
RIS/BHP. Assistant Director(Medical),
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INTRODUOTTION

Although the ballistocardiograph (Be0sG,) gives some indication of
oardiac output, it is nocessary also to use more direot methods of flow
moasurement to validate tho changes obsorved in a given test situation.

For reasons discussed in the provious paper, direct measurements of cardiac
output were not poasiblo in miw experinunsal subjocta. Tih. nancrew
calibration was thoreforo caxried out on the dog, usiuy + EGaLsu-GOWL TeUels
Those experimsnts are now reported.

Diract measuremonts of aortic flow and cardiac output ocaloulated
from the B,CeG, have beon ocompared during e administration of “arin
(isopropyl. methyl vhesrhenofluorid.ts), ard alic £0ilowing « L. ber of
proccduxss giving large changes of blood pressure, sinne it has beon suggosted
that thz() I)i.O.G. is partioularly liablo to oxrvor vhore ths blood presswre varies
widely (1).

Much larger doses of Sarin coudd bo given to the dogs than would be possible
in human axperimonts. DPrevious authors have found a oconsiderable dearease of
cardiac output following large doses of cholinesterase inhibitors (2, 3), and
it has beon suggested (4, 5, 6) that in somo speocios cardiac or peripheral
vagoular failure has been & factor in late deaths, despite treatment with
atropine. This has considerable practical importance, for if a deprossion of
cardiac output ocourred in human subjeots, this might point a need for pressor
amines in tho {reatment of severe cholir-uterass polsoning, as suggested by
do Candole (4-6)s Accordingly, oonsic.ration has boen given to the ¢« ‘'ots
of presscr awines, and their value is therapy.

METHCDS

1s Preparation, Hongrel dogs of 10-15 kg/wt wore anaesthetized with
pentobarvitone sodium B,Pe (1 ml/kg I P. of solution 45 mg/ml in 10% alcvhol).
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Drugs were aduinistored via a canmula in the proxiial end of the external
Jugular vein, and a second cannula in the distal end served for the cclilection
of blood samples, Intra-arterial prossures weie recorded by u carotid cannula
conngctod to a saline~filled capacitancoe manorwter. A trachesl cannula
preraitted controlled respiretion. The descending aorta was exposed through
the fifth or sixth intercostal space, and after tying intercostal vossels,

a stainless stoel venturi tube was inserted into tho aorta, The main
disadvantage of this tochnique was the need for a full dose of heparin to
prevent clotaing within the cannula, This led to venous cozing, particularly
within the thorax, and a consequent deterioration in the general condition of
the aninal despite intravenous infusion of "Dextran" (stecile non-pyrogenic
solution, 10% w/v in 5% dextrose)s The initial hypotension noted in some
experinont: aid not imalidato the corparison of ByDeG, and direct “lrw
raccds; wadewd it probably made the corparicon more searching,  However,

it Lovld heve voen a factor increasing the apparent value of pressor amines

in the therapy of Sarin pcisoning,

When preparation of the animal was corplete, it was transferred to a
low-froquency critically damped B,CsGe table as describod in the previous
papor (1), Hot water bottlos wore applied between rocordings to prevsnt
a fall of body temporatura,

2, Aortic flow measurerent

(a) Technique. A stainloss steel venturi tube flowrvator cannula was
designed to goneral princivles Jascribed Ly wwer (7). the $mlst snuls Wt
20° and the outlet 50 {Fige1). Tho prossure tappings Werv Laitsalsy Gade
very small (14/10,000 in.g to avoid disturbing pressure/flow relationships
in the orimary axis of the tube, but problens arose fron air locks and
clottiny of blood within the tappingse 4 second iodol with largor (1/16 in,)
tappings overcene these difficulties, and still -ave o water calihw:lion curve
corresponding clogely with the *thecretloll® rusulis for = vonlucd vube of thesu
dimensions {Figs1). The calibration curve for whole biood was rather different,
prosunebly owing to the onmet of turbulenco within the constriotion, but was
s+ill reproducible, and the differontial pressure was of a sultable order for
estimating aortic flow.

Differontial pressures were mpasured by a prossurized U-~tube; the upper
ends of the two arms were connected via a three-way tup, and the anount cf alr
in the system adjusted so that blood rose about half way up the two tubes,

* Application of Bernouilli's thoorem shods that in a perfeot venturi sysi.
with no loss of pressure head:

Py =Py V22 - V12 where Py and Py are tho respective pressures
- 22 and V4 and Vy tho respoctive lincar velocities

hofore and aftor entering the constriction,
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Flow was caloulated rrom the mean differential pressure at any given tine,
using the blood calibration ocurve of Fige1.

(b) Sources of error.

(1) Viscosity chances. Since flow is turbulent tue differential
Prossure across The venturl is viscosity dependent. A gradual alteration
of vir~ouity will result fron the Dextran infusion, but this should not

be sufficient to mask the relative changes produced Ly the different drugs.
Alterations of haematoorit following Sarin administration are small and
insufficient to account for the observed changes of differential pressure,

t43; Phario chanpus of flow, These wero minimized by t.us air
conneotirg the two 1imbs of the U~tube, As Ower (7) has pointed out,
errors from pulsatile flow in a venturi are small if flow varictious are
kept below 25% of mean flow,

(4i1) Redistribution cs flow, The principle of calibration tacitly
agsumes that the venturi tuoe in the descending aorta receives a constant
proportion of the total cardiac output, Howover, there is at present no
reason to suppose that sarin produces a redistribution of flow betwoen
the upper and lewer halves of the body,

3, BeC.G. cardiac output measureent. The sirple empirical formmla
AesorThed in the pravious paper of this series was used to calculate
relative cardisc output:

releiive stroke volums = 1IJ amplitude x blood pressure factor
17 time

Values for cerdiac output were corputsd using both tho erpirical bleod
ragsure factar of Wickerson, ar? aiso the mcdxfisa dloc i p.”3sure factes
rived frou Roy's aoriic pressure/volume curve,

RESULTS

1s  Couparison of B:0,G, -nd asortic flow. Extensive comparisons of the
B.0,G, cardiac output values with directly metered sortic flow rates .ere
carried out in three dogs over a wide range of blood pressures fron severe
hypertension to ‘terminal hypotension., Findings in the three animnls were

essentially sinilar, and to permit pooling of the data; flow values have
been oxpressed as ml/kg/min,

When insertion of the aortioc cannule and othor surgical proced -s
had boen completed, the dogs wore in a state of moderate hypotonsion ,mean
systomic Liood pressure 50«70 i Hg)e At this stage, tho B,CeG. apperatus
vwizg so eijusted that the ratio of B.C,G, to direct flow reading was unity or
2 littlo less. Blood pressure was then increased by pressor anmines, and
finally reduced to vary low values by prolonged bleeding, Qualitative
agreorent between the B,C.G. and direct flow reaiings was maintained throughout
these wxperiments, but a quantitative relationship could not be demonstrated
over more than a limited range o' olocd pressurss (Fig.2, Table 1).
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Assuning tho descending aorta to receive one half of the total
cardiac output, the observed absolute flow values conformed quite well
with previous figures for Cdogs under barbiturate anaastheaia?g). With either
nothod of calculation, tho BsCeG, over-estimated the flow at high blood
pressures, and under-estimated the flow at low pressures; exprersing the
calibration in terms of a ratio (Table 1), the Nickerson formila yielded
a ton-fold change of slope,® and with the modified blood-pressure factor a
four-fold change of slopu still ocourred over this range of blood pressures.

2, Effoct »f Sarin, H,C.G. readings were obtainod from five dogs during

the oourso of troatmont with sarin and atropine. Resulte are surmarized

%‘ni Tablo 2, and detailed values for onc experiment on dog 1 are piotted in
Belte

An intcav-ious ucss of 5 pg/ﬁcg produced no consistent change ¢ ° puise
raie, and atthoogh tie B.CeG. did jndicate a small decrease of cardiac output,
hi~ was not confirmed by direct flow measurements, The oritical dose nceded
to produce cardiac alowing was of tiiz order 20 wg/kge In one dog (No.5),
slowing was produced by 15 ug/kg, dut only after a lag of 5 min, In throe
dogs, a dose of 20 ug/kg produced sudden and marked cardiac slowing from
20 ~ 180 sec after the injeotion, In the rrmaining animal (No.3) 20 pg/kg
of sarin had little effect, but 2 min aftor injootion of an additional 10 pg/kg
the pulse becare buih slow and irrvegular, The lesser sensitivity of this
animal to sarin camot be attributed to the size of the blood cholinesterase
pool (Table 2), and for the present it remains unexplained.

Slowing of the heart was assooiated with a fall of blood prossure
(aiastolic greater than systoli-) snd of uaicusated cexrdi: = etput. Put ~'wllo
voiume was normal or increased, The directly measured 1.uv in wiv d8Scurding
aorta also shoved scme dscrease, but this was never as great as indicated by
the B,0.G. (Figse 3 and 4), In the experiment illustrated, both the long lag
period prior to tho response and the partial recovery of B.0,G, and aireot flow
neasurenents during succeeding ninutes suggest that the total dose of sarin
received (20 wz/kgg was only Jjust sufMolent to producs o exsr 2t o the heerh,
This is in striking contrast to the blocd cholinesterase values, which remained
80% depressed. (Table 2).

An intravenous injection of 0,10 « C.12 ng/kg atropine was sufficient to
restore the pulse rate to thw viw~sarin value in all dogse In dog No.h a
smaller dose (0,06 mg/kg) was givon, but vwhen tho pulse rate continued to
deteriorate, a scoond injection was given. In the experiment illustrated in
Fig.4, the offoct of atropine was apparent within 410 seoonds but in other dogs
showing an earlier and more marked showing of tho pulse with sarin, the same
dose of atropine sometimes took 30 seconds to produce a response, In all

cases, the increase of pulse rate occurred quite suadenly, Imediately, both
systo‘iic and diastolic pressures were clovated sbove previous resting valv -.

end hoth the B,f:,G, and the aortic canmula peasurerents indicated a riso o.
cardiac output, Husever, tho alteration in caxdiac output indicated by the
B,0.G. was muoch distorted by the associated changss of blood presswe. In
the experiuents ofFig, 4, the blood pressure correcticn factor was sufficiently
large tc oonvert a deorease of B,C,Ge amplitude to an increase of calculated
cardi» output, Obviously in such circurstances, the B.C.G. cannot have more
than qualitaiive significance.
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The smll secoydary fall of blood pressure seen in the minutes following
atropine injeotionmeFig.iy) my in this exporinent indicate no more than relief
of tissuo hypoxia doveloped éuring the period of cardiac sl-wing, In othor
dogs (particulayily No,3 and No.5), the later deterioration of blood prossure
and cardiac output was marked., Intravenous administration of aranine
(1aovo~1 (ir-hydroxy phonyl) 2 anino l~propanol hydrogen-d-tartrate) at this
staga gave a very dramatic if briof restoration of both blood pressure and
cardiac output (Figs, 3 and 5)e

3o Effect of anyl nitrite. 4 crushed oapsule of apyl nitritc (5 minims)
was held over thT; Inlet part of the Palmer respiration pump: A vapid fall

»f both systolic axd diastolio pressuro was obsorved (Fig,6), but there was
1ittic evidonce cf tho ocoupensatory %achyccrdia seonin man (9  2ither because
tho yrussov refloxes had been doprossed by anagsthesia,or because tho initial
hypotonsion was already giving maximal stirmlation of the refloxes concerneds
The B,CsGs showed a lorge increaso in the arplitude of the 1J waves, but little
chango of cardiac output (a small inorcase of stroke velume <254, developing
ovor tha course of tho first minute), Agnin, a large pressure correction
faotor was involved in the caloulation, and the result was shown to boe in orror
by direot flow roasurements which indicatod no changs of cardiac output apart
fron a fall of 3% in first ninuto,

L. Effect of prossor aidnes, 4n injoction of 0,5 ng of adrenaline tartrate
govo o dramatic but transiont iise of both systolic and diastolic pressures,
with an incroasc of pulse rato (Fige7)s Both B,0,G, and aortic canmula
showed an incroase of cardiac cutpuk; althiugh owing 5 the larme cher~ - ¢
"Bloodprossure” factor, the BeleGe Much Gxuggurtlul .. .iwg.liudd 0. CL.ONKO.
Ephedrinoe sulphate (410 mg) produced a smaller but more sustainod rise of blood
pressurg, and a largor increase of pulse rate, Both B,0,G. and cannula showed

2 cwatained increase of cardiac output, but again the magnitude of change was
aagrerited by tho B,0eG,

In othor 2ogs, ararias bitarirato was adninisteved in 10 ng doses, Tho
rise of blvod pressure was as largo as with adrenaline, but was more persistent,
Both the B,CeGs and aortic cannula measurements showed an increase of flow, but
again the BeCsG, rmch exaggoraved the chango,

5»  Controlled haomorrhage, After adninistration of prossor anines, ..ost
ox;g:rimnts wore terixinated by deliborate bloeding fion the external jumlar
voin.  This gave a progressive fall of blood pressure (Fig.7), ond torminally
a fall of pulse rate, Both the B,0,G, and tho sortic canmnula indicated a
rrogressive reduction of cardiac output,

DISCUSSION

1, Yalidity of B,C.G. techniquo. The prosent observations have shovn that
in & Wide vericly of oxperinental situations: after aduinistration of sarin,
adrenaline, ephedrine, or aranine, and during controlled haerorrhaze, the
BaUsfre gave a correct qualifative indication of changes in coxdiac output,
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Only with amyl nitrite did it indicate a small increase of flow vhere in fact
no change oocurred,

The calibration curve against directly measured aortic flow-rates wes
non-linear, and in sormw cases changes of flow were grossly exaggerated,
This is not surprising since the agents testcd modify asortic oroas-section,
poripheral vascular tone, the rate of cardiac ejection, and pulse rate and
hence overlep of' successive ballistic waves; indeced, it is romarkable that
tho BsCeG, is 8¢ successful as a qualitative indicator of cardiac output,
These factors, together with other sources of error such as variatiorns in
cardiac axis and heart/body coupling are largely outside the control of the
investigstor, and are unlikely to be overcome by any further improvemonts in
table design. The resulis show that quantitetive obsorvations especis? iy
or nan ghould 1, confirrcd by direct flow measurcronts in an experimental
unimal, narticularly where large changes of systemic blood pressure are
involveu,

The BeCeGe is useful, however, in showing the absence of change, Since
sarin produced no measurable effact on any cardinc parsmeter in the dog at
doses knovm to be safe in man, the B,C.G, may thus be considered an edequato

tool to investigate the effects of this agent on the human heart, at these
doses.

2 The sffect of larger doses of sarin, Genuine effects upon the cardio-
vasoular systen wore ncted when the dose of sarin was inoreased from 5 to 20 pcv/kg.,
The letter dose cpproximates the lower of two estimates of intravenous ID50 for

the dog (19 ng/kg - 29 pg/kg) and tLe obsorved darvessincn of * -3 sosl choi. . . esso
vas in keeping with dosage of this order,

Dospita_their poor clinical condition due to the tg:c'olon{;ed general anaesthesia
and inevitable 7nss of blood during praparation even this dose soreiines took as
long as three njnutes %o  produce cardiac showung «d a fall of candiac output,
Direct meagurements of sortic flev chowed lhat the 221l of ouipub .as c.e si!‘.lp1¥
to the cardiag slo s:, and_stroke volume ri.ght aotual%g be increased - at leas
initially, wl:lsoﬁ 0) made sinilar observations in the isolated heart-lung
preparation of the dogy large doses of GB almost halved tho heart rate, but
cardiac output decreased by only 7%, Askew (14) also found that in the isolated

rat heart, perfusion with GB dearesssd tiw rate but not the aplitude of cacdiuc
contractions,

A single injeotion of atropine (1.2 ng i.v.) rapidly restored a normal

ulse rate, The ate rige of blood pressure followi : d
gas Leen considered an e:@resjégon of centrg.l agoxia,oﬁéggjiggs%;rgﬁgﬁgdt%?%g

falling cardiac output, The fall of blcod Pressure rust inevitably erbarass
the cerebrul circulstion to sonse extent, but othor factors such as a disturbance

of ventilation/parfusion relasionships withi u i
g5 tinbilation gn rigsi ionships within the lung probably also contribute

The secondary fall of blood pressure in some aniials is sinilar to thag

reviously described in other species (lp-6). However, an the present instance
t is not ce *tain how far this wes a pure effect of saz"jn, and it nmay havesbeen

o corbined - .sponce to sgrin intoxication, prolonged anaesthesia, and the mjor
surgloal pcocedu: 2s,  Wilson (10) has previously pointed out that anaesthesia
Jan very readily convert a pressor response *o sarin to a depressor response,
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If the scoondary f2ll in blood prossurc was a gonuine effect of sarin, it

rust havo boen a "nicotinic" response, since the contral and mmscarine-like
cardiac and peripheral cardiovasoular actions would be adequatoly counteracted
by atropino, Ganglion block has usually been blamed, although it is possible
that in 13c conscivus animal rusoular paralysis, by diminishing venous roturn,

ray reke & s(xigsxiﬁcant contribution to this late failure, Ashnotod by
X ) 1% ] a & £

90,9300l 46 ls, o, moglate, sifuation pan, be postored by tho pso of prossor

such agents have a major offect on venous tone, and thir may be a factor in their

apparent effoctiveness in the treatrent of "nervo-gas" casualties .

The lag in the action of both sasin and atropino camnot be e.piained in
to.18 of ciroslation time from the oxtornal jugular vein ¢o the pacemakor; it
¢wild indicate slow penuiration fron the blood-strean to the pacemater, but

is rost probably caused by circulation of the agent as a "slug", insufficient

of the material leaving the blood strean during tho first few circuits to
inhibit tho cholinesterases in cardiac musole,

(8gde ) U, wovatt Evans,
Head, Physiolopy Section,.

(Sgds) W,S,5, Ladell
Assistant Bireci.:o;'(Madical):
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Fig, 3.4, ane dog after treatment with atxopine
0.12 ; 1,v,}+ The pulse rate is
vestore suddenly to the Control level
14 sec ufter treatment.
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Sswe dog 5 min after n:.mim‘in ection,

Cardieac output and ays ¢ blood pressure

showed a secon deterioration, but were
restored by injeciion of Arsmine (0.5 mg/kg 1.V.).
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