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Abstract;
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"he cbiectives of this study were to examine the

i subarachnoid hemorrhage, ana of

\4‘
o
X
2
m
)
-+
m
’

cardalopusmenary

of. chr bral vasospasn.

02}

nlic cer

5]
J
3
O
(L
®
s
1Y

a2 11
dgioineg i

"n the first study 29 cynemol~us monkeys had o
cubarachnoid clot placed via a craniectomy. M nkeys
jied in the firs- 24 thrs af*er clor placerent. Tvorvo-fow
monkevs survived and were startec on the nimodipine = o’

The survivers were divided into four equal groups 1. o
fachion, and six animals were each given
i

rimodipine 3 mg kg po g8h, © mg.’kg po g8h, and 12 mg k¢ .

G8h. The fourth grcup i monkeys receivecd a placebo,
polyethylene glycol 400 2.33 ml/kg g8h. Twenty-three animals
compieted the '-week course of nimocdipine, with one animal

’ )

Gyinc of septicemia. Four sets ci cardiopulmonary indices

wir- tmasured under aeneral anesthesiec: baseline (Stage 1),

s--clo- vlacemer: (Staoe 17

Fh

v, and after receiving

jol)

“
[aaal

ects of nimodipine were

evamined under ceneral anesthesia. Oral nimo was given

-

[oF

O

in

:
4

D

oF

iﬁ doses of 20 mg/kc to tw. monkeys, 20 mg/kg to a thir
monkey, and U mg/kg to twc cats. Intravenous nimodipine was
administered in sequential doses of 0.012 mg/kg, 0.105
mg/kg, and 0.458 mg. kg to a monxey, and 0.010 mg/kg, 0.103
mg/kg and 0.517 mg/kg to a cat. |

Using an in vitro model cf thermodilution cardiac

output, volumetrically measured flows were compared to Ilows

iv



recorded by the Edwards' Cardiac Output Computer. E.ghteen

flows between 130 and 1035 ml/mii. wer: dpinect,

Stage” 111 indices were comparcd to Stace [ [or eaczh
treatment group. All groups had a-fall 1n heart rate. Mean

arterial pressure fell in the 12 mg/kg g: . (p<0.10).
Cardiac index and stroke index fell in the placebec qroup,

and increased with increasing nim~lipine dosage (v

sa

significant, p<0.05). Sys .mic vascular resistance - .
signiricantly (p<0.05) .n the nim dipline ¢ and 12 mg x

groups. Pulmonit  sscular resistance increased (p<C.il) 1.
. - v
the placebc groiv , ant - dec te full with increasing
dosaae, There were no romarkable chatces n pulmonary arcery .,

wedge pressiie, ceatril venous pressure, A-aDC., a-vO;
difference, and ¥ 5
) Cardiopulmcn;rf indices measured before and clter
placement of the subarachnoid clct were comparecd. In the
surviving monkeys Beart rate increased sigrificantly
(p<0.0%), stroke in<ex fels (p<C.ui), and pulmonary artery
préssure, pulmenary artery w=dge pressure and central venocus
pressure fell (p<0.05). In the non-survivors heart rate

increased slightly (not significant), cardfac index (p- .054

and stroke index (p<0.05) fell more than in the survivors,

and pulmonary artery pressure, pulmonary artery wedge
pressure and central venous pressure fell (not sigrnificant).
There was a significant difference between the two groups

for cardiac index and stroke index.

7



n o four corir.l monkeys there was some degree of

ity in all cardiopulmonary indices mrasured over a

ardiovascular effects were demonstrated in

~
La

monkeys given oral nimodipine up to 30 mg,kg. Intravenous

“nimodipine 0.55€6 mc ke produced an earlv and transient fall
1. hear:t rate and mear arterial pressure.

Nimodipine 10 mg kg po gproduced lethal cardiovascular

erression in one cat. Intravenous nimodipine 0.517 mg - kg

duced early and transient cardiovascu.ar depression

T
’
O

simllar to that produced in the monkey.

The correlaticons between volumetricaliy'measured flows
and f{lows recorded by the Edwards; Cardiac Output Computer
were all highly significant (p<0.001). The Eawarcs' system
tended tc overestimate fiow, particularly at the lowest
flows.

The pecssipility thet subara-hnoid hemorrhage has acute

and chronic cardiopulmonary effects is relevant to the

o

e

cl ! and pharmacologic management of these patients. The
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carcdicpulmonary effects of oral nimodipine
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ct

demcnstrated in the cynomolgus monkey suggest that the

dose-effect curve for nimodipine in this monkey differs from .

that of other species previously studied.
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1. Introduction

Subarachnoid Hemorrhage

Subarachnoid hemorrhage is the form éf intracranial
hemorrhage in which b{isding occurs into the subarachnoid
space. When bleediﬁﬁ’accurs directly into the subarachnoid
space it is referred to as primary subarachncid hemorrhage.
Secondary subaracg%oid hemorrhage occurs when the source of,
the hemorrhaée is outside the subarachnoid space, and blood
then bursts into this épaée or 1s transferred there through
CSF channelé. In this second situation the primary bleed may
be intracereb‘al, subdural, epidural, intraventricular or

_ .
intraspinal.

,‘The etiology of subarachﬁcid hemorrhage is diverse, as
outlined 1in Téblell. Trauma is éhe most freguent cause of
blood in the subarachnoid space. Pakarinen (1967) has done
the mosttextensive population study of primary subarachnoid
hemorrhage, studving the total population of Helsinki’ from

-

1954 to 15€1. He found tha: of primary subarachnoid
hemorrhages, 76% were due toiruptured aneur?sms, 2% to
arteriovenous malformations (AVM's), and 22% were of uﬁknown
origin. This latter group is probably due to small AVM's or
aneurysms destroyed with rupture, or to arteriosclerotic
arteriés. The etiology 15 age dependent. In childfen AVM's

are as common a cause of primary subarachnoid hemorrhage as

aneurysms.



In the United States there are !1.6,cases of primary

subarachnoid hemorrhage diagnosed per 100,000 population per

year (Phillips et al., 1880). Pakarinen's incidence in his

(

Finnish population was 16.8 (1967). The incidence of primary
subarachnoid hemorrhage increases with age to the seventh A
decade. Secondary subarachnoid hemorrhage‘is mainly a
diseésé of young people. | .
Subarachnoid hemorrhage has a high mortality. Alvord
and Thorn (1977) have caleulated survival for ruptured
aneﬁrysms from Pakarinen's data. These patients received the
best current medical therapy of the 1960's, with no surgical
intervention. Patients dying prior to hospitalization were
included. They reported that if a patient 1s ség% within 3
days of subarachnoid hemorrhage theAlikelihood of survival
is 70% by 2 weeks, 62% by 1 month, 54% by 3 -months and 455
by 2 years. Sundt and Whisnant (1978) estimated a 20%
mortality from subarachnoid hemorrhage in the‘first'day and
a 50% mortality by 2 wéeks if treatment was not instituted.
Sudden, unexpected death ié not uncommon 1n patients
with subarachnoia hemorrhage. Fifteen percent.of patients
with spontaneous subarachnoid hemorrhage die before reaching
the nearest hospital {Secher-Hansen, 1964). Hamman (W934) |
found that 8% of all patients who died suddenly had some
form cf cerebral hemorrhage. Subarachnoid hemorrhagé 1s
recponsible for 4.7% of all sudden déaths (Helpefn and

Rabson, 1945). Secher-Hansen (1964) analyzed 115

o ' .
autopsy-proven cases of spontaneous subarachnoild hemorrhage



in pat&ents who had died wiﬁhin 24 hours of the onset of
symptoms. It was found that 75% of these patients had died
instantaneously.

The morbidity of primary subarachnoid hemorrhage,
ﬁqrespective of etiology, 1s also significant. After a
5—year.follow—up 70% of patientscare well, 18% are partially
c¢isabled (have a significant neurologic\deficit or seizures
but are able tc do light work), and 11¢ ére totally disabled

).

~J

(Pakarinen, 1%6

There are numerous complications of subarachnoid

¢
i

heﬁorrhagé. Cerebral complications include hematomas,
cerebral edema, hydrocephalus, increagsed intracranial
pressure, rebleeding c¢f the aneurysm, seizures, focal
neurologic deficits, and cerebral vasospasm. Metabolic
complications include inappropriate ADH production, and an
increase in hydroxycorticosteroids. Cardiovascular and

pulmonary complications are described. .

Vasospasm

Vasospasm may be defined as a condition of reversible
constriction of cerebral arteries. The incidence of
radiographic vesospasm following aneurysmal rupture, without
regafd to the length of time from rupture, ranges ffom 21%
to 62% (Kwak et al., 1979)..Vasospasm can also follow trauma .
(Sqwanwela and Suwanwelé, 1872), central nervous system

infections (Lyons and Leeds, 1967), intracranial surgery, or

drug therapy (Sonntag and Stein, 1974).



y

Vasospasm 1S rare}y‘détécied preoberatively in patients
before 2 to 3 days gfﬁer subarachnoid hemorrhage. This spasm
is usually maximal Erom day 6 to day 8 and iS,often gone by
day 12 (Weir et al., 1978), although it can persist for 2 to
4 weeks (Drake, 1971; Maspes and Marini, 1962).

Cerebral vasospasm has great clinical significénce as
it is a major cause of morbidity and mortality following
aneurysmal rupture (We;}, 1980) . The major conducﬁing
vessels exposed tc a clot become constricted, and most
investigators agree that if this decrease in arterial 5
diaméter is severe it can lead to focaljcerebral ischemia
and infarction (Fisher et al., 1977; Crompton, 1964) .
Neurologic deterioration correlates directly with
aﬁgiographic evidence of vasospasm (Allcock and Dréke, 1965;
Graf and Nibbelink, 1974). Focal neurologic deficits, as
well as pathologic evidence of‘infarcts,;usually corresponc
to the area of supplyﬂgﬁ the vessels in Spasml(Allcock and

Drake, 1965; Graf and Nigg§link, 1874: Schneck and Kriche®{,
1964) .

Numerous agents have beeﬁ hypothesized to piay a‘rcle
in’ the origin of vasospasm including whole blood,
_erythrocyte breakdown products,'hemoglébin, fibrin
degradation products, prostaglandins, thromboxane A2,
S-hydroxytryptamine, pbtassium, catecholamines, histamine,
vaéopressin and angiotensin (Towart, 1982). There 1is |

evidence against a single causative factor (Towart, 1982).

Other theories of vasospasm have been advanced including



mechanical damage leading to muscle rigor (Kapp et al.,
1968), endothelial damage (Tanabe et al., 1979), or a

=

decreased production of some vasodilator agent such as

prostacyclin which is'normally present (Boullin, 1980;
Sasaki et al., 1981).

Modalities proposed for the management of chronic
cerébral vasospasm are as diverse as\the theories of its
etiology. Phyvsiologic measures suéﬁﬁas Eypercarbia (Pribram,

'1965) ancé hypertension induced by either fluid or drugs

~1

5

pt

(Giannotta et al., 1977; Kasse

1 et al., 1982; RKosnik and
Hunt, 1976) have been attempted. Parénteral treatment with
direct smooth-muscle relaxants such as nitroprusside (Heros,
1976),Jpapaverine (Kﬁyawa et al., 1972),vor.nitroglycerihe
(Lowe aﬁd Gilboe, 1973) tends to be complicated by‘systémic

hypotension before any permanent relaxation of cerebral

blood vessels is noted. alpha-adrenergic blocking agents can

decrease spasm when applied topically (Handa et al., 1975},
however, systemic administration produces hypotension. The
,use of f-adrenergic drugs has provided some encouraging
resuits (sundt, 1975). Serotonin blocking agenté have not
pfovedxuseful (Moncy, 1969).

Thus at presént there.is no proven effective drug
tfeatment for vasospésm. A new group of drugs has recently
become the subjgct.of intenée investigation in the
management of cereb:al vasospasm. Calcium channel blockers,
and in par;iculér the dihydropyridine derivative nimodipine,

are being studied in clinical and laboratory settings as



possible therapeutic agents for chronic cerebral vasospasm.



I1. Cardiopulmonary Effects of Subarachnoid Hemorrhage

A, Cardiac Effects .

-Since‘Cushing (1901) published his observations
-relating changes in intracranial pressure with profound
cHanges in cardiovascular hemodynamics, there have been a
multitude of observations relétimg the heart ana lung to

central nervous system injury. ' A : Ny

ECG Changes
‘The most commonly observed cardiac effects of

subaracﬁnoid hemofrhage are ECG changes. The first publiéhed
aﬁsociation of aﬁ abnormal ECG ané cerebral hemorrhage was
‘reported by Byer et ai. in 1947. a .37 yeaf-éld_woman with a
histcry of recurrent chest dpain and two épisodes of loss of
consciousneSS'deQeloped a sudden left hemipareéis and had a
bloody CSF tap. The ECG showed prolopged Q-T intervals ana
large T—waveé in‘leads I and II. These cganges disappeared
after 9 days. Levine (1953) report?d ECG changes éiﬁuléting
acute myocardial infarction in & 6§—year-ofd woman with
intracranial hemorrhage but with a ﬁormal heart at autopsy.
Burch et al. (1954) provided the first extensive study of
the subject when ‘they ;onvincingly démonstrated that
cerebrovascular’ attacks correlated directly with changes in
"the ECG in j7 patients with no myocardial pathology.'
Abnormalities found were pfolonged Q—T_intervals; lafge

amplitude T-waves and prominent U-waves. Improvement in the



’ECG occurred with clinical improvement.

Large series since Byer's publication have revea}éd ECG
| abnormalities 1in approximately one-half of patients with
subarachnoid hemorrhage where routine ECG's.were performed,
The variable incidences reported refLecf to'some.extent
patient selection. Sarner and Crawford (1965) reported an
o§erall incidence of 60% in a series of patiénts with

subarachnoid hémorrhage that included patients with heart

disease. Hersch (1964) excluded patients with clinicaily or
pathoiogically verified heart disease and found a 40%

N , :
incidence.

Althéugh ECG changes ére most frequenfly observed with
.vsubafaphnoid hemorrhage secondar? to ruptured aneurYsms,
they have been observed in a variety of other acuge'
infracranial processes ihcluding méningitis, tumors,
cerebral infafcts, head trapma,>and inﬁracerebral ‘
hemorfhage, as well as in some subacute conditions'such as
.diffuse'meéastatic disease. ] a

The most‘common abnormalities noted in.the ECG are
elevaticn or depression of the S-T segménts.AHOWever, a wide
range of abnormalities have'been‘deécribed (Table 2).

Disorders of rhythm are less well documented than ECG
Jchanges, alfhough numefoﬁs rhythm disturbancés'havg been
noted (Table 2). The exact inqidehce of serious arrhythmias
in Subarachnoyd'hemorrhage 1s not known as often these are

transient and the patients are ndt carefully monitored. In

experimental animals subarachnoid@ hemorrhage invariably



produces-a rhythm disorder (Estanol et al., 1977).
The. nonspecific nature of these ECG abnormalities and
their resemblance to changes seen in myocardial ischemia or

infarction has led to confusion in the diagnosis of cerebral

’

pathology.

» An unusual case was reported in 19859 (Beara et al.)
where a patient presented with chest pain and an ECC
suggestiig of an acQte antefibr wall myoccardial infarction
without Q-waves. The woman was antiéoagplated and
discharged, Eut ;eturned in 1 week with a subarachnoid
hemorrhage. She éied postoperatively after clipping of a
rﬁght iﬁternal cénotid artery aneurysm.iAutopsy revealed
normal coronary arteries and myotardium} Other cases are
cited in the literaturefwhére the ECG abnormalities were a
source of error 1in diagnqsis (Cropp and Manning, 1960;
Srivastava and Robson, 1964). .

| As well as making diagnosis difficult, the rhythm
d{sturbances associated wiﬁh subarachnoid hemorrhage may be
1ife—threatenipg (Estahol et al:,.1977} Estahol'and Marin,
i975; Parizel,!1973; Smith, 1972). &s previousiy noted
sudden death is common in patients with, subarachnoid |
hemorrhage. The mechanism of death in these patients is not
entirely'dleér, and multiple factors are likely involved.

Certainly the acute destruction and comp?ession of vital

- » 0 . . . ‘/
cerebral structures is significant in some cases

(Berkheisef, 1972; Dinning and Falconer, 1953). However

death can occur suddenly in the absence ogressive -
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nehrologic lesions (Parizel, 1979) and there is often little
or no evidence of focal brain damage. Cardiac arrhythmias
may play a significant role in morbidity and mortality ir
these patients, and may explain in some patients the initilal
loss of consciousness that usually accompaﬁies subafachnoid
hemorrhage (Estanol and Marin, 1975). Q

Estanol et al. (1979) prospectively studied 15 patients
with CSF and angiographic evidence of subarachnoid
hemorrhage secondary to a ruptured cerebral aneurysm. Thé
patients selected were less than 50 yeérs old‘and had no
history of ;ardiac‘disease or hypertension. These patients

v

hemorrhage; Twenty‘percént of the patients had runs o

underwent carcdiac monitoring for 5 days after their

ventricular tachycardia, and two of these three patients
died. Sixty percent of patients had prolonged QrT intervals,
including all three.patients with serious ventricular
arrhythmias. The prolonged Q-T interval appears‘to be
secondary to a non-uniformity in the rate of repolarization
(Han et al., 1966), and results ;Q an increase in duration
of the vulnerable period with an increased susceptibility to
the development of ventricular arrhythmias {James, 1969).

Patients with this finding should be carefully monitcred.

Myocardial Pathology

In an attempt to relate the cardiac abnormalities to

subarachnoid hemorrhage, pathologic studies were performed.

Koskelo and Punsar (1964)-first reported myocardial

-
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pathology after subarachnoid hemorrhage, describing three

patients with subarachnoid hemorrhage and 1schemic T-wave

bl

ed subendcocardial

(o)

changes on ECG. Autopsy 1n each case revea

e

hemorrhage and normal coronary arteries. They suggested that
these ECG changes did not simd;ate cardiac .disease, but
rather were evidence of 1t. .
. b
In another autopsy series of 23C patients with fatal
intracranial disease (Smith and Tomlinson, 1954),
subendocardial hemorrhage was found in cnly 29 patients.
‘This abnormality was seen most commonly in pdst—traumatic
and pbstoperative tumor patie%ts, and was not ﬁound in any(r
cf 11 patients Qith sponta;.eous subarachnoid hemorrhage,
Micrqscopic changes in the heart have been found in.
patients dying after subarachnoid hemorrbage.>Hammerméister
and Reichenbaéh (1969) reported‘é 4§—yzaL~old patient with a
- e
ruptured aneurysm and pulmonary edema cnd £7G evidence of
transmural infarction. Autcpsy revealed 2 grossly normal
heart but microscopy showed multiple foc: of nyocytolysis

.t

resembling the "norepinephrine myocarditis” described by

Szakacs. and Cannon (1858). In ancother seriez (kKzichenbach
and Bendit:, 1970) all 20 patient; dving of suberachnoid
hemorrhage had Some-degree of myocardial myo%ibrillar
degeneration. Other pathologié changes have been described
in the.myocardium (Connor, 1969; Reichenbach and Bendi£t,
1970): collapse of reticulum, scattered areas of cell loss,
thoplasmic banding, and lipofuscin pigment deposition in

o

the myofibrils.



Elevated scrum creatine phosphokinase (CPK) levels have
been found in a-.-significant number of patients with cerebral

~

R R e
phalitis (Achescn e

i

dysfunction, head injury and enc

il

)

ot

o3}
3

1965; Dubo et al., 1967; sSct-avone and Kaldor, 1965%). :in
series CPK levels were elevated in 60% of patients with
cerebral dysfunction of diverse etiology (Schiavene and
Kaldor, 1965). Connor (1967) has shown that this CPK

originates in foci of myocytolysis of the myocardiunm.

Hemodynamic Effects

The hemodynamic effects oI subarachnoid nemorrhage are
not as well~5tudied as the ECG changes, rhvthm disturbances,
and myocérdial pathology. There are reports in the
literature relating subarachnoid hemorrhage to an increase

ood pressure (McCordock, 1823). Estanol et al. (1979)

JU—

in b

found §ine of 15 patients with a subarachncid hemorrhage had
¥
blood pressure elevations during the first 5 days after

hemorrhage, with diastolic pressures between 90 and 115 mm
Hg.

There is little data in the published literature

¢

jelating-subarachnoicd hemorrhage and other hemcdvnamic

indices. A Russian study (Galat, 1982) found that cardiac

output is increased in stable patients with subarachnoid

Y ——

hemorrhage, whereas in very ill patients the cardiac output

1s decreased and is associated with an increase in systemic

L
vascular resistance.



Etiology of Cardiac and Hemodynamic Effects

The etiology of the cardiac and hemodynamic effects of

subarachncid hemorrhage is uncertain. There are num 1S

rous

)

theories. A number of studies pcint to involvement of the
autonomi. nervous svstem. Manning et al.. (1937) showed that

1 imulation 1n dogs produced ECG changes and

9]
s

va
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myocardial damage which are blocked by atropine anu

i.od

cccentuated by the chclinergic agent eserine. Similar

Py

chservations have beer made in baboons (Groover, 1965),
Hewever, alterztions in sympathetlc tone by stellate

;anglion stimulation in dogs can produce ECG abnermailties
znd suberdccardial hemorrhage (Klouda and Brynjolfsscorn,
1969). Arrhythmias produced by experimentally induced

subarachnoid hemorrhage in rabbits can be blocked by

o

proprancicl (Offenhgus ancé Goal, 1969). Catecholamine
studies alsc suppor: sympathetic nerveus system invclvement.
Systemic noregpinephrine infusion can produce subendocardial

hemorrhages (Szakacs and Cannon, 1258) and the injection of

microscopic changes in the myocardium as well as hemodynamic
and ECG changes 1dentical to¢ those produced by subarachnoic
hemcrrhage in the same model (Jacob et al., 1872).
Epinephrine infusion into the left coronary artery of dogs
L . . R
produced an increase in T-wave amplitude and S-T segment
depressicn. After cessation of the infusion the T-waves
became inverted. These changes lasted 7 to 10 days before

returning to ncrmal (Barger et al., 13961).



Greenhoot and Reichenbach (1969) hypothesized that the
microscopic pathologic changes were caused by braln stem

O
itliladld

mpathetic stimulation which in turn caused intramyoc
release of catecholamines from the norepinephrine cardiac
nerve network described by Norberg (1967). This is supported
by McNair et al. (1970), who produced subarachnoid
hemorrhage in mice and found focal myocardial necrosis Iy
18% of animals. With'reserpine pretreatment myocardial
lesions were absent in 92% of the animals.

Urine catecholamine levels have been found to be
elevated in some patients with subarachnoid hemorrhage, tith
a significant correlation between ECG abnormalities and
urinary normetanephrines and metanephrines (Cruickshank®et
al., 1974).

Other possible”causes of the ECG changes have been

alities, alkylosis, anoxia,

=

postulated: electrolyte abnor
and enzyme abnormalities including transaminases, lactic
acid, and triglvcerides (Eisalo et al., 1972; Hunt et al.,
19€9). None of these correlated with ECG chanages.

Attempts have been made tco relate the site cf the
cerebral lesion with ECG alterations. Cropp and Manninc
(1960) described 29 cases of subarachnoid hemorrhage in
which 15 patients had T-wave abnormalities suggestive of
myocardial ischemia. Of these 15 patients, 11 had the site
of .bleeding in the anterior cranial fossa. Thrc authors

hypothesized that lesions of the orbital surface of the

frontal lobes produced vagal stimulation.



The rostral connections for the autonomic nervous
system are located in the hypothalamus and therefore the

ects of stimulation and

[

unctional ef

t-

ablation of this region have been extensively studied.
Hypothalamic stimulation in cats will produce ECG
cha: 17es similar to those seen in humans with central nervous
system lesions (Fuster and Weinberg, 1960; Manning and
Cbtton, 1962; Melville et al., 1963). These changes can be
abolished by cervical spine transection, but not by
rilateral vagotomy (Mauck et al., 19¢4). Normally thése
changes revert one-half minute after stimulation, but 1if
stimulation is repeated the changes become persistent
(Porter, 1962). Hall'ét al. (1972) demonstrated
electronmicrographic changes in the myocardium of dogs
within 4 hours of hypothalamic stimu@ation. Doshi and
Neil-Dwyer (1980) demonstrated 'hvpothalamic and -myocardial
lesions in 42 of_54'pati€nts ¢ying of subarachnoid
hemorrhage. They suggested that subarachnoid hemorrhage
indu&ed spasm of the small vessels supplying the .
hypothalamus which lec to sympathetic stimulatlion and
increased catecholamine production. Other areas of the brain
which produce ECG changes on stimulation include the.
midbrain reticular formation, ventral hippocampus and medial

nuclei of the amygdala (Manning and Cotton, 1962; Porter et
al., 1962).
The role of increased intracranial pressure (ICP) in

the genesis of cardiac arrhythmias of neurogenic origin has

€



been a focus of research. Smith and Ray (1872) provoked
cardiac érrhythmias by a rapid increase in ICP or by
instantaneous release of ‘an elevated ICP. Atropine or
vagotomy prevented the arrhythmias.

In a canine model, Estanol et al. (1977) examined the
relationship between subarachnoid hemerrhage, ICP,
arrhythmias, and vagal and sympathetic function. The rise .-
ICP correlated with the onset of the arrhythmias when vag:
and sympathetics were intact. A1l animals with intact vagi
had sinus arrest or bradycardia immediatelyvaffer the
elevation of ICP. Ventricular arrhythmiaslwere only seen in
animals with intact cervical sympathetics, épinal cord, or
both. Animals with sectioned vagi and sectioned heart
sympathetic innervation and an intact spinal cord devéloped
arrhythmias several minutes after the subarachnoid
hemorrhage and incréased ICP. The authcrs suggested that the
subafachnoid hemorrhage and resultant increase in iC?
somehow induced a massive syﬁpathetié and vagal dischafge.
When only the spinal cord remalned intact the delaved and
inconsistent arrhythmias were possibly due to increased
circulatory or tissue cétecholamines. ' |

The autonomic nervous system is involved in the
hemodynamic responses to intracranial injury. Cushing (19071)
demonstrated cardiac standstill and temporary cessa?ion'of
respiration after a rapid rise of ICP 1in anesthetized dbgs.

This response could be eliminated by vagotomy. After

respiration was resumed an increase in heart rate and blood
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pressure was noted with rhythmic changes in the latter.
Section of the spinal cord at the level of the atlas
resulted in the initial vagal response with no increase in
blood pressure.

In the same model describea above, Estanol et al.
'(1977) demonstrated an elevation of blood préséure following
subarachnoid hemorrhage -when both vagi and heart Sympathetic
supply were disrupted, but an absenc; of blood Eressure
elevation when the cervical cord was sectioﬁed. This
indicated that the increase in blood pressure was mediated
"through the‘sympathetic nervous: system travelling in the
spinal,cord. | |

Cardiovaécular responses including vasoconstriction,
augmented myogardial contraction and cardiocacceleration,
have been produced fgllowing stimulation of the diencephalon
in vagotomized cats (Manning and Peiss, 1960). |

i

The etiology of the effects of subarachnoid hemorrhage
on the h;ért and systemic vascular system has yet to be
determined. Both the‘parasympathetic and sympatheiic nervous
systems play a role. However, multiple factors are likely

involved, with the mechanism a complex interrelationship of

neural, enzymatic and cardiovascular factors.

B. Pulmonary Effects
Subarachnoid hemorrhage has effects on pulmonary

function. This has been mainly studied in the context of

neurogenié pulmonary edema (NPE).



Thé clini;alvpicﬁure of NPE was first described by
James Hope in 1832. Since then many others héve reported the
rapid onset of pulmonary edema folldwing various céntral
nervous system insults {ncluding seizures, trauma,
cerebrovascular accidents.inciuding subarachnoid hemorrhage,
tumors and increa;;d intracranial pjessure (Theodo;e and
Robin, 1976). &lthough the fulminant form of pulmonary edema
is relatively uﬁcommon in the clinical setting, a
poc ~mort.m study found 71% of patients with fatal

=~ .rachnola hemorrhage hadpathologic evidence of pulmonary

deme We'l 1978).

43

Loed

The patnrogenesis of the fluid Shifté in NPE is unclear.
:. . most -xtensive studiés éoncerning.the early hemodynamic
alterations associated with NPE were reported by ﬁhe
Sarnof:s (1952, 1952a). They produced bulmonary edema by
injecting thrombin and fibringgen into the cisterna magna: of
rabbits and dogs. The animals shoéed.massiye_increases in
aortic, systemic-afterial, pulmonary'arterialJ pulmonary
venous and central vehous.pressures_with a concurrent
decrease 1in aortic blood flow. Systemic blood volume
decreased and pulmonary blood volumé increased (Sarnoff and
Berglund, 1952). These studies support the'cohcept that NPE l
is due to an unbalancing of tﬁe Sfarling forces dcross
pulmonary capillary.wallsi However, it is felt thaf

conventional left ventricular failure probably does not play

a role (Theodore and Robin, 1976).
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. A
Increased pulmonary capillary permeability may also be
important 1n the pathcgenesis of NPE. The edema fluid has g

high protein content, and contains red blood cells (Cameron,

1949; Weisman, 1939).

Theodore and Robin (1976) synthesiz®d the available
literature intoc a theorv for the pathogénesis of NPE: A~
centrally mediated, massive sympathetic discharge is the
initial result of the CNS insult. This produces a transient,
intense and generalized vasoconstriction with a shift of
blooddto the low resistance pulmonary circulatioﬁ. This
proauces a hydrestatic effect resulting in fluid béing
forced into the alveoli. This puimonary hybervolémia damégés
pulmOnary vessels and alters pulmonary capillary
permeability, The hydrosfatic effect resolves, but the
perméébility,abnormality persists., |

’érigus sites -and méchanisms have been described in
“attempts to link the cerebral lesions to the pulmonéry
kdisturbances.;AQ “edemagenic centre"” has been postulated by
Gamble and. Patton (1853). They produced'acute hehorrhagic
lung edema by making discrete electrolYtic lesions in the
preoptic.regicn of the hypothalamus in rats. -In persuing
this findiﬁg they founc théézgilateral vagotomy#preteéding.
production of the lesions offered no protection from edema,

whereas spinal transection at C8 or bilateral splanchnic

4

sympéthectomy offered some protection (Maire and Patton,
1956, 1956a). Based on studies of irritative electrolytic

lesions, Reynolds (1963) suggested that stimulation of
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sympathetic pathways located in the hypothalahus was
involved. Richards (1963), however, was unable to support
this theory in.a post-mortem study of 88 patients with
pulmonafy edema andfintracranial disease. Consistent
cerebral lesions or damage to the hypothalamus couid not be
demonstrated. Various phérmacélogic'studies suggest that NPE
i's mediated through the sympéthetic nervous system,
specifically the e-adrenergic system (Bean and Beckman,
11969; MacKay, 1950).

Minor changes in pulmonary function occhring in

subarachnoid hemorrhage have not been assessed.



I11. Calcium Channel :tlockers

Calcium

Calcium play; an important role in the molecular
mechanisms of electrical activity in all electrically
excitable tiss@e. Local changes in the relative
permeabilities of surface membranes of nerve or muscle cells
génerates an electrical potential difference. Subseguently,
voltag% gradients are established which force the mo?ement

X ,

of extracellular and intracellular ions. A lo;al circuilt
current is c;eafed which Sbreads the impulse from active to
passive regions and forms the basis of nerve impulse
pfopagation in excitable cells.

"The sequential changes in the potentilal difference

across the cell membranes (the action potentials) vary in

rh
i 3

5.
ai T

erent tissues depending on the relativegamoqnts of the
various currenté or the totalinumber of time-dependent
currents in - particular region. Althougﬁ a detailed
deséription of icnic mechanisms 1in different cardiac tissues
and other exéitable tissues is still evolving, the roles df
ionic currents in different action potential phases are
similar. The currents involved in generation of the Purkinije
fiber actioh<botential are well studied (Noble, 1979; A
McAllister, 1975). One current, mediated by sodium ions, is
responsible for the rapid upstroke énd fast impulse
conduction in the specialized conducting system of the heart

as well as in atrial and ventricular muscle. A second

21
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current is carried by calcium ions and generates the action.
potential in nodal tissue, underlies slow impulse conduction
in the a-V node, and maintains the plateau phase of the

action potential in other parts of the heart.

Calcium also plays an impg;pantﬂpole’iﬁ]EHéﬂéont%action‘

~of cardiac”éﬁdﬂgﬁoofh muscle cells. Knowledge of the
contractile mechanism and the mechanisms of uptake, storace,
release, and ;egulation of calcium is necessary for an
understanding of the effects of calcium channel blockers.
The basic contractile unit of striated muécle is the
sarcomere. Long chains of sarcomeres form myoﬁilaments,.
bundles of which form myofibrils. Two types of filaments are
arranged in an orgénizqd latticework within the myofibrils:
thick filaments and. thin filaments. Thé thick filgments are
composed mainly of the protein myosin and the thin filaments
mainly of the protein actia: It is the reaction between
these two filaments that 1is :esponsible-for shortening o
the sarcomeres producing a contraction of the muscle.
Polymerized actin molecules are arranged in™a double helix
in the thin filament. Associated with the thin filaments :is
a second protein tropémysih which forms 'a ribbon on both
sides of the actin double helix. Distributed along the £hin
vfilaments at regular intervals are the troponin complexes.
These consist of three proteins: TnT, Tnl which inhibits the
actin-myosin interaction, and TnC which is a specializeé

calcium receptor. ‘
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Myosin 1s formed by two heavy chains and four light

chalns. The relat1vel¥ heavyfchalnsApﬂve a long uall and an

felllp501d “"head' which projects from the thick. filament
forming cross;bridges with the actin molecules.

In relaxed muscle tropdmysin molecules are situated so
that they block the formation of cross-b:.dges with the
actin molecules. With the influx of calcium into the
myofilament spaces calcium‘binds tor TnC which results in the
,movement of tropomysin intgia non—blockingrpositipn;
Cross- b 1dg°s can then. bn formed and hoﬁtraction occurs.

Two membrane Systems regulate this reaction of the

4
[

ick,and thin filaments by‘controlling the amount of

5

o

s}

lcium in thg myofiiament space. The sarcolgmma is the
outer covering of the cell and fprms invaginations into thé
~interior called T-;ubuleleTﬁe"éec nd system, the
-sarcoplésmic retﬁcu%um (SR), forms a\ closed intracellular
net of tubules sUrrounding the myofiE?ils. Mitochondfia;
importanﬁ,in providing adenosine triphosophate (ATP) for
various prOCesSes,fméy c¢lso alter the activity of calcium 1in

the mvofilament space.
. ' ’

- The sarcolemma functions in_regplatihg ién fluxeé\'
important to muscle contfaction and to nerve impulse
flnltlatlon and propagatlon Sodium and calbium. |
concewtratlons are hlgher in bloéd than sarcoplasm whfle
pota551um concentratlon is hlgher in the sarcoplasm. Sodium

and pota551um gradients are establlshed by an ATP-requiring

active transport process. Calc1um 1s extruded from the cell
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by several transport systems: the coupling of the increased -
flow of s .iium down its chemical gradient to an outward flow
of calci.  and a Ca-ATPase that extrudes calcium from the

cell.

Flows.of sodium, calcium, and potassium acr055/phewﬁ
sarcolemma occh throggb membrane“chéﬁﬁgjgkggéf open Qr
_close depéndiﬁg 6n the electrical potentiél across the
sarcolemma (Morad and Goldmah, 1973;:; Reuter, 1970). Hormones
ané drugs which act on receptors in the sarcolemma can alter
these channels and thefefore alter the ion fluxes. Calcium
can also enter cells by a passive leak.

Calcium i1s transported into the SR via a
mégnesium—dependent Calcium—spimulated ATPase. The SR is
probably the primary source of calcium that activates
myofibrils. Calczum release from the SR is trig%ered by a
small trans-sarcolemmal flpg of calcium,

There are severél important differences in the
regulation of the contractile mechanism of smooth and
striated mu;cle, In vascplar smooth muscle the calcium
binding protein calmodulin is in?olved in regulating-

o v
actinfmyosin interactions. The calcium—calmédul{h”dépéndent
phdsphorylatioﬁ of~the P—light’chain of myosin is - .ae key
3régulatory step for initiating actin-myosin interactions in
smooth muscle. Troponin is not present in smooth muscle. The
main source of calcium for the initiation of contractile
activity in smooth muscle 1is exfracelldlar in contrast to

striated muscle where it is intracellular. Contraction in"

~



cardiac muscle 1s a¢ ocliated only with cell membrane
depolarizati.:;, wi:l+ smooth muscle contraction can occur by

a second mechanism independent of depolarization.

J

In wve

f

scular smooth muscle thvve are two separate

of calcium channels: those operated by membrane pptunLial
depolarization (PDCs) and those operatéd by receptor
activation (ROCs). Van Breeinen et al. (197%) supported this
mu;ti-channel theory by showing that verapamil can close
éhannels sensitive to high potassium, while ROCs stimulated
by ncradrenalin could be kept open.

| Activation of either channel, ROC or PDC, aflows.
calcium influx as well as the release of calcium from
superficially located intracellular stores. As well, ROC
activation liberates bound calcium from the external surface
of the membrane and depolarizes the membrane with conseguent

opening of PDCs.

Calcium Channel Blocking Drugs
v Recent research into cellular calcium functions has led

o the identificaticn of a multizude of drugs which ha?e

fcalcium blocking'properties. With certain definéd criteria

of selectivity énd potency of actign, a group.of drugs has

emerged wﬁich are termed calcium channel blockers (CCBsf.

This chemically heterogeneous group of drugs was first
described by Fleckenstein (1977), and is subdivided intc

several classes. One group of compounds, including the

phenothiazine antipsychotic agents, block calcium-calmodulin
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activated events. The cclcium blockers typified by

nifedipine, verapamll, and diltiazem appear to exert their

major effects by biocking cellular calcium entry at the PDC
of the plasmalemma. It 1s this class of drugs to which

nimodipine belongs and around which the remainder of *this
discussion will focus. Other classes of calcium blockers
with specificity for other sites of action undoubtedly

t.

wn

exi
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Little data is available which specifically defines.
site cf action of the CCBs. A plasmalemmal locus of action

1s suggested by the ineffectiveness of CCBs in skinned

-diac muscle and smocth muscle (Fleckenstein, 1971).

=
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Increased extracellular calcium reduces the inhibitory

eifect of CCBs in beth cardiac and smooth muscle (Tri gle,

Q

1981). 1t is uncertai: whether this represents a competitive
inhibition or an allosteric interaction or some other
mechanisn. Further evidence that CCBs reduce calcium flux
acros he sdrcolemma was seen in heart muscle preparations
which showed a shortened plateau phase of the action
potential ancd & deprecsed peak isometric twitch tension when
exposed to CCBs. Thé reduced calcium current may decrease
twitch tension either by reducing the amount of
) '

calcium-induced calcium release from SR.or by reducing the
amount of calcium sequestered in the SR over many beats.

As mentioned previously the two types of calcium

channels can be separated pharmacologically. Firstly,

calcium influx occurs in response tc potassium activation
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which produces depclarization and opening of PDCs, and
secondly influx occurs in response to an agonist such as
novradrenclin which causes calcium influx through both ROCs
and PDCs (Van Breemen et al. 982). Contractile responses
induced by potassium-depolar..ution are uniformly senéitive
t¢c these blockers, whereas agonict-induced responses exhibit
variabie sensitivity. These findings tend to correspond with
the degree to which the response is dependent on
extracellular calcium. Potassium-inducaed resp@nses are
highly dependent as are many agonist responses that are
sensitive to calcium blockers.

In summary, the CCBs have several commcn properties.
Theyv reduce the flow of calcium across the sarcolemma
resulting in a shortened plateau phase of the action
potential and an inhibition‘of the development of mpsclé

. . e
tensio;. At low concentrations they uniformly 1nhibit PDCs
anc inhibit ROCs with some selectivity. Tension development~
due to calcium leak or the release of intracellularly stored
calcium is not inhibited. -

The CCBs are, however, - complex and diverse group of
drugs. This diversity makes 1t impossible to reliably
extrapclate the ' pharmacologic responses of one drug in one
model to another drug in another model.

CCBs may have different effects in different tissue
types. The basis for these differing effects may be

differences in calcium-related mechanisms between tissues.

Differences between calcium regulation and contractile



mechanisms of cardiac and smooth muscle have already been

.

mentioned. Agonists, for example noradrenalin, can produce

different contractile ‘responses in various vessel types anc:
o

i

various species. Whether thils heterogeneity represents
differences in receptor function or structure, transduction

events, calcium channel mechanisms, ar amount of available

m

calcium for influx, 1s uncertéin. Bin in. site structure
vary between tissues with the result that different CCBs v
have different potencies or different effects in different
tissues. For example, niiudipine is several ggpdred'times
mcré potent in intestinal smooth muscle than in cardiac
muscle (Hashimoto, 1979).

The magnitude of intracellular calcium stores varies
greatly depending upon the sourc;'of the smooth muscle. For
each type of vascular smooth muscle the fraction of

3

contraction due to the influx cf calcium . compared to that

The

due to intrécellular calcium release can be determined.
efficacy of CCBs ié related to this rétio. :

The concentration of the CCB also is a factor in
determining its effect. CCBs lose some of their specifici:y
at high concentrations where these drugs can exhibit other
pharmacologic properties such as ROC.biocking, o
sodium-channel blocking, and local‘anesthetic properties
(Jim et al., 1981; Triggle, 1981; Triggle and Swamy, 1980).

Drugs classified as CCBs have markedly different

chemical stuctures and pharmacologic profiles. A unified

concept of calcium channel blocking 1s untenable. It is
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likely that CCBs act at multiple sites of calcium
regqulation, or they may act indirectly via modulating other
surface receptors. Structurally unrelated CCBs may bind to
different sites of the same channel or to distinct
populations of calcium channels (Henry, 1982).

The effects ¢i CCBs in vivo must be clearly
distinguished from their effects in vitro. The in vivo
responses represent the integrated result of direct effects
of the drug on many calcium dependent processes in the body,
as well as the indirect effects of the body's compensatory
mechanisms. For example, the vasodilating effects of the
dihvdropyridines may trigger autonomic reflux adjustments
such as tachycardia (Kawal et al., 1981),.

CCBs are emerging as an important clinical tool in a
wide variety of cardiovascular disorders. They are being
examined for potential use in several cerebrovascular
disorders including cerebral vasospasm and ischemic insults.

_As ﬁoted above, there are numerous agents which may
play a role in the genesis of chronic cerebral vasospasﬁ
following subarachnoid hemorrhage. Increase in intracellular
calcium mav, however, be the underlying common mechanism of
the vasoconstriction (BQlton, 1979; Van Neuten and
Vanhoutte, 1981). Therefore, CCBs have been investigated for
use in the treatment of chronic cerebral vasospasm.
Vasospasm may, of course, be more complex than

transarcarcolemmal calecium influx. Varsos et al. (1983) have

suggested that there may be & derangement in the underlying
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contractile process as not all CCBS reverse vasospasm.

Ideally a therapeutic agent would be selective for
cerebral vessels thus minimizing effects on cardiac and’
systemic wésculaf function. Tﬁe potential for selectivity
exists in that cerebral vessel contraction.differs from thet
of the systemic vasculatufe. Cerebral vascular smooth muscle
appears to be mofe dependent on extracellular calcium than
other vascular smboth muscle and'intraceilular calcium pools
have little significance in cerebral vessels, evenAin
response to agonist-induced contractions (Allen et al.,
1976 McCaléen and Bevan, 1981; Nakayama and Kato, 1979;
Pearce and Bevan, 1982; Toda, 1974}.

The effects of a number of CCBs have been studied on
isolated cerebral arteries. ﬁiltiazem (Shimizu et al.,
1980), flunarizine (Nakayama and Nasuya, 1980), cihnarizine
(Nakayma and Nasuya, 1980), and verépémil (Hayashi and Toda,
1977: McCalden and Bevan, 1981; Shimizu et al., 1980) &all
dilate cerebral vessels in response to contractions 1nduced
by a variety.of agonists. Nifedipine and nimodipine are the
mest potent agents in cerebral vessels (Edvinsson eﬁ al.,
1979; Nakayama and Nasufa, 1980; Towart, 1987a; Towart and
Perzborn, 1981).

In vivo, diltiazem increased cerebral blood flow (CBF)
in dogs (Pearce and Bevan, 1983). Nifedipine ‘had a similar
effect in rats (Sandahl et al., 1978), and 1 mg/kg po of
nifedipine incrgzsed CBE.in humans (Angelino et al., 1975) .

In several animal models of vasospasm, CCBs have been shown
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to produce cerebral vasodilation (Allen and Bahr, 1979;
Tanaka et al., 1982). Nimodipine's use in the management of

vasospasm will be discussed further.



IV. Nimodipine

Nimodipine\kBay e 9736) is a calciumjchannel blocking
drug belonging to the dihydrobyridine family, thch alsd
includes nifedipjne and niludipine. ‘

Nimodipine is a finely crystalline substance with a
molecular weight 418.5. It melts at j25—126°C. The drug is
iﬁsoluble in water but soluble in chloroform, ethyl acetate,
ethanol, and pélyethylene glycol. It 1is sensitivé.to.alkalg,
but stable in neutral or acid medié}.Nimodipine 1s sensitive
to light of wavelengths less thét.450 nm..

Pharmacologic studies have shown that [“C]-labelled
nimodipine 1is ﬁetabplizéd rapidly to inactive
1,4—diﬁydropyridines and pyridines (Méyer et al., 1983).
These metabolites are excreted in urine (20%) and feces
(80%5. Biotransformation products excreted in’the bile are
conjugated with glucuronic acid. In serum samples the
active, unchanged drug is present up to 1 hour after cral
administration (&eyer et al., 1983). |

Niquiﬁineyqualifies as a CCB as it has been sh?wn to
inhibit the infiug'of’extracellular calciﬁm in depolarized
smooth @uscle'cells. Kazaa and Towart (1982) have
demonstrated dose-dependent inhibition of calcium-induced
contractiéns of rabbit aortic strip. Potassium-induced
contractions of aorta (Towart and Kazda, 1979), saphenous

and basilar arteries (Towart, 1981a) are readily inhibited

by nimodipine due to block of PDCs.
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i
Nimodipine's action in the presence of agonist-induced

contractions is more complex. Norepinephrine-induced
contfactions cf aortai(Towart and Kazda, 1979) and saphenous
artery (Towart, 1981) are unaffected by nimodipine. This is
due tbvagonist-induced release of intracellular calcium by

unaffected ROCs.

Theycerebral vasculature has a different respdn;g»to
certéin CCBs in the presence of agonist-induced
contractions. The initialvphasic component of the
serdtbnin-ihduced contraction of basilar artery is little
.affected by nimgdipiné, being inhibited only at very high

concentrations. However, the sustained tonic component of

serotonin-induced contractions of the basilar artery 1is

- potently inhibited by nimodipine (Towart, 1981). Nimodipine

'Y

also inhibits contractions of basilar arteries induced by
carbocyclic thromboxane but does not inhibit this agonist in
saphénous arteries (Towart and Perzborn, 1981).

There are several possible explanations for. the .-
different responses to nimodipine by the peripheral and
cefeb;al\veésels. Allen aﬁd Banghart (1979) hypothesized
that the basilar artery uses{primarily éxtracellularly bound
calcium to provide agonist—i&duced contractions whereas the
femoral artery uses intracellular célcium. Towart (1981)
éisagrees, having found that extracellular calcium 1is -
esgential to sustained contraction in both basilar and

saphenous arteries.
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The possibility exists that certain agonists act on the
basilar artery by depolarizing it (Towart, 1981a). This

remains to be clarified.
~

A further possibility (Towart, 1981a) is that the ROCs
of the basilar artery differ %rom those of the systemie
"vasculature, the former being sensitive to calcium
antagonists such as nimodipine. This would produce a
selective block of ROCs in cerebral vessels.

Research has been carried cut to identify the specifiﬁ[
~binding sites for radiolabelled nimodipine. glthough the
“localization of the specific receptors has not been
demonstrated, [’Hlnimodipine has been shown to bind
reversibly to high affinity, stereospecific binding sﬁtes'in
membranes prepared from bréin, heart, lung‘énd kidney cells
of guinea-pigs (Harperigt.al.h i981). |

The physiologic effects of nimodipine.in vitro and ir
Vivo have been studied over the last several years. The
remainder of this discus;ion wi1ll summarize.what is known
about these effects. v . . :

The systemic vasodilating effecﬁs of nimodipine have
been demonstrated in dogé, as femoral blood flow incrgases
after sublingual admin}strétion of the drug. Mesenteric and.
rénal Elood flow were uﬁaffected (Kazda et al., 1979).

Nimodipine has a negative inotropic and chronotropic
action in isolated heart preparations (Thomas et al., 1983).:

Noradrenalin-induced reflex bradycardia is nearly abolished

by nimbdipine in a dose of 30 ug/kg iv in dogs (Taylor and
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Kowalsk?i, 198%). Instions‘of nimodipine (0.1 to 1.0
ug/kg/min iv for 20 minutes) inhibit tachycardia evoked by
acetylcholine in a—chloralose‘anesthetized doée pretreated
with propranolol (Taylor and Kowalsk1 71982)

"~ Oral nimodipine- 1n a do&e of 3.16" mg/kg produced a
slight decrease in blood pressure in conscious squlrrel/
monkeys (personal communication, Dr; R. Battye, 1983). Ten
mg/kg produced a fall in mean blood pressere of 50 mm Hg."
The half-life of this fall was 140 minutes. Heart rate was
not chénged'substahtially.-Nimodipine in a dose ‘of up to 1
mg/kg po in cats produced an increase in cardiac output that
was dose dependent (Kazda et al.ﬁ_1979).AThere was no change
in blood pressure. |

= Nimodipine has a preferential actlon on cerebral
vessels (Towart, 1981). Not all CCBs show this preference
however the 1,4-dih; dropyrldwnes, and par*lcurarly
nimodipine, have a .special affinity for the ROCs in cerebral
vessels (Kazda and Towart, 1982). The effect of nimodipine
ongerebrél blood flow has been extensively studied.
Nimodipine dilates cerebrai vessels (Auer et al., 1982,
1983: Kazda et al., 1982;‘Tanaka et al., 1980) and increases
cérebral blood flow after intraarterial, intravenous, oral
aﬁd subiingual administratron in e numbeT ofrspecies (mice,
rats, rabbits, cats, dogs, and primates) (Auer, 1981; Harper
et al., 1981; Hoffmeister et'al;, 1879; Kazda et al., 1982).
Both Shall‘and large cerebrel arteries arebeffected} The

effective doee range is 0.001 to 0.1 mg/kg iv, and 0.01 to
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2.0 mg/kg po. ' \
Resistance to flow decreases in both the brain and

femoral arterial beds, however, cerebral vascular resistance .-

[ !

is reduced more markedly than femoral resistance.
Nimodipine's effect on cerebral vascular resistance is
dose-dependent, that on femoral resistance 1s not (Kazdé et
al., 1982). Ih these.acuteAexperiments mean arterial hlocd
pressure was not significéntly decreased after int:aarte:ial
lnjection of 0.01 mg/kg in dogs, although heart rate
increased significantly. Intravenous infusions of 0.0032
mg/kg/min in cats produced an average fall in blood pressure
of 2n.

As well as dilating normal cerebréi blood vessels,
nimodipine also dilates pathologically contracted blood
vessels. Ischemia produces vascular changes that limit the
potential for recovery of the ischemic brain (Olsson and
Hossman, 1971). In-cats subjected to 7 minutes of global
cerebral ischemia, impaired reperfusion of the brain is
completely prevented by administration of 1.0 mg/kg of
nimodipine orally when given immediately before the ischemic
episode.’The post-ischemic mortality was reduced from 90% to
10% (Kazda et al., 1979). The theory for nimodipine's
beneficial action in the ischemic model is that nimodipine
inhibits the transmembrane calcium influkx that is caused by
ischemia-induced increased extracellular potassium with
resultant depolarization (Kazda ét al., 1982; Towart et al.,

1982).



Thromboxane A2, formed by platelets, brain tissue and
1c¢rebral vessels (Hagen et al., 1979) is increased during
cerebral ischemia (Gaudet and Levine, 1979). It is a potent
' vasoconstrictor and may be 1involved in the pathology of
cerebral disorders (Boullin, 1980; Ellis et al., 1977).
Nimodipine selectively inhibits contractions induced‘by
carbocyclic thromboxane A2 (a stable analogue) in cerebral
vessels (Towart and Perzborn, 1981).

AOtﬁ and Lechner "(1980) demonstrated that oral
ﬁimodipinevcauSes rédistribution of blood flow in an
infarcted hemisphere,‘with flow increasing in ischemic areas
and'decréasing in hyperemic areas without affecting
hemispheric blood flow. This may be the mechanism of ‘the

myocardial f:. “ective effects of nimodipine (Gross et al., -

—
—

1980: Poole-Wilsorn, 1980; Weishaar et al., 1879), Howeyerf/
. o
Harris et al. (1982) suggested the possibility -of some , .

detrimental effects ¢ this drug. With intracarotid infusion

of nimodipine in prima*=s they foﬁhd that nimodipine did not
increase blood flow in a closed skull preparation, and that
cerebrovascular responseé to alteratibns in arterial Pcbz
and hemorrhagic hypoﬁension were reduced. The critical levél
of blood flow at which edema formation began and ion
homeostasis was disturbed was ihcreased.

Studies-indicate that nimodipine may effect pathologic
spasm of cerebral vessels. Tanaka et al. (1982) induced
vasospasm 1in cats by autologous clot placement in the

cisterna magna. Administration of nimodipine 0.1 mg/kg iv 30
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~mfﬁﬁzgs after the subarachnoid hemorrhage resulted in
complete disappearanc® of the spasm. The dilatory response
was most marked in the smaller arteries (<100 um).
Nimodipine is being investigated in a number of
.clinical settings. The area of most intense research relates
tq the management of cerebral vasospasm. Auer et al. (1982)
found that topical intracisternal administrafidn of.
nimodipine reversed intraoperatiyg vaéculag spasm and
decreased postoperati&e symptomatic vasosbasm. -
Allen/eé al. (1983) provided strong ev: - of .
//cec;g;ged neurologic deficits and\ﬁecreaéed mortality after

3

prophylactic administration of oral nimodipine was ccmmenced
‘ Yy

within 96 hours of a subarachnoid hemorrhage. Another study .

involving 10 patients with acute ischemic stroke ‘showed that

nimodipine produced an increase 'in hemispheric blood flow in

all patients (Gelmers, 1882)%



V. Objectives

Subarachnoid hemorrhage is assggiated with a

significant morbidity and mortality. Two complications of

tain aspects

s

subarachnoid hemorrhage haQe been outlin~d. Ce
of the cardiopulmonary effects of subarachnoid hemorrhage
are well‘desériped: ECG changes, enzyme changes, pathologic
changes 1in the myocardium, and neurogenic pulmonary edema in
1ts fulminant form. However, a number of questions remain
unanswered. Both acute and chronic hemodynamic changes. are
nct well studied! The.effects of subarachnoid hemorrhage on
‘pulmonary function when pathologic or clinical evidence of
’pulmonary gdema is not present ha§eunot been §tudied.

Nimodipine may prove useful in the prophylaxis and-
management of cerebfal vasospasm after subarachnoid
hemorrhage. Both acute and chronic in vivo studies of the
cardiovascular effects of the dﬁug are limited. The chronic
cardiovascular effects of nimod%pine administration in a
model of subarachnoid hemorrhage have not been studied. In
view of the pogential for subarachnoid hemorrhage toAcause
deleterious cardiéc effects, it 1is fmperative that the
cardiac and hemodynamic effects of ¢ -onic administration of
nimodipine be well understood.

The objecti®es of this study were tanexamine, in a
primate model éf subarachnoid hemorrhage, the following
guestions:

1. What are the effects of subarachnoid hemqrrhage on

cardiovascular anrn” pulmonary function?

39
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10

What are the effects of nimodipine, administered in the

management of subarachnoid hemorrhage, on cardiovascular

and pulmonary function?

rn

What are the arute effects of

cardiovascular function?

nimodipine on



VI. Methods

4. Cardiopulmonary Effects of Nimodipine After Subarachnoid
Hemorrhage in Monkeys

Twenty-nine female cynomolgus monkeys Macaca
fascicularis (Charles River Research Corporation, Port
Washington, New York) with an average welight of 3.3 kg
(range 2.8 to 4.2 kg) were used in the study. All animals
were observed for at least 1 week between receipt of the
animal and experimentation in order to permit recovery from
transport. The monkeys all appeared grossly healthy, active,
and well nourished. They were kept singly in primate cqgés,
and were fed High Protein Monkey Chow (#5045, Ralston Purina
Co., St. Louis, Missouril) and fresh fruit.

I .ch of the 24 monkeys who started the nimodipine trial
underwent three stages of experimentaticn, termed Stage I,
-Stage 11, and Stage III. Stage I involved baseline
measurements. Stage II involved the placement of a
subparachnoid clot, and occurred any number of days after
Stage I. Following Stage II nimodipine was administered for
7 days, then Stage III measurements-were taken and the
animal was sacrificed.

The anesthetic and operative procedures were identical
for Stages I and III. The animals were sedated with ketamine
hydrochloride 6 to 10 mg/kg im, and intravenous access
established. The monkey's weight and head-anus height were

obtained. Intubation was performed using a 4.5 or 5.0 mm
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endotracheal tube (Portex Inc., Scarborough, Ontario).
Ventilation was commenced with a small animal volume-cycled
respirator (model 665, Harvard Apparatus, Inc., Dover Road,

Millis, Massachusetts) at a rate of 26 to, 30 per minute, an

N

inspiratory/expiratory ratio of 0.6, and a tidal volume ¢
13 to 18 ml/kg adjusted to maintain an arterial Pco; of
approximately 40 mm Hg. Inhaled gases Qere a 2:1 N;0:0:
mixture. Gallamine 2 mg/kg iv was given approximately every
45 minutes as required tc achleve adequate muscle
relaxation. Procaine penicillin 100,000 IU/kg im was given
at fhe time of»induction.

Using\éée;ile technique a femoral cutdown was performed
and the artery and vein isolated using a low-power operating
microscopeb(CM-ITf'Microscope, Mentor Division, Codman and
Shurtleff, Inc., Randolph, Massachusetts). i No. 5-Fr
sigmoid-tipped, polyethylene catheter waé inserted into the
femoral artery and under fluoroscopic control was placed in
the innominéte artery for cefebrai angicgraphy and cerebral
blood flow determinations. Arteriéi blood pressure was
recorded at freguent intervals with . transducer (Stratham
PégéB pressure transducer, Stratham Instrument Co., Oxnard,
California) connected to a recorder (Dynograph Recorder R
611, Beckman Instruments, Inc., Schiller Park, Illinois).

A No. 5-Fr Swan—-Ganz catheter (model‘93-132—5f, Edwards
Laboratéries, Santa Ana, California) was inserted into the

femoral vein, and under fluoroscopic visualization was

floated into either of the pulmonary arteries with 0.2 to
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0.3 ﬁl of air in the catheter's balloon. Pressures of the
distal and proximal port of the Swan-Ganz catheter were
recorded on the Beckman recorder via a Stratham transducer.
The arterial and venous lines were fibshed at intervals with
0.5 ml of heparinized saline (10 IU/ml) to prevent clotting.

Body temperature was maintained close to 37°C using a
heating pad, and temperature was monitored with a rectal
thermometer (Tele—Thermometer,.Yellow Springs Instrument
Cc., Yellow Springs, Ohio).

Airwey pressures were measured with a transducer
(Stratham PM5 pressure transducer, Stratham Instrument Co.,
" Oxnard, California) connected via a needle to the
endotracheal tube, and a continuous pressure tracing
obtained.

In 13 animals, during one of the three stages, either a
No. 8-i: foley catheter or No.“160 pc. cethylene tubing was
inserted into the bladder and urine outputé and urine sodium
concentratiohs were measured.

Following the procedure paralysis was reversed yith
prostigmine 0.07 mg/kg iv and atropine 0.02 mg/kg iv. The
animals were ventilated for several mihutes with 100% 02, 

suctioned, and when the gag reflex returned the monkeys were
. \

\

extubated. '\

The anesthetic technique of Stage-II differs in one
respect from Stages I and III. Sodium pentobarbital 26 mg/kg
iv was used as the inducing agent instead of ketamine

hvdrochloride. It had been previously found that the
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barbiturate improved survival from the craniectomy
(personnal communication, Dr. F. Espinosa, 1983). The
barbiturate, however, affects cerei&jl blood flow and could
therefore not be used in Stages I and III.

The subarachnoid hemorrhage was placed by Dr. M. G.
Nosko. USing.sterile technique a right frontotemporal
craniectomy was performed. Dura was incised and opened and
the temporal lobe Qas retracted posteriorly..The distal
internal carotid artery, the Al segment of the anterior
communicating‘artéry, the postericr communicating artery,
and the proximal middle cerebral artery were identified and
the arachneid dissected away. A 6- to 7-ml autologéus clot
was then packed around the exposed vessels. The dura was
closed with 6-0 silk to effect a yafer-tight seal. The scalp
incision was closed in layers with 2;O silk and 3-0
aermalon.

‘After clot placement the animal was kept 1n her cage
overnight, and the following morning started on the
nimodipine trial.

Twenty—four monkeys were started én the nimodipine
study. These 24 animals were randomly placed into four equal
groupé by a pharmacist (Faculty of Pharmacy, University of
Alberta) not otherwise connected with the study. Theb
treathent groups were nimodipine 3 mg/kg g8h po, 6 mg/kg po
QBh and 12‘mg/kg po g8h. The fourth group received a placeb5

of polyethylene glycol 400 0.33 ml/kg g8h.
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In addition to the 24 monkeys who started the
nimodipine series, five additional animals‘underwent Stages
I and 1I, but died in the first 24 hours following placement
of the subarachnoid clot.

The nimodipine (Miles Laboratories, Inc., New Haven
Conneticut) was prepared by the pharmacist by dissolving the
arug in polyethylene glycol 400 in concentrations of 8, 18,
and 36 mg)ml in order that éach-animal would receive 0.33"
ml kg of solution g8h. Drug preparation was ?arried out
under:gold light (F 1518-GO gold, Wesﬁinghousé Electric
Corp., Pittsburgh, Pennsylvania), and the drug protected in
amber bottles. Drugs were réfrigerated at 5°§ until just
prior .to uée.

The nimodipine was administered every 8 hours via
nasogastfic tube after the animal had been sedated with
ketamine hydrochloride 6 to 10 mg/kg im. The animals were
kept, in a room with gold lights in order to protect the
nimodipine from light induced decay duriﬁg administration.
Seven days after commencing nimodipine treatment, and 2 to 3
hours after the last dose, the animals were brought to thé
laboratofy for Stage IIi. |

Each of Stages I, IL, and III invdlved obtaining an
identical set of cardiopulmonary indices.. In Stages I and
111 these were oﬁﬁéined immediately..after establishment of
arterial accesé, and prior to.angiogfaphy and measurement of
cerebral blood flow performed by Dr. M. G. Nosko. In Stage

_II measurements were taken prior to the craniectomy, then
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repeated 30 to 60 minutes after placement of the
subarachnoid.clpt.

The cardiopulmonary indices recorded were heart rate,
mean arterial blood pressure, pulmonary artery pressure,
pulmonary artery wedge preséure, central Qenous pressure,
cardiac output, arterial Po,, Pco, and pH, mixed venous PO,
Pco, and pH, fractionai concentration of inspired O, (FiQ;i
and hemoglobin. The derived cardiopulmonary indices examined
were stroke index, systemic and pulmonary vascular
resistance, arterial mixgd veinous oxyvgen difference (a-vO.

o/

dif.), alveolar arterial oxygen difference (A-aDO., and %

¢

shunt.

"All of the heﬁodynémic indices were measured three
times and the mean value determined. All pressure
measurements were reéordedvat end expiration as indicated by
the airway pressure trqcing. Arterial and pulmonary artery
pressures were always recorded with sharply defined pressuré
waves énd the ports were flushed to achieve good tracings.
Pulmonary artery_weage ﬁressure was obtained by inflating
the balloon of the Swan-Ganz cafheter with 0.2 to 0.3 ml of
air asvrequired to obtain.a.wedged'tracing.

Cardiac outputs were obtained by the thermodilution
_techniqué with aﬁ Edwards' Cardiac Output Computer (model
95204, Ameriéan Edward? Laboratories, Saﬁta Ana,
California). In this series of experimeﬁts‘3 ml of 5%
degtrbsé in~yater at 0°C was injécted rapidly by hand into

the proximal port. Thermodilution curves were recorded for
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the last four monkeys of the series. Three cardiac ouﬁput
determinagions were made, folléwed by a fourth if the values
varied widely._There was a 1.5 to 2 minute pause between
each injection. The catheter was not pre-cooled. All
injections were made at the end of expiration.

Body surface area was calculated based on a formula for

rhesus monkeys (Liu and Higbee, 1976):
BSA(cm? = Wo*°*¢(kg) X L°' **?(cm, head to anus) X 574

Arterial*and mixed venous géses from the pulmonary
artery were always obeained simultaneously. Poz; Pco, and pH
mea%urements were obtained from an IL Micro 13 pH/Blood Gas
Analyzer (Instrumentation Labo;atoryAInc., Lexington,
Massachusetts). Barometric pressure was recorded daily, and
dfy barometric pressure used in the calculatiocn of the
paftial pressure of inspirea oxygeﬁ (Pi0;). The FiO. was
recorded in the input line of the ventilator (Oxygen
Analyzer Model E2, Beckman Instrpmentsh Inc.,'S;hiller Park,
Illinois). The partial pressure of alveolar oxygen (PAO, )
was calculated using a feépifatory coefficient of 1.
Artéfial and mixed venous oxygen Saturation‘were calculated

using the foliowing formula for the Eynomolgus monkey (Novy

et al., 1969): |

log Po, = 5.0198 - 0.4741 pH + 0.3389 log_ S
| ‘ | T60-5



Arterial and venous oxygen contents were calculated Qsing
1.34 ml O./gm hemoglobin. Hemoglobin was determined using a
hemoglobinometer (Coulter Electronics, Inc., Hialeh,
Florida).

The effécts of anesthesia on the cardiopulmonary
indices were examined.in four oontrol-animals.to'bbserve
variability over the time course of a 5-hour anesthetic. Two
monkeys were initially sedated with ketamine hydrochloridé €
to 10 mg/ké'im.as in Stages I and II, gnd then wefe subject
to hali-hourly méasufement of cardiac and pulmonary indices
using the same anesthetic and operative techniques described
above. Cardiac outputs were determined using 1 ml iced 5%
dextrose in water. Fluids were given to flush lines K1 ml
normal saline with Heparin prior to measurements), to
replace blood losses (forvhemoglobin and blood gases), and
with cardiac output déterminatigns. Two additional monkevys
were subject té 2 similar control experiment with sodium

pentobarbital 26 mg/kg iv given as the inducing agent.

“Data Analysis

Data analySis;was performed using a program written by
Dr. G. Hill, Departmeng~of Community Medicine, University of
Aiberta. The difference for each measured index between “
Stage I1I and Stage I for gach monkey was calculated. After
the‘treatment code had been broken the animals were
separated into the four treatment groups. For.each group a

mean and standard error of the mean was calculated for each
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cardiopulmonary index. The paired Student's t-test was used
tbvdetermine significance of changes in the placebo group.
The Student's t-test was used to compare each of the
treatment groups to the placebb group. The standard
deviation of each nimodipine treatment group was assumed to
be the same as the placebo group. An analysis of variance
W&s performed on the four groups for each measured index.
Coefficients of correlation and linear regression lines were
célculated for drug dosage versus cardiaé index, stroke
index, mean arterial pressure and pulmonary and Systg;ic
vascular resistances.

For Stage . the cdiff=rence between the pre-clot and
post-clot measurements was calculated for the monkeys who
su:vived the subaracﬁnoid hemorrhage, and for the five
monkeys who died in the first 24 hours after clot placement.
'Thé mean ahd~stanaard errcr of the mean was.calculated for
each measured index for each'of the survivor and
non-survivor groups. The paired Student's t-test wés used to .
determine the'significance of these changes. Student's
t-test was also applied to detect signﬁficant differences
between the survivor and non-survivor groups.

Statistical significance was assessed as p<0.05, unless

otherwise indicated.



B. Acute Effects of Nimodipine

To determine the acute effects of nimodipine, 20 mg/kg
po was given to two monkeys and 30 mg/kg to a third. The
monkeys underwent the same anesthetic, ope;atiVe and
measurement technigues as previouély described, usihg
ketamine hydrochloride for induction. One ml 5% dextrose in
water was uséd for each cardiac output determination. A1
baseline measurements were made nimodipine was administereqﬁ

via nasogastric tube in a solution cf polyethylene glycol

N

400 of volume 0.5 n. kg.
Hemodynamic parameters (heart rate, mean arterial

pressure, cardiac index, stroke index, pulmonary artery

pressure, pulﬁonary artery wedge pressure, central venous

/ o
pressuré, systemic vascular resistanbe and pulmonary
vascular resistance) were then measured evéry 15 minutes for
3.5 to 4.5 hours.

An identical experimental protocol was followed using
one cat, wifh nimodipine 10 mg/kg po administered in
polyethylene glycol 400, 0.5 ml/kg.

A contr01 experiment;was performediwith 0.5 ml’kg
polyethylene glycol 400 given via nasogastric tube to a
monkey. Hemodynamic indices were measured for 3.5 hours.

Intraveﬁous nimodipine was administered to one cat and
one monkey. For each animal three seguential dosés were
giveh each as a bolus over 30 to 60 seconds. For the cat the
initiai dose ofvnimodipine was 0.010 mg/kg, followed 70

minutes later~by 0.103 mg/kg, followed 65 minutes later by



0.517 mg/kg. For the monkey the doses were 0.012 mg/kg,
followed 85 minuges later by 0.105 mg/kg; followed 70
minutes later by 0.458 mg/kg. The nimodipine was dissolved
in 95% ethanol for intravenous administration as the viscous
polyethyléne glycol 400 could not bewaccurétely administered
in small volumes. The volumes of alcéhol injecéed into' the
cat were 0.03 ml, 0.3 ml, 1.5 ml for the 0.010 mg/kg, 0.103
Umg/kg, and 0.517 mg/kg doses respectively. The ethanol
volumes for the monkey were 0.1 ml, 0.9 ml and*0.45"ml for
the 0.012 mg/Kg, 0.105 mg/kg, and 0.458 mg/kg doses

=

respectively. Heart rate and mean arterial pressure ygre

-~

recorded every minute for the first 15 minutes after bolus
injection, after which measurements, including cardiac

s
output, were made every 2 to 5 minutes.

C. Cardiac Output Determinations In Vitro

In order to evaluate tﬁe accuracy and reproducibility
of cardiac output measurements in low flow states uéing the
thermodilution technigue and Edwardé' Cardiac Output
Computer, an in vitro model was devised. This was based on

the model of Moodie et al. (1578), with some modifications

(Fig. 1).

A water bath (Haake 4-1 water bathe Bérlin, Germanf)

was maintained at approximately 40°C. One-quarter-inch tygon
tubing (U.S. Stoneware Co., Akron, Ohio) was coiled into the
water bath, with one end connected to a Travenol roller-type

blood pump (Sarns Inc., Ann Arbor, Michigan) and then to a

o
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2-1 beaker filled with tap w%tfr. The.other eQd of the
tubing from the water bath waé‘placed into a 25-ml
Erlenmeygf flask and subﬁerged in the beaker. The beaker was
placed on a stir plate (model 120MR Stir Plate, Fischer
Scienéific Ltd., Edmonton, Alberta) with a small magnetic
stir bar in the bottom'bf the Erlenmeyer élask. A No. 5-Fr
Swan-Ganz catheter was placed into‘the.tubing such that the
‘proximal port emptied into the Erlenméyer flask, Thirty cm
of catheter were submerged in _the béaker; A thermister probe
(Bailey.Type T thermocouple and tempefature recorder model
 BAT~12, Bailéy Instuments, Saddlebroak, New Jersey) was'
placed into the beaker, and the temperature maintained at i
. 37°C OL1°C. The perfus;on pump was regﬁlatéd to 18 F
differeﬁt flows between 130 ml/min and 1035 ml/min. Flows
were measured volumetrically four tiﬁeé; énd tbé‘ﬁean:floy:

N

calculated.
X A\

For each of the 18 different flows a series of three
cardiac output determinations was made for each of four
different injectate volumes (1,2,3, and 5 ml) at two

different temperatures (iced and room temperature 5%

., dextrose in water). Thermodilution curves were obtéined with -
each injection. | B |

For each different injectate volume and temperature the
volumetrically measured flowg were compared to.the mean of
the three cardiac output determinations from the Edwards'
computer. Comparison waéﬁméde with regression'aﬁalysis, and

correlation coeffecients were determined.



VII, Results

A. Chronic Effects of Nimodipine after Subarachnoid

Hemorrhage in Monkeys

syt

Control: *
Figures 2 to 5 illustrate the changes in cardiac and
pulmonary indices over the course of “a 5-ho - anesthetic in

two monkeys with ketem .o hydrochloride 6 to 10 mg/kg im

Y

used fJ&F induction.
Heart rate remained relatively constant for the first 3
hours, then showed some variability in both animals (Fig.

2a). Mean arterial pressure remained steady in one animal,

. | ‘ . )
but in the second 4Gimal thete was a fall in pressure after

N ‘%.

. v; S ”:,;:‘, +
2 hours (Fig. 2b). Cardiac output, syﬁﬁqmyc;yascular
. oL /\ [ I

ROy

e

resistance and, pulmonary vascular resis,ahééf$howed

‘variability over the course of the anesthecic in both

»

animals (Figs; 2c, "3a and 3b). Stroke voégﬁé changed little

(Fig. 3c). Pulmonary artery pressure, pulmonary artery‘wedgg
pressure, and central venous pressure all fluctuated (Figs.
4a,.4b, and 4c). The pulmonary indices of A-aDO, and % shunt
showed parallel but- random changés with fime (Figs. Sé and

“ .

5c). The a-v0O; difference remaiped.at baseline lewvel (Fig,

.
i

5b).

Urine output was approximately 1-ml/kg/hr for both

animals during the course of the anesthetic. Urine sodium

-

concentration measured in one monkey was 23 meg/l at the end

53
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of the anesthetic.

Experimental

Twenty-three of the 24 monkeys assigned to a treatment
grbup survived FO;SFagg_III. One animal in the placebo group
died on the fourth day after craniectomy from septicemia
following a wound infection. The changes 1. cardippulmonary
indices between Stages I and 111 for each of the three
treatment groups and the placebo grOUé are shown 1in Figures
6 to 1%.and Taple*ﬁjvﬁil treatment grcups showed ; decrease
in heart rate, however none was significant whe% compared to
the placebb group (Fig._é)f The p;acebo group had a fall in
mean»arterial p;essure of 7 mm Hg wh%&h was not
statistically significant (Fig. 7).‘£§50d preséure fell in
the higher‘dosage treatment groups. The nimodipine 12 mg}kg 4
group had a fall in mean arterial pressure of 39 mm Hg
(p§0.105when compared to the placebo group). Cardiac i;dex
was decreased 0.89 1/min/m? iﬁ”the placego,group, however
this'changn was not significant (Fig. 8). There was
significant positive correlation betweeen nimodiéine dosage
:and cardiac index (r=0.977, p<0.05)..The cardiac indéx'of
thé 52 mg/kg treatment group was increased compared to the
quﬁebo group (p<0.10). The éhanges in stroke index
paralleled thqse'bf cardiac index, increasing with
increasing nimodipine dosage (Eig.a9) (r=0.995, p<0.01). The '
stroke‘index was decreased 3.7 ml/beat/m; in the placebc

gﬁéup compared to an increase of 3.5 ml/beaz/m? in th§~g

. - v A
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nimodipine 12 mg/kg group. There was a significant
difference between these two groups (p<0.05). An analysis of
barience showed a significant difference between treatment
groups for stroke index (p<0.05). There were no remarkable
changes in central venous pressure. Systemic vascular
resistance was increased in the placebo and nimodipine 3 -
‘mg/kg groups, and tended to fell with increasing nimodipine‘
dosages (r=-0.943, p<0.10) (Fig. 10). The systemic‘Vasculaf
resistance decreased in the 6 and 12 mg/kg groups bv 2694
and 4950 dyne sec em's, respectively, and beth of these
groups differed significantly from the’®placebo group’
(£<0.05). An analysis of variance confirmed a significant
difference between treatment groups (p<0.05). Pulmonary
artery pressure increased with 1ncreasing nimodiéine dosage,
however none differed significantly from the placebo gfoup
{Fig. 11). There were no significant Ehanges in puimonary
4artery wedge preseure; Pulmonary vascular resistance was -
increased by 433eﬁyne sec cm™® in the placebo group
(p<0.10)e‘Pulmonary vascular resistance eendea’to fall with
increasing dosage (not signifi-.nt).

There\were no remarkable changes in A—aDOz, % shunt and
a-v0, dlfference between the placebo and treatment groups
(Figs. 13 and 1}4*‘There was a 51gn1f1cant fall in
hemoglobin in the placebo group (p<0. 05), however ‘the.
differences between each treatment group and the placebo

, g2
group were not SI:DTf ‘ant.

R ]
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The two urine sodium concentrations measured in Stage I
were ‘34.6 and 41.0 meqg/l. Urine’output was greater that 50
ml in total in three Stage I animals in whom it was
measured. This massive diuresis is atﬁﬂgpufed to the
injection of i1othalamate meglumine fofﬁcerebral anglography.
This ‘was part of a separate study, and was performed after
cardiopulmonary measurements were obtained;

, ™
B. Acute Effects of Subarachnoid Hemorrhage in Monkeys

Control

Two monkeys underwent control procedures with
cardiopulmonary indices monitored over a 5-hour angsthetic
with sodium pentobarbital 26 mg/kg iv used for induction.

The changes in indices with time are shown in Figures 15, 16
iy

and 17. o S
Heart rate increased in both control animals (Fig.
15a). Mean arterial pressure remained steady in one animal,

and increased épproximately 20 mm Hg in the second (Fig.
Téb). Cardiac ouput increased with timé (Fig. 15¢), wﬁile
systemic vaScular‘resistance decreased (Fig. 16a). Pulmonary

vascular resistance remalned steady in one monkey, but

R |

showed marked varlablllty in the second (Flg. 16b). Stroke
volume, pulmonary artery pressure anc¢ pulmonary artery wedge

prossure also fluctuated randomly- {Elgs 16¢c, 17a and 17b).
ﬂé
- ‘-ral venous pressure remalneﬂ~=gﬂat1vely constant (Fig.
e
i¥
X/C).
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o/

The pulmonary indices of A-aDO,, a-v0O, difference and %

shunt showed some variability (Figs. 18a, 18b and 18c).

Experimental

Cardiopulm.nar, i-dices measured before and 30 to 60
minutes after c.»ot nl..cement are shown in Table 4. The
monkeys are divided into two groups: the survivors (n=23)
who completed the nimodipine trial, and the non-survivors
(n=5) who died in the first 24 hours aftér craniectomy. The
one monkey who developed a wound infection is not incluaed
in this study. Heart rate ing}eased significantly by a mean
of 16 beats/min in the monkeys surviving craniectomy
(p<0.05), while in the non-survivor group,hegrt rate did not
change significantly. Mean arterial pressure changed little
in either group. Cardiac index in;reased slightly in the
survivors, but fell significantly (p<0.05) in the .
non;survivors by a mean of 0.68 l1/min/m?. There was a
significaﬁt difference in cardiac index between the two
groups (p<0.01). Stroke index fell significantly in both
_survivors and nNnon-survivors (p<0.01), with a meaﬁ decreaSe
of 2.3 and 4.0 ml/beat/m? respectively. There was a
é;ghificant differenée between the two groups (p<0.05).
Pulmonary‘artery pressure fell in both groups, with a very
significant fall of 3.8 mm Hg in thé survivor group
(p<0.001). Pulmonary artery wedge pressure also féll
significantly in the surv}ydrs,'with,a ﬁean fall of 3.5 mm
Hg (p<0.001). Central venous pressure fell in both groups,
, _ 4

D
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3
significantly in the survivors (p<0.05). Systemic and

pulmonary vascular resistances increased minimally in both
groups. /

The A-aDO, increased slightly in both groups. The a-vO0,
diffgrencq increased significantly in both groups (p<0.01),
.with a mean increase of 1.0 volume % in the ;urvivors and
1.7lvolume.% in the non-survivors. The % shunt fell in both
groups,. although the differences were not significant.
Hemoglobin fell 0.8 gm/dl in the survivors (significant with
p<0.01) and 1.1 gmn/dl in the nan-survivors {not
~significant), however‘there was no statistically significant
difference between the two groups.

In five survivors urine sodiums were determined at the
end of the craniectomy, and they ranged between 20 and 49
meé/l. In nine survivors in whom ufine outputs were
measured; they rangéd between 2 and 7 ml/kg ovef‘thé course
of the 2- to 3-hour craniectomy. In the one non-survivor who
was catheterized the total urine output -was 4 ml/kg, aﬁd the

Qrine sodium was 49 meqg/l after clot placement.
C. Acufe Effects of ﬁimodipine in Moﬂkeys

Oral

1..Control

Polyethylene glycol 400 was admiﬁistered in a volume of

0.5 ml/kg to one monkey and hémodynamic indices monifored
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over a 5-hour period (Figs. 19, 20 and 21). Heart rate and
cardiac output showed variability, with other indices

remalning relatively constant.

2. Experimental

Heart rate gradually increased with niquipine 30 mg/kg
’while remaining gquite stable after 20 mg/fg (Fig. 22). Méan
arterial pressure fell 10 to 20 mm Hg at both arug doses
after 30 to 60 minutes, then exhibited variability about the
baseline for the reméinder of the anesthetic (Fig. 23).
Cardiac index was increased between 30 and 90 minutes in two
animals, one who had received nimodipine 20 mg/kg, the other
30 mg/kg (Fig. 24). The third animal showed a gradual
decliné in cafdiac index over the course of the experiment.
Central venous pfessdré varied only 2 to 3 mm Hg‘(Fig. 25).
Systemic vascular resistance fell with the rise in cardiac
index in two animals (Fig. 26), with no mafked change in the
third monkey. Stroke index increésed_in one monkey who
.received nimodipine 20 mg/kg, however stroke index feli
gradually in the other twoc animals (Fig. 27)ﬂ Pulmonary
artery pressure and pulmonéry artery wedge pressure
fluctuated randomly over a range of 6 -mm Hg (Figs,iéé and

29). Pulmonary vascular resistanCé&also varied randomly

(Fig. 30).



Intravenous

- The effects of intravenousvnimodipine 0.012 mg/kg,
0.105 mg/kg and 0.458 mg/kg are shown in Figures 31 to 34,
Heart rate falls with the two higher drﬁg doses 1 to 2
minutes after administration, re;urning to baseline wiph the
0.105 mg/kg dose, but-remaining depressed with 0.458 mg/kg

(Fig. 31). Mean arterial pressure also fell early and
transiently with allhﬁhree.doses (Fig. 32). There was much
scatter of aata"for cardiac output, making interpretation
'difficuit (Fig. 33). .Systemic vascular resistance
measurements were likewise widely'scattered (Fig..34).
.Central venous pressure, puimbnary artery pfeséure, and
pulmonarx artery wedge pressure varied'only 3 to 4 mm Hg .

over the course of the experiment.
D. Acute Effects of Nimodipine in Cats

Oral

Mafked cardiovascular changes were exhibited in a cat
given nimodipine 10 mg/kg dissolved in polyethylene glycoi
400, 0.5 ml/kg (Figs. 35 to 38). Heart rate and mean
;rterial pressure fell significantly 10 minutes §fte; iﬂ;g,
administration of the drug 6§igs; 35 and 36). Cardiac oﬁtput
1 2mained at baseline levels for 1.5 hours, then began to
4decline'(Fig. 37). Systemickvasculaf.resisténce fell |

markedly 5 minutes after nimodipine was given (Fig. 38). The

‘cat died 5.5 hours after nimodipiﬁé'administration, despite
~ {’ "



~ fluid rescusitation and ventilatory support.

)

Intravenous

Nimodipine was adminiséered intravenouély at three
different doses to a‘cat, producing a marked fall in heart
rate and mean- arterial pressure ! minute after
aéministration of 0.103 mg,/’kg and 0.517 mg/kg (Figs. 39‘and
40). Baseline values were not reestablished after 0.517
mg/kg. Cardiac output remained steady at both lower doses
(Fig. 41), but_waé not recorded at the highest dose due to

technical problems. This animal survived the experiment.

E. In Vitro model of Thermodiiution Cardiac Output

Table 5 shows the regression lines and correlation
coefficients for each of the eight differgnE injéétates
studied; All have correlation coefficients which are highly
significant (p<0.0d1f. The:ré&ression liries are plotted for
1 ml iced injectate (Fig. 43) and 3 ml iced injectate (Fig.

44). | i | -



VIII. Discussion

A. Chronic Effects of Nimodipine after Subarachno&d
Hemorrhage in Monkeys

It is apparent on reviewing the two control ﬁonkeys who
réceived ketamine for induction that ghere are fluctuations
in cardiopulmonary indices over the éourse af anesthesia.
This variability contributed to‘the large standard error of
the mean for each measured index. There are a number of .
factors which may be contributing to this variability.

Physiblogic differences could exist between animals
such that some moﬁkeys respond and compensate differently
_thah ofherS‘to the insul%s of anesthesia and surgery.. The
animals differ in age, a factor that is impossfble to
evaluate in these Qild mohkeys. Althaugh all animals appear
grossly healthy, a complete assessment is not done. The
animals could have pulﬁonary,"cardiac, renal or metabolic
conditions that would influence the cardiopulmdnary indices
maasured;

fhe pharmacologic responses of each—animal to the‘dfags
"administered afe undoubgedly different. Although the‘nitrous
axide.is a.hyocardial depressant and"incfeasés.sympathetic
activity it is given at a constant dosé throughout the —
procedure. A single dose of ketamine hydrochlgggde is. given
45 minutes or .more before the first measurements"are\taken,
and should not influence Cardiopulmonary indices. Gallamine,

however, is given at varying intervals as required to
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maintain adeqUaée muscle relaxation. This drug has an
inhibitory effeét on the cardiac vagus nerve, and can
produce sinus tachycardia and occasionally hypettension'in
man . | By

Fluid balance over the course of the aﬁesthetic will
influence measUred‘indices. However, ?he evaluation of fluid
losses is difficult. Although the determinations of urine
sodium and urine output would suggest that none of the
monkeys had a ma;kedly depleted intravascular volumé, in thé
absence of well-defined normal values for this species
deﬁﬁnite conclusions can not be reached. Ventilation on a
non-humidified ventilator for several hours contributes td
an indeterminate, but significantvfluid loss.

The métﬁdés of measuring cardiopulmonary indices also
introduce variability. Pulmonary artery pressure varies with
position of the tip of the Swgn—Ganz catheter in the
pulmohary artery. A moré proxim;l}y placed catheter records
a higher mean pressure than a cathetér more distally placed,
despite a.good pressure tracing 1n both positionsy There are
problems inherent in using the thermodilutionvtéchnique to |
« measufe cérdiac_outputsiin small ‘animals. This Qill be
discussed further (see page 70). )

The changés in cardiopulmonary indiées between Stages I
and III for the placébo group ofAmonkeys suggest that |
cardiac and hemodynamic alterations are occufring 7 days

after placement of a subarachnoid clot. Heart rate, mean

arterial pressure, cardiac index and stroke index were all
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Tadréhse.
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,decréased, although none of these changes achievea
étatistical significance in‘'this small group. Arrhythmias,
ECG éhanges (Wefntraub and McHenry, 1974) and increases 1in
serum levels of‘myocardial enzymes (Connor, 1977) have been
descriged in gradé I or II patients with subafachnoid
hemorrhage, however there is no published evidence that
these pntients'héve significant hemodyn :mnic alterations. In
the moribund patient hemodynamic inétabiiity has been |
dembnstrated (Galat, 1982).

The da;a collected are insufficieht to conclude what
factors may be responsible for these ;hanges, particulr:%y

the fall ih stroke index. With no change in pulmonary artery

SV . ‘ L ) )
“wedge pressure preload 1s not likely to be involved.

Systemic vascular resistance does increase, perhaps
increasing the peripheral component of afterload. This
latter change might reflect a persistance of the autonomic

overactivity described early after subarachncid hemorrhage

18 Neil-Dwyer, 1977; Estanol et al.,, 1977). However,

o and cardiac goutput would also be expected to
Perhaps pathologic changes in the myocardium seen
after subarachnoid hemorrhage lead to alterations in
myocardial contractility and nodal tissue that have }
functional significance.

The increase in pu%monary vascular resistance may
represent the increase in pulmonary blood volume that

Sarnoff and Bérglund (1952) demonstrated in their model of

NPE. -,
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Nimodipine has hemodynamic effects in this model. The
drug has a systemic vasodilating effect at the 6 and 12
mg/kg dosages, with a resulﬁant fail in mean arterial
pressure. Despite this effect the heart rate falls in the
highest dosage group, and although not a significant effect,
it may indicate a negative chronotrobic effect of the drué.
This effect may be due to pathologic changes in the |
myocardium, or it may reflect nimodipine's inhibition of the
baroreceptor reflex. Nimo&ipine does not produce the reflex

tachycardia seen with nifedipine after administration of a

vasodepressor (Taylor and Kowalskl, 1982): With the decrease

y

in systemic vascular resistance the cardiaggoucput. and

stroke volume ihcrease due to decreased afterload.

B. Acute Effects of Subarachnoid Hemorrhage

W

v -Subarachnoid hemorrhage has an acute depressant effect

n

on hemodynamic indices in monkeys who die after placement of

a subarachnoid clot. The cardiac index and stroke index fell:

. N \“:'I,vy
signific¢antly in these animals, although they maintained a.
. ‘

relatively normal heart rate and mean -arterial pressure with
a slightly'iﬁcfeased systemic vascuiar‘resistance. The
'signifitant increuse in a—&bz difference ;efiects the fall
in cardiac'output. - ‘ : , -

The monkeys who survive clot*placemeﬁt also have a
depressed‘stroke index but they appear able to compensate
for this bx'incfeasing their heart raté!to maintain a

relatively normal mean arterial pressure and cardiac index.
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The acute depressant effects of subarachnoid hemorrhage
on hemodynamic and cardiac indices have not been well

studied. The autonomic nervous system 1s implicated in the

ECG changes and myocardial pathology seen after subarachnoid.

hemorrhage, but precise mechanisms remain undef&ped.
Whatever depressant factor is acting to decrease stroke
index in these animals has more of an éffect on the
non-survivors. It appears that in the‘survivors the
sympathetic nervous system functions to produce a
compensatory tachycardia while compensation does not occur
to the same degree in the . non-survivors.

The significant'fall in pulmonary artery pfeésure,'

~

pulmonary artery wedge pressure and central venous pressure

~in survivors was compared to a minimal fall of these

pressures inhthe.non—survivor group. Tbe cause of these
differences is unclear. In five survivors who had ‘sequential
urine saaium'cohcentrations measured during the craniectomy,
none was less than 20 reg/l. Urine output was adeguate in
all animals in whom 1t was meaered Thus by these latter
two measurements none of the. mon;éys in the surv1vor group. |
had.a markedly depleted c1%culat1ng Blood volume, although

normal values for thls monkey species are not published.

However, perhaps the circulating blood volume is less in the

~survivor group. Hemoglobin did fall significamtly in the’

4
survivors, however there was not a significant dif“erence

from the fall in -he ncn-survivors., Also this hemoglobin

determination more likely peflects hemodilution from fluid



administration than acute blood loss. The increaSe'in L

1, e

pulmonary blood volume descrlbed by Sarnoff ‘and. Berglund
(1952) in NPE may be occurring in the animals who die, with
resultant higher pulmonary vascular pressures than those of

the survivori. : : .
® : i "

The pathologic changes in the myocardium-after . S e

o ‘ o . ‘ T

! subarachnoid hemorrhage may perhaps affect myocardial
R

“ contractility. The survivors' myocardialvcontragtility may

have becn less affectéd than contractility in the animals

. . - : _
who died thus tendingttw‘accentuate4the fall in pulmonary .
S artery pressure, pulmonary ar%ery wedge pressure cand

central venous pressure in surv vors. Alte“apfbn

‘systemic vascular'resistance’hetwéen;theftwoegrobps;ﬁg‘ R o

v \

]

‘Although it is unclear whv some anlmals had. & lower‘f

pulmonary artery pressure, pulmonar)aartery weoge pressure
oo . . " ‘
and central venous pressure, lt is apparent that theseiw

i

’ : ) : L RIS
- factors tend to favor surv1val Perhaps the'surv1vors ICP ” -;wﬁf

'is lower secondary. to a fall in c1rculat1no blood volume and

\5

a'resultant decrease in cerebral blood flow - 7Qf o

Sodlum pentobarbltal was uéed as the 1nduc1ng agent for -~

the craniectomy. As barbiturates are known'to'decrease

~cardiac output and mean arterial.pressure, they may’ be'

" .~ . ‘p .

expected to depress hemodynamlcwlndlces over the 2 to 3
- e
hours requ1red for the cranlecton} As shown in the

barbiturate control animalS'(F igs. 15,{16‘and;17) mean =~ % .o
: . L L . 8\ - S B L -
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arterial pressure remained constanty over the time period
f”measured, but heart rate'and cardlac'output increased. The
effect on cordlac output will oppose, and thus tenduto
minimiae, the depressant effects of ‘clot placement Fowever,

it may be anticipated that the rlse in heart rate ‘over the

3

course of the procedure contrlbuted to the 51gn1 cant
lncrease noted postoperatlvely in the survivors,
Nonetheless, the surv1vors, heart rate increased
significantly,&ghile.the‘nonfsurvivors' did not.

C. Acute Effects of Nimodipine

: The hemodynamic effects of nimodipine in the cynomolgus
%

monkey in dcses up to 30 mg/kg po are much less marked thah
those demonstrated in the cat glven 10 mg/kg po Tbe monkey
demonstrated only a sllght decrease in systemic vascular

"resistance at 30 to.60 minutes, accompanied bﬁl? falls in
mean. arterlal pressure and an lncrease in cardlac;output
" The cat had profound hemodynamlc&changes and d1d not - sur»wve g
htheﬂexperlment. Other 1nvest1gators ‘have produ*ed maq&ed

3 iyﬂ «

W . «n,’)
= ‘.]I_" a
;‘n & . N B p -
changes 1nvhemodynam1c indices 1n'cats dogs and squ;rrel o

s

'monkeys,(personal communication, Dr;’R?;Battye, 98}) at. &

"‘E.

vnlmodlplne dose of 10 mg/kg po. | '1';. o

* A proton nuclear magnetlc resonance spectrum was .
A,

performed on the drug used in these exper1me@$s, conflrmlng
, ; - St
that the drug was nlmodlplne.rStudles were performed by

¢

, o
'pharmacologlsts to confirm’ 7n VlfPO act1v1ty of the drug by

demonstratlng that the n1mod1p1ne at 10" mol/l produced ;;@5

A
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vaeodilationjof dog middle*cerebral arteries contracted by
5-hydroxytryptamine, noradrenalin, and potassium-chioride.

“Thus the nimodipine used in this study was chemically
equivalent/to that used by other inveetigators. However, the
dose~effect'curve‘éor'hﬁhodipine in the cynomolgus monke&

'cleari; differs markedly from that in other species stu ed.

In order to further define the difference in
abloavallab111ty nimodipine was: given 1ntravenously ‘to n
monkey and a‘cat? The cardiovascular depressant effects
demonstrateduwere'similar in both animals, andAresemble
those described'in other species by other investigétors

‘»(personal communlcatlon Dr. R. Battye).
Ethanol was used as thebeoleéhb fot intravenous b
» injection in differing volumesftor each dose 1in each/enimal.’
Thie introduced some variability for whioo'no control was
performed.

. Nimodipine is thus 1 ‘less potent when administered

a Y .
RS AN -
Q .orally to the cynomolgus monke, than to other specles and %

via other routes. @% administration. ~Thls would indicate that
the dlfference in bloavallablllty lies\in dissimilar

'
.\ KN

absorptlon, tirst‘pass metabollsm Cor dlstrwbutfbn of the
drug.
Data in thlS study do not dlfferentlate between these'

.three.possibilities. Although serum levels were performed at’

R  Stage III in the First series, the measuring technlque

(high-pressure liquid chramatography) was not sufficiently
accurate or’precise;to be usefuL. <
) ; . - . - 7‘ .

»
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Additional work needs to be carried out to characterize

the dose-effefit curve of nimodipine in the cynomolgus . |

’Y“'}a

: . Lol L - ! ;
monkey. Technigues need to be improved for the measurement

ef%ﬁ

. & t
of serum levels gn small samples. Metabolism and' protein
blndlng of the drug should be studied. A study 1s underway

examining the in VItPo response of. cynomolgus monkey

cerebral arteries to various smooth muscle contractile

agents in the presence of nimodipine.

<3

ﬁ. Thermodilution Cardiac Output .

The-thermodilution technique is a very accurate and
relieble method of determining cardiee output when compared
to tﬁe dye dilution (Ganz et al., 1971; Weisel et al , " 1975)
and Fick methods (He éées et al., 1975; Wyse et al;,t1975) in
the aault patient;i%éere:are a eumber of assumptions.made
. when u51ng the thermodllutlon +echn10ue Four are

bza

partlcularlv re‘evant to thls'model Firstly, no;éoid.

E2N

SOlUthD can be lost between measurement of 1njectate

temperature and emergence,of the 1njectate from the Dro>1ma1

port. Some warming is 1nev1table, and therefore il set of'.:‘ﬁ

correctlon factors have been determlned for dlffe ent

2%

1njectate volumes and temperatures. The second assumotlen is

L 2 - 0
' e

that COmplete mlxang of‘the'cold solutroﬁ and blood occurs @&«
o ,' LN \".“, -

befbre reachlng the ‘thérmister . Thlrdly, the 1njectate must
‘hot . be lost into the blood vessel walls between the prox1mal
port,and the-thermlste:. Founthly, the 1njected volume must

not -affect flow. In a low flow state, as found in a

Sl : . . , » _
L o . ) . T . .
R . . . S
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‘the walls.of:large vessels r; ' -

LA

oy
voh

" pediatric patient orgfg the cynomolgus monkey, these

. . 9 "
assumptions are particularly 1important.

4 number of investigators have examined thermodilution

cardiac. output 1n the pediatric patient. Freed and Keane

- (1978) found a good.correlationA(r=O.91) betwsen output

measured by thérmodilution'and by the gick_teohnique at
flows between 1.5 1/min and 3. O—l/min Tnelr*redre551on line.
was y = Ox - 0.2 l/m1n where Y. equals cardiac output\by
thermodL}utlon and x equals cardlac output by the Fick

technlque. Other investigators have found,51mllar degreeS‘of

e

}accuracy (Lawrie et al., 1975: Moodie et al., 1978).

Thermodilotion cardiac output_may, however, progressivelyt
overestimate cardiac,output . the lower ou%%ﬁt'rahge.
Ruhciman et al. l1981) SUQQEJL that this‘is due to the loss
of indicator that occurs iﬁtween‘lts emergen e from the

Swan—Ganz catheter and 1ts detection in the pulmonary

artery, as in the low@p flou states there would be more t1me

for eou1l bratlon with surroundlng t1§sues Slnce the

-

prox1mal port is looateo 1n the 1nferlor vena cava in the

monkey “this may be 1mportant (Rgﬁek 1974), although Hosie

A w

(1962) found,that 1mportant heat loss does not take place in

-oq

Few stuoles have been performed where the actual flow.

.jstem has beenémeas%;ed dlrectly (Koheapa and ,

e mhﬂfdham, 1977; Vliers et‘al./ 1973). Moodie ét al.,(1978l

velo ed a#t in vitro model and compared- Llow measured

volumetrlcally with that recorded by several "different

EAT
v




\soLutioh which is injected into a 100-ml round flask.

-

computer systems at flows less than 2.5 1/min. They found

the Edwards' computer to be imaccurate at flows less than 2

l/min,‘and that the thermodilution’output curves were not .

reproducible.

There are problems with the model of Moodie et al. The

thermodilution curve illustrated for a flow of 330 ml/min

L ¢it Lo _
has a very irregular shape. Usiﬁg a model identical to
Moodié's, I also obtained irregular curves at low flow
rates. This is likely due to incomplete mixing of cold

¥
1

Several modifications were therefore made to Moodie's

'mddel.»A'25—ml Erlenmeyer flask was us-7 as the mixing

chamber to é{mulate more closely the size of the right heart

of an animal with a cardiac output less than 1 1/min. A stir

.baEVand plate were used to ensure complete mixingsin the -

%Iaﬁk. Smoqth thermodilutibh curves wer® obtained at all
f%ow rates with tgis‘médified model, thereforg complete ”
Tixing wagaprdbably occurring. .

.Using this in vitro model, the %fyir@§' computer, is a

reasonably accurate and precise means c¢f determining cardiac

output at flows less than 1 1/min. The coefficients of

- correlation between measured flows and flows recorded by the

~
>

Edwards{ computer were highly significant for all injectate

]
i

volumes and temperatures. The»slopes)gf the regression lines
were greater than 1 (with the exception of 5 ml iced
injectate), and the y-intercepts were greater than 0, sp

that cardiac outputs were overestimated. The percert -error-

12
.
it
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9

is larde (up to 50%) ‘at the lcwest flows, however with so
little data scatter about the.regression lines, this system
can certainly be considered a Qery preciSé means of

”

determiifing cardiac output and of following changes ‘in

output.

This in vitro model is not entirely analagous to the in
vivo situation. The specific gravity a@&-specific heat of
water used as the flow medium are slightly different from

that of blood. The heat capacity of the tygon tubing may

differ from that of blood vessels. Backflow of injectate ﬁay

~occur in this model, particularly with larger injectate

volumes and lower flows. No backflow was detected by
observing the injection of a red dye, however even a small

amount of injectate loss leads to a significaht

overestimation of cardiac output. Backflow may also occur in

vivo in low fiqw'states.

Thefmbdilufion curves‘gere recérdéd for the last  four
menkeys of the subafachnéid hehorfhage)study. it became
apparent that with inj;cted volumes of"3,ml'at 0°C Soméfof
the curves were. exceeding the limits of Séﬁsiﬁiﬁity_of the .
fhermister‘in tﬁe Swan-=-Ganz cathetér (2. °C); Wﬁen thié

limit is ' ‘exceeded the area under the curve above this level
.7 . ‘_'1 N K s

will not-bemintegréted, and as a result'CardjaC'QUtputs,are ;ﬂ'

e 3 , ST
overestimated. - o L e T e
The flow below which this error otcufred is g

X
wibney

approximatly .75 1/min. It was not poési%le to determine
fhis critical flow._in the in vitro model as the
. (“ . '“\,;
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thermodilution curves had a different shape in vitro: they
rose much more slowly due to mixing in the larger caliber

tygon tubing. Rapid injection of 3 ml of iced 5% dextrose in

water into the very small vessels of the monkey produces a
curve with a very .rapid upstroke.

After this problem was discovered 1-ml volumes were
It Y ' :

subsequently injected For all of the acute experiments. This
overestimation of cardiac outputs.in the lower flows tended

to. minimize changes in cardiac output and overestimate

)

changes in systemic and pulmonary vascular reiistance

\

. / ‘ , \
calculated between Stages I and III, and between

X \
measurements before and after clot placement. |\

\

An additional ; roblem with injection of a 3 ! volume
.5 that it may affect flow considering that the stroke

volume is only 3 to 4 ml/beat.




CIX. Conclusions Bt

Subarachnoid hemo?%hage caused significant acute
cardiopu.nonary effecté. While both monkeys survi&ing and
dying after clot placement had evidence of cardiovascular '
depression, the effects in -the survivora were less'magﬁéd;
The survivors were able to normalize cardiac output by
increasing heart rara”

Sdbarachnoid hemorrhace had a tendency to depress
cardiovascular fynction 1 week after clot placement,
alrhough the effects did not reach stathtical'sighifi%aﬁce{

Chronic nlmodlplne admlnlstratlon after aubarachn01d

hemorrhage oecreased mean arrerlal pressure and systemlc

vascular resistancé and increased cardiac ¢:iDut, w1th
dosage correlatlng with effect. |

oral nimodipine had minimal acute cardlopulmonary
effects in the monkey when compared to those demonstrated in
the cat and 1n other species cescribed 1in the llterature
-Intravenous nlmodlplne had cardlopulmonary effects that. were

similar in begh the mohkey and.rhe cat. The dose-effect
| H

wcUrve for the qynoqplgus monkey differs from that of other
e, : . . ' ‘ ' - #
species studied. sl ) — KJ
, e - o .
¥ - . . L
Thermodilution cardiac output, examined in Vviiro, was a
. ' .
reasonably accurate and precise means of measuring cardiac

.outpdt in Tow flow states»with a tendency to overestimate

cardiac ‘Sggput.
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Taple 1

The Etiology of Subarachncid Hemorrhage -

‘Primary Subarachnoid Hemarrhage
‘ Aneurysms

AVM's

Unknown

Secondary Subarachnoid Hemorrhage

‘ " Trauma '
Tumors -
Hypertension =
Hemorrhagic disorders

_Cerebral infarction

Infection ) §
Intracranial venous thrombosis
Systemic vascular disease
Spinal “cord abnormalities

"y
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ECG Changes in Subarachnoid Hemorrhage
(Smith, 1872)

Genéralr ECG Changes 1in Subarachnoid Hemorrhage
' N& 1. Proleonged Q-Tc or Q-U intervals
2 2. Elevated or depressed S-T segments

3. Deeply inverted or tall upright T-waves
4. Large U-waves (positive or negative)
5. Q-waves in both limb and precordlal leads
6. Blfld or notched T-waves
n Cardiac Rhythm in Subarachnoi@pgugArhage

Changes
' ‘ . Sinus bradycardia :

. Wandering atrial pacemaker

Paroxysmal .atrial tachycardia

Atrial fibrillation

2:1 A-V block

A-V dissociation

Nodal bradycardia

Premature ventricular contLactlons

OO W N — e

ol
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- CI

SI=Stroke,Index

m/beat/m?)

cm*®); PAP=Pulmonary Artery Pressure
Artery Wedge Pressure (mm Hg);

(mm Hg);

a-v0,dif=a-v0,
. Hg= Hemoglobln

Values are mean #*

(gm/al1)

(ml/beat/m?);
SVR=Systemic Vascular Resistance

(vol %);

|

Shunt=%

SWI=Stroke Work Index
(dyne sec
‘PAWP=Pulmonary
CVP=Central Venous Pressure
PVR=Pulmonary Vascublar Resistance (dyne sec cm™*®);
difference

(mm Hg);

standard error of the mean .

Table 3
Descriptive Statistics: Stage IIIl minus Stage I
Nimodipine 0 3 6 12,
Wt -0.2%0. -0.1x£0.1 -0.2+x0.1 «  +0.120.1
Temp’ -0.38%0. 24 -0.34%£0.37 0.00:0.40  ~0.26+0.25
HR -10z%6 -4+ -3+9 -25+14
MADP -7+8 o +6210 -24+9 -39%12
Y -0.89+0.44 -0.57%0.28 =-0.72%20.33 +0.2120.33
USi e =3.7+2.1 . =2.6%0.9. -0.3£1.8 +3.5%2.0°
SWI . -.031+2.027 -.002 +.003 -.006+.002 -.007+£.004
SVR +2663+1791 +2396+374 - -2694+1420 -4950+1704
PAP -1.2+2.6 +0.2+£2.0 0x1.6 +4.0+£1.9
PAWP -1.2%1..3 +0.5+0.8 +0.2+x1.,1 +2.2x1.6
_CvP +0.2+0.9 1.2+1.1 +2.5%1.2 +0.7¢o.8'
L PVR. +433+184 +171£183 +30£67 . +136%103
A- aDOz +4+17 +17x8 -2+5 ‘—10*17 '
a~-v0,dif +0.420.5 +0.5%0. 3' =0.2x0.3 -0.4+0.4
Shunt -1.0£3.4 -0.5+1, -0.4x0.9 -4.0zx6.1
Hb ) ~2.4:0.9 -3, o+d s 3080 ~1.5%1.0 -
Nimodigdne=Nimodipine (mg/kg po g8h); Wt=Weight (kg);
- Temp=Tempdrature (°C); HR=Heart Rate (beats/min); MAP=Mean
Arterial Pressure (mm Hg); CI=Cardgac Index (l/min/m?)

(gmt

Shunt;

s
3



Table 4. Descriptive statistics: pre- and post-clot.
i o ~ P
" Temp=Temperature (°C); HR=Heart Rate S
(beats/min); MAP=Mean Arterial Pressure (mm Hg);
Cl=Cardiac Index (l/min/m?);: SI=Stroké Index
(ml/beat/m?); SWI=Stroke Work Index (gm
m/beat/m?); SVR=Systemic. Vascular Resistance
(dyne sec cm™*®); PAP=Pulmonary Artery Pressure
(mm Hg); PAWP=Pulmonary Artery Wedge Pressure

(mm B CVP=Central Verous Pressure (mm Hg); .
. PVR=f®%onary Vascular Resistance (dyne sec
cm: MO dif=a-v0, difference (vel ) Shunt=%
Shi Miembglobin(gm/dl)
) .. Sf

A . .
Values ®fe mean *+ st derror of the mean. .
<y . - : .
) (#)Significant values ((post-clot minus pre-clot,
'p<0.05). = : _
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Table 5

Thermodilution Cardiac Output Versus Measured Flow

i ml ice o= L Ibx o~ 10,64 v L9838
I ml RT y o= 1.02x + £2.39 L9832
2 ml ice ¥o= .15 o+ 12,52 LEeE
2 ml RT vo=e 1 10x + 15,04 SRERC
3 ml ice yo= i.1ix o+ 22,34 cog
3 ml RT y o= d.téw = 7,20 ST
5 ml ice vio= 0.87x - 10702 LIBC
5 ml RT vo= 1.08x - 2S.¢ EEE

RT = Room Temperature

N - b . .
= Thermodilution Cardiac Outpu*t .
b Measured Flow :



Figure 1. In vitro model of thermodilution cardiac output.
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Figure 2.

The effects of anesthesia c¢cn heart rate, mean
arterial pressure and cardilac output. Ketamilne
h-drochloride was used for induction, Time 0 1is
te time of endotracheal intubation.

First monkev

A

Second monkey

[
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Figure

3.

The effects cf anesthesia on svstemic vascular
resictance, pulmonary vascular -eslstance and
stroke volume. Ketamine hydrochlceride was used
for inductior. Time O is the time cI
cndotracheal in-ubation.
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P
(&3

r Second monkey
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L4
The effects of anesthesia on pulmonary artery
pressure, pulmonary artery wedge pressure and
central vencus pressure. Ketamine hydrochloride
was used for inducticn. Time 0 i1s the time of
endotracheal intubation.

Firc: monkey

L Second monkey
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Figure 5.

The effects of anesthesia on A-aDO,, a-vO,
difference and % shunt. Ketamine hydrochloride
was used for induction. Time O is the time of
endotracheal intubation. ' .

¢ First monkey

4 Second monkey -
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Figure 6. Differences in heart rate between Stage 111 and

Stage I for various nimodipine dosages. Values
" shown are means (Stage III minus Stage 1) £
standard error of the mean. ' o
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Figure 7. Differences in mean arterlal pressure between
Stage III and Stage I for varlous nimodipine
dosages. Values shown are means (Stage III1 minus
Stage I) * standard error of the mean.

(#) Differs significantly from placebo group
‘ (p<0.10).
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Figure

1.

Differences in pulmonary artery pressure (PAP)
between Stage III and Stage I for various
nimodipine dosages. Values shown are means

(Stage III minus Stage 1) * standard error of
the mean.



Figure

13.

|
|

Differences in A-&DO; between Stage III and

‘Stage I for various nimodipine dosages..Values

shown are means (Stage III minus Stage I) *
standard error of the mean.
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Figure 20. The effects of polyethylene glycol 400 0.5 ml/kg
on systemic vascular resistance, pulmonary
vascular resistance and stroke volume.

(%) Indicates the time the polyethylene glycol
was given.
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- Figure 277 The effects of oral nimodipine on stroke index
in ac~keys. Time .0 is the time of nimodipin-
administration.

Nimodipine 20 mg/kg 4,0
Nimodipine 30 mg/kg 0
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Figure 28.

The effects of oral nimodipine on pulmonary
artery pressure in monkeys. Time 0 is the time
of nimodipine administration.

Nimodipine 20 mg/kg 4
Nimodipine 30 mg/kg O



137

o st
I
£ 15}
£
)
— 13- o A A A
2 X VANA
»w F
g 11t Q 0-0-Q O\A/ 0 /—o A
- \VARVANVAWAY
>
+~ 13} 0-0
< \ \
0-0 -
> ]
Ej 11} 0-0-0-0 \D
c \
g N / )
= ot O
(o R

Time Chr)

v



Figure 34. The effects of intravenous nimodipine on

systemic vascular resistance in a monkey. (%)

Indicates the time of nimodipine administration

in doses of 0.012 mg/kg, 0.105 mg/kg, and 0.458
mg/kg. .
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Figure 41. The effects of intravenous nimodipine on cardiac
' output in a cat. (%) Indicates the time ot
nimodipine administration in doses of 0.010
mg/kg and 0.103 mg/kg.
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