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FOREWORD

Cerebral vasospasm has been recognized for half a
century as a cause of morbidity and mortality in patients
with subarachnoid hemorrhage. Despite prodigious pre-
clinical and clinical studies, the pathogenesis and the
pathophysiology of this disorder are not fully understood.
Effective measures for preventing and reversing the arter-
ial narrowing and the ensuing ischemic neurological def-
icits have been elusive. Vasospasm continues to be the
leading treatable cause of death and disability in patients
with ruptured aneurysms.

In recent years, a vast body of knowledge relating to the
underlying mechanisms and potential treatment for vasos-
pasm has been accumulating not only from neurosurgical
investigations, but also from research into atherosclerosis
and hypertension, as well as basic smooth muscle cell
physiology and pathology. This growing knowledge base
is bringing us closer to a solution for vasospasm.

Vasospasm is a soluble problem, and the solution is
long overdue. Progress has been retarded because the
knowledge base required to solve the problem is, in large
part, fragmented.

Macdonald and Weir’s Cerebral Vasospasm is the de-
finitive work on the subject; it is truly a magnum opus and
contains essentially all of the information one needs or
wants to know about vasospasm.

The importance of the work is that it brings together
in one easily readable source information from dis-
parate disciplines and sets the stage for the final as-
sault on this perplexing problem. This book is the single
most important factor in finding a remedy for vasos-
pasm.

Neil Kassell
University of Virginia
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l. Introduction

Cerebral vasospasm has dominated the interest of vas-
cular neurosurgeons since its discovery, being recognized
as a lethal complication of subarachnoid hemorrhage
(SAH). Considering that this disease entity has been well
known for less than half a century, we have made con-
siderable strides in preventing and treating it. It is no

longer quite as fearsome as it was in the early days of

aneurysm surgery.

The record of our growing but still rudimentary know-
ledge of cerebral vasospasm is provided in the proceedings
of a series of international conferences on the subject
(Table 1.1).

Il. Clinical Description

Echlin (1) described the status of vasospasm (VSP)
prior to the advent of modern imaging technology:

TABLE 1.1 International Meetings on Vasospasm

Jackson, Mississippi, USA—1972

Smith, R, R., and Robertson, J. T. (Eds.) (1975). Subarachnoid
Hemorrhage and Cerebrovascular Spasm. The First “International”
Workshop. Thomas, Springfield, II.

Amsterdam, The Netherlands—1979

Wilkins, R. H. (Ed.) (1980). Cerebral Arterial Spasm. Proceedings of the
Second International Workshop. Williams & Wilkins, Baltimore.

Charlottesville, Virginia, USA—1987

Wilkins, R. H. (Ed.) (1988). Cerebral Vasospasm. Proceedings of the
1 International Symposium in Charlotresville. Raven Press,
New York.

Tokyo, Japan—1990

Sano, K., Takakura, K., Kassell, N. F., and Sasaki, T. (Eds.) (1990).
Cerebral Vasospasm. Proceedings of the International Conference on
Cerebral Vasospasm. Univ. of Tokyo Press, Tokyo.

Edmonton, Alberta, Canada—1993

Findlay, J. M. (Ed.) (1993). Cerebral Vasospasm. Proceedings of the V
International Conference on Cerebral Vasospasm. Elsevier,
Amsterdam.

Sydney, Australia—1997

Dorsch, N. (Ed.) (1999). Cerebral Vasospasm VI. Proceedings of the
VIth International Conference on Cerebral Vasospasm. Oslington
Consulting (Publishing), Sydney.

Interlaken, Switzerland—2000

Since the middle of the nineteenth century, many observers have
suggested on empirical grounds that spasm of vessels might play a
role in epilepsy, migraine, temporary hemiplegia, hypesthesias,
asphasia, and other transitory neurological phenomena. Despite
such suspicions as to the nature of vasospasm, there was never
any direct evidence of the phenomenon.

Gull (2) may have provided the first observation on
delayed ischemic deficits (DIDs) due to vasospasm. He
treated a 30-year-old female:

While walking, she suddenly called out, *Oh my head™ and put
up her left hand. She vomited, and as her friend thought, fainted.
After a brief interval she partially recovered, and was able to walk
back to her residence with the support of two men. When
admitted to the hospital at noon the following day, only a slight
impression could be made by any attempt to rouse her. The right
arm was quite paralyzed, the muscles flaccid; the right leg in the
same condition.
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On day 1 following the (SAH), her breathing was ster-
torous and swallowing was difficult. She was incontinent.
On day 3, she appeared more sensible and was able to eat;
when spoken to, she attempted to answer but was unable
to articulate. On day 4 she had “rallied as to recognize her
relative who visited her, and to say distinctly, ‘My cou-
sin.””” On the fifth day following the bleed, her symptoms
became aggravated, her pupils fixed and dilated, and she
died. There was a large SAH in the left sylvian fissure at
postmortem examination. The left hemisphere showed
massive softening. On the middle cerebral artery (MCA)
were two small aneurysms, one of which had ruptured.
There was some bloody serum in the ventricles. ‘

Beadles (3) published a case history in 1907; the find-
ings are also reminiscent of a DID on the basis of vasos-
pasm. The patient was a 51-year-old male who had a
sudden seizure with loss of consciousness. Four days
after his hemorrhage, ophthalmoscopic examination
revealed large hemorrhages in the fundus of the left eye.
The patient had recovered and complained of consider-
able headache. He had no paralysis and had no further
seizures. Eight days following his initial hemorrhage, his
temperature began to rise and he became drowsy and
completely lost all power in the lower extremities. He
then passed into an unconscious state. Death, preceded
by pyrexia and tachycardia, occurred 10 days following
the SAH. At autopsy “profuse meningeal hemorrhage
was found caused by rupture of a small aneurism of the
anterior cerebral artery, not larger than a pea.”

In 1975, Fisher (4) recorded that approximately one-
third of patients who survived their initial SAH and
whose state permited recognition of a new disturbance
developed DID. These initially developed between days
3 and 13 (mean of 7 or 8 days). In cases in which they
appeared to occur more closely to the SAH, there was
usually a history of a hemorrhage preceding the one lead-
ing to admission. The DID usually took 2-4 days to reach
its maximum but could peak as early as 24 hr from the
onset. About 50% of the deficits were reversible, and
improvement could occur over a few days to months.
Although angiographic VSP occurred in approximately
40% of cases, it was not symptomatic unless it was of a
very severe degree. About 75% of the deficits due to VSP
involved the (MCA) territory. These included hemi-
paresis, monoparesis, motor or sensory dysphasia, agno-
sia, and apraxia. Usually motor symptoms predominated.
In 25% of cases VSP produced symptoms related to the
anterior cerebral artery territory, with a myriad of frontal
lobe signs resulting. DID from the VSP was often a car-
icature of ordinary cerebrovascular syndromes. Non-
dominant lesions produced a general reduction in
responsiveness. A recrudescence of fever and nuchal rigid-
ity might be associated with DID.

The same year the statistical technique of multiple
regression analysis was used on the data from 135 cases
with SAH treated during a 5-year period at the University
of Alberta (5). The hierarchy of associations of impor-
tance in predicting 2-month mortality rates was initial
neurologic grade, grade at surgery, preoperative vasos-
pasm, the presence of a large mass lesion, hypertension,
a shorter interval to surgery, and greater age.

Saito and colleagues (6) in the late 1970s published an
account of 44 consecutive cases of ruptured aneurysm in
which VSP was present preoperatively or postoperatively.
Computed tomographic (CT) scan demonstrated infarc-
tion in the territory of the spastic arteries in 71% of the
patients with VSP. Permanent DID was always found to
accompany VSP affecting one entire carotid system and
the anterior cerebral artery of the opposite side. When
VSP was restricted to one carotid system alone or bilateral
anterior cerebral arteries alone, it was usually associated
with only temporary symptoms. Infarction on CT scan
and clinical symptomatology was always present when
VSP involved the ascending branches of the middle cereb-
ral artery. Over 4.5 years, 120 patients were seen with
SAH due to ruptured aneurysms; VSP developed in
37%, 20% preoperatively and 17% postoperatively. VSP
developed only in those cerebral arteries that were
immersed in blood-stained cerebrospinal fluid. CT
depicted low-density areas or infarction in the territories
of the spastic arteries in 71% of the cases. The type and
distribution of VSP assessed by angiography helped in
determining the prognosis of the disease. VSP usually
began at the the end of the first week post-SAH, reached
a maximum between days 9 and 13 post-SAH, and lasted
about 2 weeks.

l1l. Pathology

In the mid-1940s Alpers and Forster (7) and Hammes
(8) reported that the breakdown of red blood cells
(RBCs) reaches its peak about the seventh day after
SAH. Two decades later, Tourtelotte and coworkers
(9) found that the cerebrospinal fluid (CSF) became
clear by 10-20 days following SAH in over 80% of
patients.

Robertson (10) studied 27 fatal cases of ruptured
aneurysm in 1949, One of the cases that he described in
detail was that of a 70-year-old female who had SAH
documented by lumbar puncture. On day 5 post-SAH
she developed hemiplegia, and on day 6 she became
unconscious. The patient survived for 18 days prior to
dying of a respiratory infection. At autopsy a ruptured
anterior communicating artery aneurysm was found. The
basal cisterns were stained yellow, and there was recent
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blood clot under the olfactory bulbs. The cerebral vessels
were patent. A patchy softening of the medial surfaces of
both frontal lobes and the white matter below the left
anterior horn was found. Infarction was also noted
around the Sylvian fissure on one side. Robertson
observed,

Hence, it seems possible that the ischemic changes were due to
temporary spasm of the supplying vessels. The changes in the
territories of the anterior cerebral arteries may have been due to
the compression of the arteries by the aneurysm, but it is more
likely that the latter stimulated spasm of the vessels, even of
vessels remote from the aneurysm.

He did not realize apparently that is was the encasing
blood clot that caused the VSP since the clot had often
been absorbed by the time of death. Infarction remote
from the ruptured aneurysm, in the absence of intrace-
rebral bleeding, was illustrated for the first time by
Robertson (10) (Fig. 1.1). In a different analysis of 86
patients with aneurysms, he noted infarction in 30% of
cases personally examined, whereas it was recorded in
only 2 of a far larger number of cases examined without
the brains first having been fixed in formalin.

Yoo e A
AR e

FIGURE 1.1

)

IV. Radiology

A. Angiography

Roentgen submitted his paper about a new kind of rays, which he
called x-rays, on 28 December 1895 for publication in a not very
important local journal in which it appeared almost immediately.
Thus he gained priority over Philip Leonard, whose work on
cathode rays was well known to Roentgen.

—GQGuitierrez (11)

Cushing wrote a letter within 6 weeks of Roentgen’s
report: “Professor Roentgen may have discovered some-
thing with his cathode rays that may revolutionize med-
ical diagnosis” (11).

It is fascinating that Egaz Moniz had a distinguished
political career prior to beginning serious neurological
investigation at what some would consider to be the
advanced age of 51 (12). In June 1927, on Moniz’s ninth
attempt, he produced a cerebral angiogram of acceptable
quality in a living person. The initial published account by
Moniz (13) on “arterial encephalography’ related to its
importance in the localization of brain tumors. His
achievements thereafter are legend (13). He also published

#

“(Case 9)9—(A) Aneurysm at junction of right anterior cerebral and anterior communicating

arteries. Subarachnoid hemorrhage. (B) Cerebral infarct in the absence of intracerebral rupture” [from Robertson
(10); reproduced with permission of Oxford University Press].
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in 1933 the first case of an aneurysm to be visualized in life
(Fig. 1.2).

Ecker and Riemenschneider (14) were aware that Vil-
laret and Cachera had demonstrated that cerebral arterial
spasm could result from experimental solid emboli and
that systemic arterial spasm could result from the “crush
syndrome” and inferred the presence of extracranial inter-
nal carotid artery VSP from penetrating wounds of the
neck or blunt head injury. When Ecker presented his
angiographic demonstration of intracranial VSP at the
Cushing Meeting in 1951, the reaction of the audience
was almost uniformly negative. Only one man in the
front seemed to smile approval. Ectrer (15) noted,

I addressed the rest of my remarks to him. In discussion, after
some of the older men denied the existence of cerebral arterial
spasm....] went to the unknown smiling man in the front to
thank him for his encouragement. He answered, still smiling, “I
don’t speak English.”

Ecker and Riemenschneider (14) diagnosed VSP when
a vessel was found to be of larger caliber on a subsequent
angiogram than it had been initially, under apparently
identical conditions (Fig. 1.3). In 6 cases of saccular
aneurysm on the anterior circle of Willis, VSP was visual-
ized. All of these patients had suffered from SAH. There
were 23 other cases of aneurysm in which VSP could not
be proven by repeat angiography. The authors found that

FIGURE 1.2

VSP was generally maximal at the site of the aneurysm
and most marked intracranially. In 10 cases of SAH from
aneurysms in which angiograms were performed more
than 26 days following SAH, no evidence of VSP was
found. It was theorized that VSP might play a protective
role in the production of intracranial aneurysmal throm-
bosis. Their key conjecture was that excessive VSP could
produce unfavorable effects by impairing the circulation
of the brain to an area nourished by the affected artery.
Like Robertson, these authors hypothesized correctly that
excessive VSP could produce unfavorable effects by
lowering the blood flow to the area of brain nourished
by the affected artery. The most important sentence in the
history of VSP was theirs: “It is probable that arterial
spasm plays an important role following spontaneous
rupture of saccular aneurisms of or near the circle of
Willis” (14). It took a decade or so before the widespread
skepticism that greeted their observations was finally dis-
sipated.

In 1978, Weir and associates (16) measured eight arter-
ial points on 627 angiograms from 293 patients with
aneurysms. A ratio between the sum of the vessel dia-
meters in the subarachnoid space and the sum of the
diameters in the base of the skull and neck was calculated
and plotted against time (Fig. 1.4). Using this ratio, it
appeared that intracranial constriction or VSP began

“Anévrysme de la carotide interne. C.1., carotide interne avant son entrée de la cerveau. A.,

anévrysme; S.C., siphon carotidien; G.S., groupe sylvien; P, artére pericalleuse; T.S., artére temporale
superficielle (dérivée de la carotide externe)” [from Moniz (13)].
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FIGURE 1.3
rebral artery. Spontaneous subarachnoid hemorrhage Jan. 4, 1951.
Arteriograms made after right carotid injection. Anteroposterior views:
(A) January 15; (B) March 20. Lateral views: (C) January 15; (D) March
20; Chamberlain-Towne views: (E) January 15; (F) March 20. All films
show the aneurism at the bifurcation of the right middle cercbral artery.
The three views made in January all show constriction of the right
internal carotid artery, its terminal branches, and the aneurism itself.
Their spasm is absent from the films made in March” [reproduced with
permission from J. Neurosurg. (14)].

“(Case 3)—Aneurism at bifurcation of right middle ce-

about day 3 after SAH , was maximal at days 6-8, and
was gone by day 12. There was a tendency for patients in
poor clinical grade to have a greater degree of constric-
tion. The patients with the most VSP had significantly
higher mortality than those with the least VSP. Ito (17)
also measured arterial diameters in 189 aneurysm cases
on the anteroposterior projection angiogram. The ratio of
the sums of the intracranial diameters at three points to
the cervical internal carotid artery diameter was calcu-
lated. The mortality rate was 18% in the patients with
the least degree of VSP, 36% in patients with a mod-
erate degree of VSP, and 41% in patients with the highest
degree of VSP.
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FIGURE 1.4 “Curve for the reduction in ratio of the caliber of vessels
in the subarachnoid space to those outside versus time. Based on data
from 429 angiograms done posthemorrhage and preoperatively, there is
more constriction in 120 angiograms on patients who died (broken line)
than in 309 on survivors (continuous line)” [reproduced with permission
from J. Neurosurg. (16)].

B. Computed Tomography

Hounsfield (18) described his system for computerized
transverse axial scanning tomography (CT) in 1973 (Fig.
1.5). X-ray transmission readings are taken through the
head at a multitude of angles, and from these data absorp-
tion values of the material contained within the head are
calculated on the computer and presented as a series of
pictures of slices of the cranium. This system was initially
100 times more sensitive than conventional X-ray systems.
Variations in soft tissues of nearly similar density could be
displayed. Hounsfield wrote, “It is possible that this
technique may open up a new chapter in X-ray dia-
gnosis. ... The increased sensitivity of computerized sec-
tion scanning. . . thus enables tissues of similar densities to
be separated and a picture of the soft tissue structure
within the cranium to be built up.” Within 3 years, Ken-
dall and associates (19) carried out a study of 100 multiple
aneurysm cases using CT which localized the site of the
bleeding in 56% of the cases.

Katada and coworkers (20) noted a relationship
between the amount of blood on CT and the development
of VSP. Soon thereafter, 73 patients with SAH were
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FIGURE 1.5 “(a) Window level setting—100 units. (b) Setting 0 shows water in the
ventricles. (¢) Setting +15 units shows tumor and hemorrhage. (d) Setting +20 shows
details of the hemorrhage” [reproduced with permission from Br. J. Radiél. (18)].

systematically studied by Takemae and associates (21)
during the acute post-SAH stage, 39 of which underwent
CT within 4 days; of these, 77% had high-density areas
within the SA space. High-density areas disappeared
between days 4 and 22 post-SAH on the repeat CT scans
of patients treated conservatively. It was possible to pre-
dict VSP by examining the high-density areas on the CT
scan within 4 days after SAH. VSP usually occurred
between days 5 and 14. VSP developed in 83% of the
patients with high-density areas in the basal cisterns and
in 78% of the patients with blood clots within the Sylvian
fissure. No VSP developed in patients without high-
density areas on CT scan. When CT scan was performed
more than 4 days post-SAH, there was no relationship
between CT findings of blood and VSP. Also, high-
density areas on the CT scan within 4 days post-SAH

agreed with the distribution of VSP seen angiographically.
Early surgery with removal of blood clots was recom-
mended for those patients with high-density areas seen
on CT scan within the first 4 days post-SAH. This impor-
tant paper was published in a Japanese journal in 1978
(Fig. 1.6) and went largely unnoticed in the West.

Two years later, Fisher and coworkers (22) studied 47
cases of SAH. Only 1 of 18 patients in whom there was no
subarachnoid blood developed severe VSP; 96% of
patients with thick subarachnoid clot developed VSP.
Every patient with severe VSP manifested delayed symp-
toms and signs. The authors concluded that blood loca-
lized in the subarachnoid space in sufficient amounts at
specific sites is the only important etiological factor in
VSP. Of 28 patients with no or mild SAH as judged by
CT, 68% developed no worse than mild VSP. Abnormal
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3) It is possible to anticipate whether vasospasm
will develop by examining high density on CT-
scan within 4 days after the onset. Vasospesm
was observed on angiogram obtained between 5 to
14 days after the onset in 83% of the patients
with high density in besal cisterns and 78% in
Sylvian fissure, but no vasospasm developed in the
patients without high density on CT-scan. On the
other hand, there was no relationship between de-
velopment of vasospasm and high density on CT-
scan performed more than 4 days after the onset.

4) Location of high density (extravasated blood
in subarachnoid space) on CT-scan performed with-
in 4 days sfter the onset approximately coincided
with the distribution of vasospasm demonstrated on
angiogram.

5) Therefore, high density recognized on CT-scan
performed within 4 days is considered to be es
sential for the development of vasospasm.

FIGURE 1.6 “Computed tomography of ruptured intracranial aneurysms in acute stage. Relationship between
vasospasm and high density on CT scan. Selections from the English abstract” [from Brain Nerve (21)].

contrast enhancement was not found to be of significance.
All observations were initially controversial but have now
gained widespread acceptance.

C. Blood Flow Measurements

The time course of changes in cerebral blood flow
following SAH were first delineated by Kagstrom and
associates (23) in the mid-1960s. Spasm was associated
with reduced blood flow in studies and was reported
using radioactive tracers late in that decade (24).

Grubb and associates (25) carried out evaluation of 30
patients using a positron emission tomographic (PET)
scanner in 1977 (Fig. 1.7). They demonstrated that
patients with more severe neurological deficits or more
severe degrees of VSP had the most marked depression of
cerebral blood flow (CBF) and cerebral metabolic rate for
oxygen (CMROy). In addition, they demonstrated a strik-
ing increase in cerebral blood volume (CBV) in such
patients.

D. Transcranial Doppler

Transcranial Doppler sonography (TCD) was intro-
duced by Aaslid to assess spasm in the intracranial con-
ductive vessels in 1982 (Fig. 1.8) (26). TCD is now
routinely utilized at the bedside by most neurosurgeons
treating SAH patients.

V. Medical Aspects

A. Hemodynamic Therapy

Denny-Brown (27) noted in 1951 that hypotension
could have disastrous effects on patients with recent cere-
brovascular accidents and therefore suggested 1t was log-
ical to adopt measures to raise systemic blood pressure.
He presented patients in whom dramatic clinical dete-
rioration occurred when hypotension was superimposed
on structural narrowing of major cerebral blood vessels.
This clinical worsening was related to decreases in blood
pressure that accompanied syncope, gastrointestinal
hemorrhage, or sleep.

In 1976, Kosnik and Hunt (28) described 7 patients
with SAH who developed delayed neurological deficits.
In 5 of the 7 there was a marked improvement in their
state following the raising of blood pressure, blood
volume, and central venous pressure (Fig. 1.9). It was
assumed that autoregulation was at least partly lost in
such patients with a “cerebral hemodynamic crisis.”
Blood volume expansion was employed to augment the
vasopressors in maintaining systemic hypertension. They
used norepinephrine (16 mg in 500 ml of 5% dextrose in
0.45% saline) given intravenously through a central
venous line. It was suggested that if ischemia and infarc-
tion were already well developed when this treatment was
employed, the hypertension might be useless and might in
fact accelerate brain swelling. Other hazards included the
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FIGURE 1.7 “Mean values of CBV, CBF, and CMRO; in patients following a subarachnoid hemorrhage
with and without cerebral vasospasm. Standard deviation of mean values is shown by vertical bars. Mean
values significantly different from normal values are indicated by stars” [reproduced with permission from
J. Neurosurg. (25)}.
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FIGURE 1.8 “Left: Angiogram of a 46-year-old woman with aneurysm of the right internal carotid artery 7
days after subarachnoid hemorrhage. The right middle and anterior cerebral arteries were clearly spastic, while
those on the left side had normal caliber. Right: Spectral display of the Doppler signals from both middle cerebral
arteries (MCA R and MCA L) in the same patient. The flow velocity in the right MCA was markedly elevated
(150 cm/sec) when compared to S8 cm/sec measured on the left side (within normal range)” [reproduced with
permission from J. Neurosurg. (26)).
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FIGURE 1.9 “Postoperative course in case 3. This patient had two
changes in his neurological status, both of which were resolved with
pressure elevation” [reproduced with permission from J. Neurosurg.

28)].

nonspecific ones associated with an indwelling central
venous line and the possibility of fluid overload and con-
gestive heart failure. An important contribution to the
understanding of VSP was the finding of Maroon and
Nelson (29) in 1979 that red blood cell mass and total
blood volume were significantly decreased in 15 patients
following SAH. They listed the causes of contracted blood
volume as bed rest, supine diuresis, peripheral pooling,
negative nitrogen balance, decreased erythrocyte produc-
tion, and iatrogenic blood loss. Their data supported the
concept of intravascular blood volume expansion with
erythrocytes and colloid to prevent and treat ischemia
caused by VSP. Kassell and associates (30) presented
data in 1982 from the largest group of patients treated
with deliberate intravascular volume expansion and
induced arterial hypertension. Neurological deterioration
was successfully reversed in approximately 80% of cases.
Causes of failure included preexisting infarction, progres-
sion of VSP, rebleeding, and the inability to induce hyper-
tension. There were significant complications resulting
from this, including aneurysmal rebleeding, pulmonary
edema, dilutional hyponatremia, coagulopathy, pneu-
mothorax, and myocardial infarction. These workers
induced hypertension with dopamine and occasionally
dobutamine. Pressure increases as high as 150 mmHg
mean arterial pressure were employed. Of interest was
the fact that they did not observe any increase in infarct
size or conversion of a pale to a hemorrhagic infarct.

B. Avoidance of Adverse Factors

In a large cooperative study reported by Nibbelink and
coworkers (31) in 1975, antifibrinolytic medication was
found to reduce rebleeding rates in unoperated aneurysm
cases compared with historical controls. Unfortunately,
this and other reports led to the general and rapid accep-
tance of the use of antifibrinolytic agents following aneur-
ysm rupture.

The conclusive demonstration that the use of antifibri-
nolytic agents reduced rebleeding, but only at the unac-
ceptable price of an increased rate of ischemic morbidity
and morality, finally came in studies of the Cooperative
Aneurysm Group and a European multicenter trial in the
mid-1980s (32,33).

C. Vasodilator and Neuroprotectant Medication

On the basis of a study by George Allen (34) in 1979 in
which acute and chronic spasm in dogs was apparently
reversed by the oral administration of the calcium
antagonist nifedipine, and by pharmacologic evidence of
its potent ability to antagonize vasoconstrictor agents in
vitro, a subsequent human trial of the related drug nimo-
dipine was organized. The results were published in 1983
(35). Allen and coworkers found that a deficit from vaso-
spasm that persisted, was severe, or caused death before
the end of the treatment of 3 weeks developed in 8 of 60
patients given placebo but only 1 of 56 given nimodopine.
This was a significant difference (Table 1.2). This was the
first multicenter, prospective, placebo-controlled, ran-
domized trial of a medication which it was hoped would
alleviate VSP.

VI. Etiology

In 1925, Florey (36) used local mechanical and elec-
trical stimulation to induce local spasm in the cerebral
arteries of cats. The substance in blood eliciting the great-
est meningeal response when injected intracisternally in
dogs was present in RBCs (37). The supernatant fraction
of autogenous RBCs incubated at body temperature for 4
days produced the greatest pleocytosis in CSF, and auto-
logous hemolyzed RBCs produced the greatest protein
elevation in CSF according to Jackson.

Echlin (1) presented convincing photographic evidence
that marked acute spasm of the blood vessels of monkeys
could be induced by the application of blood after the
arachnoid had been opened (Fig. 1.10). Simeone and co-
workers (38) demonstrated that a variety of chemical and
physical stimuli could cause angiographic vasospasm in
the primate. In this model, the puncture and subsequent
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TABLE 1.2 Classification of Patients with Deficits from Spasm, According to Neurologic Outcome”

Treatment group

Outcome Placebo (n = 60)b Nimodipine (n = 56)b

No. of patients

Normal 6 8

Mild or moderate 2 4
Patient 1: 3/5 left hemiparesis Patient 1: disoriented to city
Patient 2: disoriented to year Patient 2: 3/5 left arm

Patient 3: disoriented to city, 4/5 right leg, mild
aphasia

Patient 4: 4/5 left hemiparesis
Severe 8 1
Patient 1, 2, 3: death” Patient 1: death”
Patient 4: coma, decerebrate
Patient 5: no verbal response, 0/5 left hemiparesis
Patient 6: severe aphasia, 2/5 to 3/5 quadriparesis
Patient 7: 0/5 to 1/5 left hemiparesis

Patient 8: moderate aphasia, 2/5 right hemiparesis

% From Allen et al. (35). Copyright © 1983 Massachusetts Medical Society. All rights reserved.
Excludes five patients who violated protocol.
€ All these patients had severe deficits immediately before death.

Arterial Spasm from Subarachnoid Hemorrhage

FIGURE 1.10 “Monkey No. 313. (Left) Normal basilar and vertebral arteries. (Right) 1 1/2 minutes after
irrigation of the vessels with 15 drops of fresh arterial blood. Note the marked spasm of the vessels” [reproduced
with permission from J. Neurosurg. (1)].
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withdrawal of small needles from the intracranial internal
carotid artery caused prolonged angiographic VSP, which
in some cases was observed to last as long as 4 days. In
1970, chronic VSP was angiographically demonstrated in
primates following the injection of blood alone, without
any damage to the arteries. The degree of VSP did not
change with repeated hemorrhages (39).

Experimental evidence gathered during the 1970s sup-
ported the hypothesis that VSP was related to exposure of
cerebral arteries to RBC breakdown products. In a dog
basilar artery preparation, Miyaoka and colleagues (40)
noted that fresh serum was vasoactive in vitro but was
inactivated after 4 days of incubation. In contrast, mix-
tures of blood and CSF had progressively increasing
vasoactivity following incubation, which was maximal at
7 days. Biochemical analysis revealed that the vasoactive
property was present in polypeptides closely allied to
oxyhemoglobin (oxyHb) or in oxyHb itself. Endo and
Suzuki (41) found that prolonged incubation of a blood
CSF mixture produced more severe and prolonged vaso-
constriction than either fresh blood or spinal fluid. Osaka
(42) also presented evidence that prolonged VSP was
produced by a breakdown of RBC products. Fresh, intact
RBCs were initially not vasoactive but caused vasocon-
striction following incubation and lysis over several days.
Platelet-induced vasoconstriction, on the other hand, did
not persist over time.

The search for a reliable animal model that closely
mimicked the human situation appeared to culminate
successfully when Espinosa and colleagues (43) reported
in 1984 that the microsurgical application of fresh auto-
logous clot directly around the basal arteries in the prim-
ate would reliably produce severe, diffuse VSP subjacent
to the clot and approximately 5% of such animals would
develop delayed-onset hemiparesis or hemiplegia about 4
or 5 days after the surgical procedure.

VII. Surgical Aspects

A. Clot Removal

Mechanical removal of blood from the basal cisterns as
a possible means of preventing arterial spasm in SAH was
proposed by Johnson and colleagues in 1958 (44). In a
remarkably prescient paper, Kennady (45) in 1967
reported the fate of RBCs injected into the subarachnoid
space of dogs. He considered that significant amounts of
blood could be removed following blood injection by
irrigation of the subarachnoid space and that the effi-
ciency of this removal could be increased by addition of
“fibrinolysin” to the irrigation fluid. This was probably
the primary observation that the addition of clot lysing

agents in irrigation fluid facilitates the removal of
subarachnoid clot. In the primate model developed at
the University of Alberta the intrathecal application of
recombinant tissue plasminogen activator (tPA) was sub-
sequently shown to be efficacious in facilitating earlier
removal of clot and in preventing severe VSP and
DID (46).

B. Timing of Surgery

Suzuki et al. (47) analyzed 413 cases of aneurysmal
SAH admitted between 1971 and 1973. They found that
excellent postoperative results were obtained when sur-
gery was carried out in the first day or two following
SAH. They suggested that operation carried out within
24 hr greatly lessened the possibility of the occurrence of
postoperative VSP due to the removal of subarachnoid
clot from around the basal arteries, which they suggested
played a role in the production of VSP. Saito and co-
workers (48) in 1977 noted that angiographic VSP usually
developed about 4 days after SAH and subsided an aver-
age of 2 weeks following the onset. In this report, there
were few deaths in patients operated on in the first 3 days
following SAH and the highest death rate was for those
operated on in the subacute (4-7 days) period after
hemorrhage. In surgically treated patients, early VSP
tended to be mild and was attributed to the removal of
blood clot or blood-stained CSF at the time of surgery.
An important observation was that 4-11 days elapsed
between SAH and the onset of symptoms of VSP regard-
less of the timing of surgery. In the early 1980s, additional
series reported evidence supporting the concept that early
removal of subarachnoid blood clot would be beneficial in
reducing the incidence of DID and development of infarc-
tion. Takahashi and associates (49) found a correlation
between the results of early operation and CT findings.
They advocated the placement of ventricular cisternal
drains for the improvement of spinal fluid circulation
and the removal of blood clot from the basal cisterns at
the time of aneurysmal clipping. A similar surgical
approach was taken by Mitzukami and coworkers (50),
who in 1981 reported that in 90% of patients it was
possible to remove subarachnoid clot from the basal
frontal interhemispheric fissures, bilateral Sylvian stems,
and Sylvian cisterns, as well as the anterior part of the
insular cisterns in cases in which surgery was performed
early. Subsequent angiography revealed no VSP or mild
VSP in patients in whom the blood clot had been success-
fully removed, and no neurological deterioration occurred
in these patients. In 8 patients in whom blood clot was not
removed, permanent deterioration due to VSP occurred
and the postoperative CT scans corroborated the pre-
sence of residual hematomas. Taneda (51) evaluated the
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FIGURE 1.11

“Computerized tomography scans. Left. Preoperative scan showing blood in

the subarachnoid space on the day of rupture of an anterior communicating artery aneurysm.
Right: Postoperative scan showing decreased blood in the subarachnoid space after removal of
the clots via a right pterional approach. The white spot in the center of the brain is the aneurysm
clip” [reproduced with permission from J. Neurosurg. (51)].

attempted removal of subarachnoid clot to prevent DID
in a large series of patients (Fig. 1.11). It was concluded
that an operation that effectively removed basal clot
reduced the occurrence rate of severe DID. Like the
other series, this one was not randomized. Interestingly,
in 5 of 12 patients who had poor outcomes and who were
operated on within 48 hr but did not have aggressive
contralateral clot removal, the infarct was on the side
opposite the operative approach.

C. Angioplasty

Balloon angioplasty to reverse angiographic VSP was
introduced in the Soviet Union in the early 1980s (Fig.
1.12) (52). 1t is an effective means of acutely and perman-
ently increasing the arterial caliber of accessible arteries,
but it is potentially dangerous and time is of the essence.

Vill. Physiology

It is not surprising that the exact biochemical mechan-
ism underlying the prolonged vasoconstriction of vasos-
pasm is unknown since the nature of normal vascular
constriction-relaxation is so incompletely understood.
Most current concepts of smooth muscle contraction
were initially gained by physiologists working with other
forms of muscle. More than 100 years ago, while studying
ventricular cardiac muscle contraction Ringer found that
Ca’* was a requirement. Within a decade Fletcher and
Hopkins showed that lactic acid was produced during

muscle contraction. In 1930, Meyerhof demonstrated
that lactic acid was generated during anaerobic glycogen-
olysis, which was the process that was subsequently found
to provide the energy for extended contraction of skeletal
muscle (53). Glycolysis, a sequential reaction converting
glucose to pyruvate with the associated production of
adenosine triphosphate (ATP), was elucidated by 1940
due to the efforts of many, including Meyerhof and War-
berg (54). The energy for muscle contraction comes from
glucose, which in turn is released from its storage form
glycogen by a specific enzyme—a phosphorylase dis-
covered by Carl and Gerti Cori, whose work gained
them the Nobel Prize in 1947.

It was discovered in 1939 by V. Engelhardt and
M. Lyubimoba that myosin was also an enzyme—an
ATPase. When a solution of actin is added to a solution
of myosin there is a large increase in viscosity. In the
1940s, A. Szent—Gyorgis (also a Nobel Laureate) showed
that this reaction was reversible by adding ATP. He pre-
pared threads of actomyosin that contracted when placed
in a solution containing ATP, K, and Mg**. Actin
alternately binds to and is released from myosin as ATP
is hydrolyzed. The key role of ATP in energy exchanges in
biological systems was realized by Lipman and Kalcher in
1941 (54). The energy for muscle contraction comes from
the hydrolysis of ATP. ATP is a nucleotide consisting of
adenine, a ribose, and a triphosphate unit. The active
form is usually complexed with Mg?* or Mn’". Free
energy is liberated when ATP is hydrolyzed to adenosine
diphosphate and orthophosphate. The amount of ATP in
skeletal muscle suffices to sustain contractile activity for
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FIGURE 1.12  “(a) Angiogram demonstrating ICA and MCA spasm in
a patient operated on for an ACoA aneurysm. (b) Angiogram
after vasodilatation” [from Zubkov et al., 1984, Acta Neurochir. 70,
65-69. Copyright © Springer-Verlag GmbH & Co. (52)}.

only a fraction of a second. The reservoir of high-
potential phosphoryl groups is in the form of phos-
phocreatine. Creatine kinase catalyzes the transfer of a
phosphory! group from the phosphocreatine to ADP to
convert it to ATP and creatine. The reduction in energy
charge of active muscles stimulates glycolysis.

The electron microscope was introduced to the study of
muscle ultrastructure by Huxley (55). In the 1950s, two
groups independently proposed the “sliding filament”
theory of skeletal muscle contraction—A.F. Huxley and
R.Niedergerke and H.E. Huxley and J.Hanson—which

proposes that thick and thin filaments do not change
length during muscle contraction but simply slide past
one another (56,57). It has been known since then that
the thick filament is mainly myosin and the thin filament
is composed of actin and other proteins. The relative
sliding of thick and thin filaments past each other is
caused by “side pieces” or cross-bridges which project
from the thick filament and interact with specific sites on
the thin filament. The cross-bridge movements are con-
strained to a limited range. A molecule of ATP is split
with each cross-bridge cycle.

Dozens, perhaps hundreds, of proteins in vascular
smooth muscle cells regulate their structure and metabol-
ism. Each interacts with others. Their actions are controlled
by the reversible attachment and reattachment of phos-
phate groups under the influence of various enzymes
which accelerate these interactions. In the 1950s, Fisher
and Krebs studied how phosphorylation and dephosphor-
ylation of proteins altered the three-dimensional structure
of these folded chains of amino acids. The changes in con-
figuration altered electrical charges and functional activity.
Their studies were performed on muscle tissues and also
won them the Nobel Prize in 1992 for work first published
in 1956. They discovered that these phosphorylase enzymes
are converted to an active form by the attachment of a
phosphate group and the removal of the same group inac-
tivates them. This phosphorylation—dephosphorylation
was the switch that turned muscle contraction on and off.
Enzymes called protein kinases catalyze the attachment of
phosphates and protein phosphatases do the reverse. Many
cellular processes are controlled by reversible phosphoryla-
tion. Almost one-third of cellular proteins exist in phos-
phorylated form and it has been estimated that 3% of all
genes encode protein kinases and phosphatases (53).

Calcium ions (Ca®') were shown to be the activator of
the contractile system by Weber and Wincur (58). The
concentration of Ca®* controls contraction and relaxation
by an allosteric mechanism in which the flow of informa-
tion is from Ca?* to troponin to actin to myosin. The rise
and fall of sarcoplasmic free Ca®" is the fundamental
means of controlling smooth muscle contraction and
relaxation (59).

It was not until the late 1970s that protein tyrosine
phosphorylation was discovered and shown to be intim-
ately involved with such diverse cellular processes as
growth and differentiation. Numerous second messengers
[Ca®", inosotol triphosphate, nitric oxide, cyclic adenos-
ine monophosphate (CAMP), and cyclic guanosine mono-
phosphate (¢cGMP)] are now known to be involved in
sarcoplasmic enzymatic cascades. In that decade the
primary role of myosin light chain phosphorylation in
contraction was established. The low activity of Mg?*
ATPase of smooth muscle actomyosin was shown to be
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increased by phosphorylation of the regulatory light chain
of myosin. The intracellular concentration of vascular
smooth muscle Ca®" came to be quantitated by indicators
and was found to be vital in controlling contraction—
relaxation (60). The three-dimensional structures of actin
and myosin were discovered. By the early 1980s, two new
smooth muscle proteins were discovered, caldesmon and
calponin, which inhibit the Mg?* ATPase of smooth
muscle actomyosin.

Vascular smooth muscle cells can be stimulated by a
host of hormones and transmitters, both physiological
and pathological, which then activate an intricate cascade
of signal transduction mechanisms. Responses can differ
with the concentrations of the agonist applied and
depending on the specific type, location, and condition
of the blood vessel. For instance, the docking of an «-
adrenergic agonist into a transmembrane receptor protein
linked to a G-protein on the sarcoplasmic side of the
membrane activates phospholipase C thereby increasing
IP5, which causes Ca?* to be released from intracellular
stores. In 1984, it was shown in coronary arteries that
both cGMP and cAMP could inhibit tension development
(61). Of importance for the understanding of vasospasm
was the realization that smooth muscle has the ability to
maintain high force at low ATP cost (62). Concepts of
filaments sliding past each other during contraction and
then being locked in the contracted position with little or
no ongoing energy expenditure such as occurs in rigor
were introduced in recent decades with terms such as
“catch” and “latch”.

IX. State of the Art

The Seventh International Conference on cerebral
vasospasm held in June 2000 at Interlaken, Switzerland,
was marked by an increasing number of studies on intra-
cellular signal transduction pathways associated with
vasoconstriction. A potential deterrent to their thera-
peutic value is that such systems are almost ubiquitous
in other organs so that targeted delivery would be a
problem. There were initial reports of adenovirus gene
transfer. With the advent of cerebral microdialysis there
were several accounts of chemical changes correlating
with clinical vasospasm and possibly antedating it; these
included a reduction in glucose and an increase in
the lactate to glucose ratio. Glutamate is also elevated.
The limitation of this technique is that it is invasive
and the single monitoring catheter might miss the region
of brain that ultimately becomes ischemic. On the other
hand, dialysate may be a more sensitive source of bio-
chemical information than ventricular CSF. There were
several reports on fasudil hydrochloride, an inhibitor of

multiple intracellular protein kinases, which has been
administered by a variety of routes. Potential antivasos-
pastic medications are now being given entrapped in lyso-
somes or compressed in pellets with a slow-release
formulation. Experimental and clinical limitations of so-
called triple H therapy were presented. There were a
paucity of randomized prospective clinical trials. A recent
study of nimodipine in traumatic SAH has not yet been
analyzed. Potential therapies that have been recently
investigated include electrical spinal cord stimulation,
laser-induced pulsed-fluid wave vasodilation, and mod-
erated hypothermia. We do not predict widespread adop-
tion of any of these modalities. The technique of
transcranial Doppler ultrasonography continues to be
widely used as a surrogate for angiographic vasospasm,
although its limitations as both a positive and negative
predictor of delayed ischemia due to VSP continue to be
documented. Despite the failure of huge clinical trials to
demonstrate efficacy of drugs in the prevention of vasos-
pasm and its sequella, numerous small clinical trials of
drug therapies continue to be reported although it seems
to us that efficacy in such series would be virtually impos-
sible to demonstrate due to the low incidence of fatal VSP
in any control arm. Proton magnetic resonance spectro-
scopy studies suggest that an increase in the choline to
creatine ratio is a marker of SAH as is the N-acetyl-
aspartate/creatine ratio. The technique of computerized
tomographic angiography appears to be a means of diag-
nosis for patients with either no or severe spasm in prox-
imal arteries. Cerebral circulation time as measured on
digital subtraction angiograms shows a strong correlation
with rCBF. It 1s suggested that the lumenal narrowing of
large arteries works in concert with microcirculatory
changes to produce delayed ischemic deficits. It is also
reported that some of the morphologic changes in VSP
may represent apoptosis. No grand, unifying hypothesis
of VSP emerged at the meeting.

X. Farewell Message

In 1972, there was the Princeton Conference which in a sense
was another conference on vasospasm. There, I and others had to
defend the very existence of ischemia with vasospasm against
neurologist, Clark Milliken, of the Mayo Clinic who accused us,
the surgeons, of using vasospasm as a cover-up for our surgical
mistakes. We won finally...in 1979...1 recall two things; the
first was Miller Fisher’s four-grade classification of the distribu-
tion of blood from hemorrhage. It gave meaning for there was a
direct relationship to the incidence and severity of vasospasm.
...And...we had the first glimpses that volume expansion and
hypertension were effective. ... There was early evidence that the
calcium channel blockers might have a modifying effect. ... And
now [1990], most of us have recognized a decline in the incidence
of ischemia with vasospasm, almost certainly due to change in
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surgical attitudes towards the former fluid restriction and hypo-
tension. Now, maintaining and even expanding blood volumes,
and even [giving] a little bit of hypertension from the beginning
have reduced the incidence of significant ischemia ... death and
disability dropped...from 15% to 10% ,in the last five
years. ... We know now that cerebral arteries in persisting vasos-
pasm become sick, with serious metabolic and structural derange-
ment. ... There must be little doubt in our minds that if the clot
can be lysed within a day or two, safely, the patient can be freed
from the calamity of vasospastic ischemia...we saw balloon
angioplasty; what exciting possibilities! Do we dare have some
hope that in the near future vasospasm will be prevented or even
reversed by chemical means systemically? That will be best and
safest. Next best will be the use of chemicals in situ as we have
been seen with urokinase and tPA....Last best will be the
mechanical method, angioplasty. ...I would caution that vasos-
pasm is still around, it is still alive and living in every neurosur-
gical unit. Hence, my plea that our scientists not falter or lose
interest in the search for a final understanding and solution.
—Charles G. Drake [63]
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I. Introduction

Vasospasm (VSP) is the most common cause of focal
ischemia after subarachnoid hemorrhage (SAH). Of all
types of ischemic stroke, it is unique in that it is to some
extent predictable, preventable, and treatable.

About 1 in 10,000 people have an aneurysm rupture
cach year. Mortality and morbidity increase with the
volume of hemorrhage and reflect the age and health
status of the patient. Rebleeding is exceptionally adverse
not only because it increases the volume of SAH but also
because extension into the brain and ventricles becomes
more likely. The chance of developing an aneurysm
increases steadily with age. Most patients who die from

aneurysmal rupture do so outside of hospitals or shortly
after admission from the effect of the initial bleed or early
rebleeding. Only those patients who survive past the first
few days live long enough to potentially manifest symp-
toms from VSP.

The incidence of VSP is obviously less than the incid-
ence of SAH since only some patients with SAH develop
it. The incidence of VSP will depend on the type of patient
a given institution receives and the way in which VSP is
determined. The unqualified term VSP is usually used
with reference to angiographically determined vessel nar-
rowing. Clinical VSP is most often used synonymously
with delayed ischemic deficit (DID). When used in
another fashion, for instance, VSP based on increased
middle cerebral artery (MCA) Doppler velocities, this
should be specified.

At least two-thirds of patients having angiography
between days 4 and 12 post SAH will have some degree
of angiographic narrowing. The fraction developing
neurological deterioration from this cause —a DID- var-
ies with the assiduousness with which the patient is
observed and the efficacy of prophylaxis but has histori-
cally been estimated at about one-third. Currently,
between 5 and 10% of hospitalized SAH patients die
from VSP. Patients in very good or very poor condition
post-SAH are less likely to develop VSP than those in
intermediate grades, the former because they have small
volume SAH and the latter because they are more likely to
die earlier from the initial episode. The key prognostic
factor for VSP is the presence of thick, widespread sub-
arachnoid clot which can be visualized on the computer-
ized tomographic (CT) scan done in close proximity to the
bleeding episode. The absence of blood on the initial CT
scan means that VSP is very unlikely in the absence of
rebleeding. Factors decreasing the duration of exposure to
clot decrease the chance of VSP and consequently DID.
Conversely, the use of antifibrinolytic drugs prolongs the
exposure of arteries to clot and increases the incidence of
VSP and DID. Poor admission clinical grade is associated
with DID, presumably because they both indicate larger
volumes of SAH. A definite relationship between age,
hypertension, or sex and DID has not been established.
It is likely that smokers are more prone to VSP and
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DID. Factors unrelated to the development of VSP
include season, geography, contrast material, and dia-
betes.

VSP, if severe enough to cause DID and infarction,
clearly worsens the outcome. Patients without VSP do
better than those with it. The development of severe
VSP probably doubles the death rate (Table 2.1).

If surgery is performed in the first day or so it is some-
times difficult to differentiate deterioration from operat-
ive factors and the DID from VSP. Outcomes were
generally worse when operations were preferentially per-
formed during the peak period for VSP. Early surgery
does not cause VSP and it permits more vigorous treat-
ment should it develop. If thick clot is present an attempt
at careful removal should be made. The amount of resid-
ual clot postoperatively is a prognostic factor for DID.
Open operation exposes the patient to retractor pressure,
venous sacrifice, temporary clipping ischemia, brain
removal, and arterial injury. Studies have shown post
operative decrease in cerebral blood flow (CBF), regional
cerebral metabolic rate of oxygen (rCMRO3), and oxygen
extraction ratio (OER).

VSP as an independent variable is not as closely linked
to outcome as other factors such as admission neurologic
grade, extremes of age, massive intracranial hemorrhage
(ICH) or intraventricular hemorrhage (IVH). Since VSP
is a graded process it is expected that only the extreme
cases will result in infarction in the absence of systemic
hypotension, cardiac dysfunction, anoxia, and intracra-
nial hypertension. The vulnerability of the brain to
ischemia is also strongly influenced by preexisting hyper-
tension and advanced age. The etiological relationship
between VSP and infarction in fatal cases is no longer in
dispute.

The general literature does not support the view that
the incidence of DID from VSP has been decreasing.
However, the placebo arms of very carefully studied,
randomized clinical trials suggest that death and disability
from VSP has indeed decreased in recent years. There is
sparse information on VSP following coiling of aneur-
ysms. Reported rates do not appear to differ substantially
from surgical ones. Evidence exists that VSP may be
reduced by clot removal either surgically or pharmaco-
logically. There are also data suggesting that DID may be

TABLE 2.1 Angiographic Vasospasm, Delayed Ischemic Deficit, and Outcome”

No. of references No. of patients

QOutcomes

At all times

Incidence VSP
2™ week post-SAH

187 25,233 45%
23 1,362 —
243 29,347
16 678
21 3,123
21 5,166
16 2,016
16 3,998
131 4,198
87 2,857
118 3,650

67%
Incidence DID (all cases)
32%
Posterior circulation aneurysm VSP
22%
QOutcome with VSP
41% (dead)
QOutcome without VSP
18% (dead)
Outcome with VSP
42% (good)
Outcome without VSP
68% (good)
Outcome with DID
33% (dead)
33% (permanent deficit)
35% (good)

“Data from Dorsch, N. W. C. (1990) Incidence, effects and treatment of ischaemia following aneurysm rupture. Cerebral Vasospasm. Proceedings

of the 4* International Conference in Tokyo. Univ. of Tokyo Press, Tokyo.
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lessened by hypertension and hypervolemia as well as
calcium antagonists. VSP may also be abolished by angio-
plasty.

Il. Incidence of Subarachnoid Hemorrhage

The incidence of a disease is the number of new cases of
the entity per year in relationship to a given number of
people at risk. The incidence of aneurysmal rupture is
usually between 6 and 11 per 100,000 per year. Aneurysms
comprise 75-80% of cases of SAH. The incidence of
aneurysmal rupture has been fairly steady over the past
40 years. Most deaths from aneurysmal rupture occur in
the first few days following rupture and then gradually
taper off so that by 6 months approximately two-thirds of
patients will have died if they are untreated. The rate of
rerupture in untreated ruptured aneurysms thereafter is
approximately 2 or 3% per year. The incidence of aneur-
ysms rises progressively with age, declining perhaps in the
80s and 90s.

Between 1962 and 1963 the death certificates of
913,000 people under the age of 60 years were examined.
Of cases who died from ruptured aneurysms, 12% died at
home, 25% in local hospitals, and only 25% of the original
population died in neurosurgical centers. In this popula-
tion the incidence of ruptured aneurysms was 6 /100,000/
year (1). A review of 6 series from the 1950s and 1960s
found that anecurysms caused 77% of SAH cases and
incidences were 6, 6, 7, 9, 10, and 10.9/100,000/year (2).
Of 136 hospital autopsies showing aneurysms, 40% were
ruptured and 60% were unruptured (3). In 1977, 67,930
autopsies were reviewed, and the incidence of ruptured
unoperated cerebral aneurysms was 0.3% and that of
ruptured aneurysms 1.1% (4). In 51,360 autopsies from §
series, 1.4% of cases had aneurysms (unruptured 0.3%,
ruptured 1.1%) (5). In another 12 series of autopsies the
incidence of aneurysms was 1.6% (0.2-9%) in 87,772 total
cases (6).

Several studies used multiple regression analysis to
determine the factors that affect outcome from SAH.
Richardson’s group studied features of use in predicting
morbidity and mortality in the proximal ACA ligation
treatment of ruptured anterior communicating artery
(AComA) aneurysms (7). Morbidity and mortality
increased with increasing age, female sex, increasing levels
of hypertension, the presence of VSP, a decreased level of
consciousness, and a greater degree of cross-filling with
carotid compression. All of these patients had single A
Com A aneurysms that had ruptured at least once.
Between 1968 and 1973 a study of 2-month mortality
rates in 135 SAH cases yielded the following hierarchy
of associations: neurologic grade, 0.36; grade at surgery,

0.34; preoperative VSP, 0.28; mass lesion, 0.23; hyperten-
sion, 0.20; shorter interval to surgery, 0.10; age, 0.06 (8).
A randomized trial between 1963 and 1970 included 187
cases treated with bed rest (9). Mortality rates at 90 days
post-SAH were predicted by a short interval from SAH to
treatment (0.25), medical condition (0.20), poor neuro-
logical grade (0.17), hypertension (0.13), and VSP (0.12).
Similar results were obtained with respect to 14-day
mortality from an analysis of 1114 cases from 1970 to
1977 neurologic status, 17.74; diastolic blood pressure,
11.66; interval to treatment, 9.44; VSP, 8.51; and medical
condition, 5.51 (10). Two hundred and sixty-five cases
treated between 1972 and 1977 were evaluated and
showed associations with respect to S-year mortality as
follows: neurological grade, 0.65; age, 0.47; blood pres-
sure, 0.31; interval to operation, 0.20; aneurysm side, 0.19
(11, 12).

Aneurysmal rupture produced ICH in 132 cases
described in 1982. Mortality during the initial admission
was predicted by the following factors: systolic blood
pressure, 0.37; preoperative herniation, 0.35; grade at
clipping, 0.33; grade at evacuation of clot, 0.27; diastolic
blood pressure, 0.16; grade at initial CT scan, 0.14; size of
ICH, 0.14; and VSP, 0.13 (13). A similar analysis of 91
cases with IVH had the following values: size of ventricles,
0.56; systolic blood pressure, 0.38; age, 0.37; diastolic
blood pressure, 0.32; admission grade, 0.31; associated
ICH, 0.17; location of aneurysm, 0.15; and location of
ICH, 0.11 (14).

In middle Finland in 1976-1978 the incidence of SAH
in a population of 241,000 people was 19.4 /100,000/year.
Aneurysms caused 93% of SAH in the autopsied cases.
The incidence rose with age from 1.6/100,000/year in 10-to
19-year-olds to 49.6/100,000/year for those over 70 years
of age (15). In a New Zealand study of a population of
829,464 persons, there were 92 cases of SAH in a l-year
period. The age-standardized rate for men was 13.4/
100,000/year and it was 15.8 for women (16). The com-
bined morbidity and mortality in 119 aneurysmal SAH
cases was 28%. Morbidity and mortality were related to
poor neurologic grade and older and hypertensive
patients. Race was not associated with an adverse out-
come (17).

Fifteen percent of 1076 patients with aneurysmal SAH
had been on antihypertensive treatment prior to the event.
The hypertensive patients averaged 8 years older and were
in poorer neurological condition with an increased fre-
quency of atherosclerosis. At 2-year follow-up the hyper-
tensive patients had a 59% overall mortality versus 42%
for the entire group. Increased rate of mortality was par-
ticularly evident in the patients who were neurological
grades I-11 on admission (52 vs 22%). There was also an
increased mortality rate in hypertensive patients who
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rebled (100 vs 75%). The CT characteristics of these
patients and the occurrence of VSP were not systematic-
ally investigated (18).

In a prospective series of patients who were initially
poor grade on admission, 184 patients were studied in
Canadian institutions in the late 1980s. A discriminant
function analysis indicated that the relative descending
importance of factors for outcome was whether the
patient was treated surgically, neurologic grade on admis-
sion, age, initial systolic blood pressure, and aneurysmal
size. Patients with thick-layer clot on the initial CT scan
had fewer good outcomes and higher mortality than
patients with thin layers of clot, although this did not
achieve statistical significance. Death occurred in 36% of
those with thin clot and 51% of those with thick clot on
initial CT scans. Angiographic VSP was not associated
with a poorer outcome in this group of patients, who were
selected by virtue of initial poor grade. This was because
so many of the patients had ICH or IVH or died quickly
from the effects of their initial SAH. Angiograms were
obtained on 135 patients on day 5 or later. Fifty-three
percent showed severe diffuse VSP, while 12% showed
moderated diffuse VSP. Thirty-two percent showed either
mild or focal VSP, and only 3% showed no evidence of
angiographic VSP. There was a trend for fewer good out-
comes in patients with severe diffuse VSP but this did not
reach statistical significance (19).

In 145 patients dichotomized into good and poor out-
comes and studied using a multiple logistic regression
model, it was shown that hypertensive white males with
a history of intravenous drug abuse had a high risk of
poor outcome following SAH (20). Among 3521 patients
entering into a cooperative study, multivariate analysis
showed that the most important prognostic factors were
level of consciousness on admission, age, admission blood
pressure, amount of SAH on CT scan, preexisting condi-
tions, aneurysm site, and VSP (21). Three hundred and
eight cases with SAH were evaluated. No patient had ICH
or IVH. The duration and level of unconsciousness in
cases of SAH without concurrent hematoma causing
mass effect had a good correlation with the severity of
SAH in the perimesencephalic cisterns (22). Four hundred
and seventy-one consecutive patients with aneurysmal
SAH were analyzed using logistic regression with stepwise
forward selection of variables. On admission, poor out-
come was predicted by low Glasgow Coma Scale (GCS),
fluid restriction, age over 52 years, ictal loss of conscious-
ness, or a large SAH. Delayed infarction was predicted by
a large SAH or treatment with antifibrinolytic agents.
The inclusion of the amount of SAH into the predictive
model added little to the prediction of poor outcome in
general but much to the prediction of delayed cerebral
ischemia (23).

Two hundred and ninety-one SAH patients admitted
within 4 days of bleeding were studied at 1-year follow-up.
Twenty-nine percent had died and 10% were dependent.
The risk of a poor outcome was predicted by clinical
condition on admission, rebleeding, delayed cerebral
ischemia (relative risk, 10.3; confidence interval, 95%,
4.2-254; p < 0.0001), surgery on an aneurysm, and
heavy consumption of alcohol. Heavy drinkers had a
more unfavorable outcome after rebleeding and delayed
ischemia than did others. Interestingly, those with salicyl-
ates in their urine on admission had delayed ischemia
with fixed neurological deficits less commonly than others
(24). In a population study of the 1.3 million inhabitants
of greater Cincinnati during 1988, the 30-day mortality
rate for 80 cases of SAH was 45%. Almost two-thirds of
these patients died within 2 days of onset. Twenty-one of
the 22 deaths were due to the initial hemorrhage and 1 was
from rebleeding. Nine of the remaining 14 deaths after
Day 2 post-SAH were attributed to the effects of the
initial bleeding (2 cases) or rebleeding (7 cases). A power-
ful predictor of 30-day mortality was the volume of the
initial SAH. If the volume of SAH was 15ml or less, only
3 of 29 patients died before 30 days. Two of these 3 deaths
were from documented rebleeding and the third had a
massive additional IVH. Delayed arterial VSP contrib-
uted to only 2 of 36 deaths. In this large representative
metropolitan population it appeared that VSP was play-
ing a minor role in mortality from SAH. The volume of
SAH was calculated. The volume of SAH estimated
depends on the degree of clotting, the real volume of
SAH, and the initial volume of the subarachnoid space.
Given the relative imprecision, SAH volume is never-
theless a useful predictor of outcome. This population
study suggested late delayed arterial VSP contributed
to only 6% of all aneurysmal SAH deaths. This study
did of course contain many patients who did not survive
to be admitted to neurosurgical services. The data
from the study demonstrated that the volume of SAH
increases rapidly with age, as does the mortality rate
following SAH. The volume in operated patients aver-
aged 10ml compared to 28ml for nonoperated pa-
tients. The operated patients were also younger (51 vs
59 years) and had better neurologic average grades
(2.9 vs 4.2). This explains the difference in 30-day mor-
tality—4% for operated versus 63% for nonoperated
patients (25).

Ill. Incidence of Vasospasm
Dorsch reviewed 187 references on VSP and found

great variation in reported incidences of VSP and DID.
The variation was attributed to differences in definitions
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and in timing of angiography. When angiography was
carried out in the second week after SAH, 67% showed
VSP. Overall, 32% of patients developed DID. Analysis of
a smaller number of reports on posterior circulation
aneurysms revealed 22% developed DID (26). The aver-
age incidence of DID from 297 references containing
10,445 DID cases drawn from among 32,188 SAH
patients was 32% (range, 5-90%). In reports in which
there was a reasonably strict definition of DID (132 stud-
ies) the incidence ranged from 12 to 57%. In these strict
studies there were 4068 cases of DID from 12,449 aneur-
ysmal SAH cases (33%). About one-third of patients
experience neurological deficits from VSP, and approx-
imately one-third of these patients die from their deficits,
one-third are left disabled, and one-third have favorable
recoveries. Angiographic VSP is seen in two-thirds of
patients with ruptured aneurysms when angiography is
carried out between 4 and 12 days after SAH (26). In
1975, Fisher reported that one-third of patients who sur-
vived aneurysmal SAH developed delayed cerebral ische-
mia secondary to VSP (27).

In a Swiss population of approximately 1 million there
were 8 patients (5.2% of 153) who sustained a significant
morbidity or mortality from vasospastic ischemia and
infarction (28). In a Swedish population of 6.93 million
studied between June 1, 1989, and May 31, 1990, there
were 325 ruptured aneurysms. Sixty-nine percent were
admitted to neurosurgical units within 24 hr and surgery
was performed in 85%. Twenty-three percent of cases
were grade IV and 10% grade V; 5.8% or 19 cases had a
poor outcome attributed to DID, giving an incidence of
DID of 2.7 /1 million/year. In comparison, the percent-
ages were 20% for initial bleeding, 7.2% for surgical
complications, and 6.2 % for rebleeding (29).

One of the problems in the study of VSP is the relative
inexactitude of classification systems. In a critical review
by a Dutch group, all articles on SAH published in nine
journals between 1985 and 1992 were assessed for the
presence and precision of definitions used for classifying
grade, rebleeding complications, delayed cerebral ische-
mia, hydrocephalus, and overall outcome. Of 161 articles
reporting the initial condition, only 19% used the World
Federation of Neurological Surgeons (WFNS) scale or
the Glasgow Coma Scale. A specific outcome event was
sufficiently defined in only 31% of instances, incompletely
in 22%, and not at all in 47%. Precision in definition
was more common in neurological than neurosurgical
journals (30).

Over a 9-year period, 270 patients admitted within 7
days of SAH were studied. Thirty-four percent de-
veloped VSP, of which 15% showed ischemic symptoms
only and 19% showed CT infarction. The incidence of
symptomatic VSP was 12% in the GCS 15 group, 23%

in the GCS 13-14 group, and 11% in the GCS 7-12 group.
Vasospastic infarction occurred in 14, 23, and 26% of
these GCS groupings, respectively. VSP was more
common in older patients. The site of aneurysm on day
of surgery had no apparent influence on the incidence of
VSP or its outcome. VSP was considered the cause
of poor outcome in one-third of the poor outcome
cases (31).

Three hundred and four patients with ruptured aneur-
ysms were categorized by the Hunt and Kosnik grade,
WEFNS scale, and the GCS. The incidence of symptomatic
VSP was compared among the adjacent grades with
each grading system. Symptomatic VSP was classified as
being absent, transient, or permanent. There were signific-
ant differences between grades Il and I1I in the Hunt and
Kosnik classification and between grades I and 1I in the
World Federation system. The incidence was not signific-
antly different among the adjacent GCS scores or among
patients with GCS scores of 14 who had either eye 3,
motor 6, verbal 5 or eye 4, motor 6, verbal 4. Fisher
groups 2 and 3 predominated in the GCS scores of 14
and 15 and group 4 in GCS scores 6-12. In this series the
incidence of symptomatic VSP and hydrocephalus correl-
ated with the Fisher CT classification better than the
GCS or other grading systems. Presumably, both pro-
cesses are proportional to the amount and distribution
of SAH (32).

IV. Timing of Angiography and Incidence of
Vasospasm

The incidence of angiographic VSP depends on interval
after the hemorrhage, with a peak incidence 6-8 days after
SAH (range, 3-12 days). In addition to time after SAH,
the other principal factors that affects the prevalence of
VSP are the volume and distribution of subarachnoid
blood. Current therapy for VSP has reduced the incidence
of delayed cerebral ischemia.

Eight series of cases of aneurysms were reviewed in
1980, and 26% of the 1840 patients showed angiographic
VSP. The relationship of the day of angiography to the
day of SAH was often unstated in these earlier studies.
The incidence of VSP will be low if studies are done in the
first few days or more than 2 weeks after the SAH (33). In
a massive literature review by Dorsch and King (34), more
than 30,000 cases were found in reports in which VSP
post-SAH was discussed. The overall incidence of angio-
graphic VSP was 43%, but it was 67% when angiography
was done at the time of expected VSP. There was no
difference in incidence or time course of VSP between
pre- and postoperative cases. VSP was the cause of
death in about 10% of aneurysmal SAH cases and
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disability in slightly more cases (34). Twenty-seven refer-
ences specifically mentioning this gave a mean earliest
onset of DID of 4.2 days. The mean time of onset for
481 patients was 7.7 days post-SAH. For 66 cases indi-
vidually noted, the mean was 7.9 days. The peak of deficit
was reached 14 days after onset. In cases of angiographic
confirmation of clinical VSP the incidence of DID was
3781/12,246 or 31%. In the second week post-SAH the
incidence of angiographic VSP was 67% (range, 40-97%).
Symptomatic VSP both pre- and postoperative was shown
to predict increased mortality and morbidity after aneur-
ysmal SAH in a statistical analysis of 274 patients between
1968 and 1974 (35).

Fifty patients with ruptured saccular aneurysms were
analyzed by Fisher and coworkers. Forty—eight were non-
surgical and 2 were observed postoperatively. The authors
considered only neurological deficits developing more
than 3 days following SAH. Fifty percent of their patients
developed a delayed, new neurological deficit that was
ischemic in origin. The most common day of onset for
DID was the eighth day following SAH. Only 25% of
patients who became mentally lucid within 24 hr of the
hemorrhage developed a DID, compared with 60% of
those who were confused or stuporous for a longer period.
VSP did not seem to correlate with sex, age, hypertension,
or treatment for hypertension. In 70% of patients with
symptomatic or severe VSP, the vessel returned to normal
caliber in approximately 28 days. Of 31 patients with
severe VSP, 81% developed DID. None of their 19
patients with no or very mild VSP developed DID. Only
1 of their 25 patients who developed DID did so beyond
the 13th day from SAH (36).

The placebo-treated group of a multicentered clinical
trial of 296 patients was analyzed. Early admission angio-
grams were studied. Thirteen percent of cases had
angiographic VSP at admission. Admission was within
48 hr of SAH. This VSP was associated with lower GCS
score and higher serum Na' level (138 mmol/L liter).
Ultra-early angiographic VSP was associated with an
increase risk of delayed onset, symptomatic VSP (odds
ratio, 2.5; 95% confidence interval, 1.2-5.4), and poor
outcome at 3 months (odds ratio, 2.8; 95% confidence
interval, 1.2-6.3) after adjusting for other variables. The
risk of symptomatic VSP was not influenced by sur-
gery performed within 48hr of SAH. Poorer outcome
was more likely to occur in patients with ultra-early
angiographic VSP who did not undergo early surgery.
Early surgery did not aggravate the risk sympto-
matic VSP and poor outcome. The ultra-early angio-
graphic VSP observed might of course have been a
consequence of an earlier unrecognized SAH and not an
unusual early response to the SAH precipitating admis-
sion (37).

V. Prognostic Factors for Vasospasm

A. Blood on CT Scan

Takemae et al. (38) first showed that it was possible
to predict VSP by finding high-density areas in the sub-
arachnoid space on CT scans done within 4 days post-
SAH. In their material, VSP developed in >80% of
patients with high-density areas in the basal cisterns and
in the Sylvian fissures. No VSP developed in patients
without high-density areas on the initial CT scans. When
the initial CT scan was performed more than 4 days after
SAH, there was no relationship between CT findings and
VSP (38). The distribution of the high-density areas on
CT scans within 4 days after SAH agreed with the dis-
tribution of VSP demonstrated angiographically. These
authors recommended early surgery with removal of
blood clots.

In a series of 50 patients with ruptured aneurysms, 50%
developed DIDs that were attributed to cerebral ischemia
(36). It is likely that these patients were treated with
various combinations of hypovolemia, hypotension, and
antifibrinolytic drugs, all of which increase the chances
that angiographic VSP will produce cerebral ischemia.
Fisher et al. (39) found that every patient with severe
angiographic VSP manifested delayed symptoms and
signs. These authors concluded that blood localized in
sufficient amounts in the subarachnoid space at specific
sites is the only important etiological factor in VSP. For
patients with no or mild subarachnoid clot in the initial
CT scan, there was only about a 30% chance of develop-
ing severe or moderate VSP. The development of abnor-
mal meningeal contrast enhancement has not been shown
to correlate strongly with the subsequent development of
symptoms or infarction (39). The amount and location of
subarachnoid hematoma visualized on a CT scan per-
formed within 4 or 5 days of SAH was categorized into
four groups: grade I, no blood detected; grade II, diffuse,
thin layers of SAH less than 1 mm thick; grade 111, local-
ized clots and vertical layers of blood more than 1 mm
thick or more than 5 x 3mm in the longitudinal or
transverse planes; and grade IV, intracerebral or intraven-
tricular hemorrhage, with little or no subarachnoid blood.
Only 1 (5.6%) of 18 patients experienced cerebral VSP
when no SAH or only diffuse, thin SAH was shown on
CT. Similarly, patients in the group with ICH and IVH
rarely developed cerebral VSP. However, diffuse, thick
SAH (Fisher grade III} was associated with severe
cerebral VSP in 23 (96%) of 24 cases, and all patients
were symptomatic. The most severely affected arteries
were those coursing through the thickest subarachn-
oid clots (39). The findings of this study were later
confirmed prospectively. The predictive power of this
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classification was prospectively verified (40). Very large
studies have confirmed these early observations (41)
(Table 2.2).

Multivariate statistical techniques are required to
demonstrate which factors independently predict the
development of VSP. The occurrence of VSP in proximity
to the ruptured aneurysm is probably due to the increased
amount of blood that is deposited around the aneurysm.
Others have argued that rupture of the aneurysm with
disruption and hemorrhage into a portion of the arterial
wall accounts for the increased incidence of VSP near the
ruptured aneurysm. The low incidence of VSP in patients
with aneurysms that rupture into the brain or the ven-

tricles but who have the same arterial wall rupture argues
against the latter hypothesis.

Forty-one cases with thick subarachnoid clot were
analyzed. None had concurrent ICH or IVH. Twenty-
three cases had acute surgery and 18 were treated conser-
vatively. Of the latter group, all except 2 died from
primary brain damage. The other 2 died from other com-
plications. Of the 23 surgically treated patients, 13%
recovered fully and 39% died. Factors associated with
outcome were neurological grade, type of brain stem
responses, response to the rapid administration of 20%
mannitol (300-900ml), and the length of time from the
last bleeding episode to the time of surgery. In such cases

TABLE 2.2 Logistic Regression Equation for Prediction of Focal Ischemic (FID) Deficits after Subarachnoid Hemorrhage”

Variables Coefficient SE p value
CT-normal —0.493 0.161 0.000
CT-SAH thick layer 0.317 0.082 0.000
Antifibrinolytic use 0.238 0078 0.001
CT-SAH diffuse 0.172 0.078 0.027
Consciousness 0.026
Alert —1.06 0.354
Drowsy 0.392 0.230
Stuporous 0.241 0.159
Orientation 0.220 0.099 0.026
Constant —1.34 0.205
Codes

CT-normal —1 = absent 1 = present

CT-SAH thick —1 = absent 1 = present

Antifibrinolytic use -1 =no 1 =yes

CT-SAH diffuse —1 = absent 1 = present

Consciousness level

Alert 0=no 1 =yes

Drowsy 0=no 1 =yes

Stuporous 0=no 1 = yes

Orientation —1 = oriented 1 = impaired

Example: Probability of FID in patient with thick SAH layer, antifibrinolytic use, drowsy consciousness, and impaired orientation:

P(FID) = !

I+e

1
~2(0.148)
I4+e

=0.537

—(~1x 0493 +1x0317+1x0238+—-1x0.1724+1 x 0.392 + 1 x 0.220 — 1.34)

% From Adams, H. P., Kassell, N. F., Torner, J. C., and Haley, E. C. (1987). Predicting cerebral ischemia after aneurysmal
subarachoid hemorrhage: Influences of clinical conditon, CT results, and antifibrinolytic therapy. Neurology 37, 1586-1591.
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no relationship was demonstrable between grade immedi-
ately prior to the surgery and the outcome in these serious
cases (42).

It seems likely that there are common factors between
SAH and ICH. It is possible to measure the volume of
ICH much more accurately than by use of our usual
qualitative assessments of the volume of SAH. Thirty-
day mortality was 44% for 188 cases with ICH. Half of
the deaths occurred within the first 2 days of onset. It was
found that the volume was the strongest predictor of the
30-day mortality for all locations of SAH. Patients with
an ICH volume of 60 ml or more and a GCS score of 8 or
less had a 30-day mortality of 91%. Those with a volume
of under 30 ml and GCS of 9 or more had a predicted 30-
day mortality of 19%. Only 1 of 71 patients with a volume
greater than 30 ml was functioning independently at 30-
day post-ICH (43). The tamponading counter pressure
with parenchymal bleeding is probably effective more
rapidly than with bleeding into the subarachnoid space
where there is a potentially compliant cranial and spinal
subarachnoid space. When SAH volumes were measured
quantitatively by the same group the mortality rates were
about one-eighth for volumes <10ml and one-half for
volumes 10-50ml, and all patients with volumes above
S0ml died (Fig. 2.1) (25).

The importance of blood on CT scan for the
development of VSP was confirmed in a study of
283 patients (all treated with nimodipine), of whom
33% developed symptomatic VSP. The four independent
predictors of symptomatic VSP were as follows: thickness
of subarachnoid clot odds ratio 4.1; early rise in
transcranial Doppler Ultrasonography (TCD) velocity
(MCA velocity >110 cm/sec on or before day 5 post-
SAH), odds ratio 1.9; GCS <14, odds ratio 1.8; and
anterior cerebral or internal carotid site of aneurysm,
odds ratio 1.9. A risk index based on a combination of
factors was only slightly more effective in predict-
ing symptomatic VSP than clot thickness alone (68 vs
62%) (44).

B. Hypertension

In a cooperative study the incidence of DID increased
in all patients where admission systolic blood pressures
were less than 180 mmHg if they were treated by antihy-
pertensive drugs. This was particularly obvious in the
patients with the lowest blood pressure on admission.
For patients admitted with pressures greater than 180,
the rate of focal ischemic deficits was slightly less if they
were treated with medication (45).
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FIGURE 2.1 Scatterplot showing relation of age and volume of subarachnoid hemorrhage (SAH) to 30-day

mortality (59 cases with computed tomographic measurements) [reproduced with permission from Broderick, J.
P, Brott, T. G., Duldner, J. E., Tomsick, T., and Leach, A. (1994). Initial and recurrent bleeding are the major
causes of death following subarachnoid hemorrhage. Stroke 25, 1342-1347].
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C. Anatomical and Systemic Factors

Late ischemia 1s more likely to develop in patients who
have preexisting structural impairment of circulation such
as a carotid stenosis or occlusion. The presence of small
communicating or leptomeningeal arteries is an additional
adverse prognostic factor. The involvement of end arteries
such as the MCA supplying cerebral regions may result in
a dense ischemic core surrounded by a penumbra of brain
between the normally perfused and the nonperfused
tissues. Adverse prognostic indicators also include spon-
taneous or deliberate dehydration, arterial hypotension,
prolonged anesthesia, increased intracranial pressure,
poor cardiac output, cardiac arrhythmias, anemia, and
hypoxia (46).

Many other phenomena, such as IVH, acute hydro-
cephalus (Hyc), abnormal EEG, increased levels of
cerebrospinal fluid (CSF) fibrin-degradation products,
decreased blood volume, increased serum complement,
early increases in MCA flow velocity, or decreases in
CBF, have been associated with an increased risk of
VSP after SAH (47,48). Some factors may be independent
predictors of VSP risk but their value has not yet been
proven, and they may simply reflect the relationship
between more subarachnoid blood, more brain damage,
and a sicker patient. The site of the aneurysm has little
value for predicting VSP other than the fact that
SAH, and hence VSP, is usually worst near the ruptured
aneurysm.

D. Clinical Grade

A general relationship exists between a worse clinical
grade and increasing amounts of SAH. As a result,
patients in higher clinical grades with depressed levels of
consciousness after SAH are more likely to experience
VSP if they survive long enough (48). However, clinical
grade by itself provides little information predicting VSP
or DID besides that provided by CT scan. In one series,
transient clinical VSP was more common in poorer clin-
ical grade cases, but permanent deficits did not signific-
antly differ between grades (32) (Table 2.3). In this study
Fisher grade II scans occurred most frequently in GCS
score 15 cases, Fisher grade III scans in patients GCS 12—
14, and Fisher grade IV scans in GCS 6-12 (lower GCS
were not studied) (32) (Table 2.4).

Data on two hundred and seventy patients having
surgery within a week after SAH during a 9-year period
were accumulated. Clinical VSP was diagnosed on the
basis of ischemic neurologic deterioration with or without
CT infarction. Outcomes were assessed 6 months post-
operatively. Thirty patients with GCS less than 6 were
excluded from the VSP analysis. Thirty-four percent of

TABLE 2.3 Vasospasm and Grading by the Hunt and Kosnik
and the World Federation of Neurological Surgeons (WFNS)
Systems”

Permanent
vasospasm (%)

Transient

System vasospasm (%o) Total cases

Hunt and Kosnik

Grade 1 4 19 27
Grade 11 9 14 115
Grade 111 30 17 117
Grade 1V 42 18 45
Total 21 16 304
WENS
Grade 1 7 14 98
Grade I 24 22 120
Grade III 32 11 19
Grade IV 44 16 64
Grade V 33 3
Total 21 16 304

¢ Data from Hirai, S., Ono, J., and Yamaura, A. (1996). Clinical
grading and outcome after early surgery in aneurysmal subarachnoid
hemorrhage. Neurosurgery 39, 441-447.

TABLE 2.4 Preoperative Fisher Computed Tomography
Classification of Subarachnoid Hemorrhage and Glasgow Coma

Scale (GCS)”

GCSscore Grade2 (%) Grade3 (%) Graded (%) Total cases
15 54° 39 7 98
14 38 61° 1 71
13 15 49° 36 67
12 50? 50° 12
11 10 20 70? 10
10 55? 55° 11
9 27 73% 11
8 25 75% 8
7 23 77 13
6 33 67° 3
Total 30 45 25 304

“ Data from Hirai, S., Ono, J., and Yamaura, A. (1996). Clinical
grading and outcome after early surgery in aneurysmal subarachnoid
hemorrhage. Neurosurgery 39, 441-447.

Most common Fisher grade for this GCS.

patients developed VSP, 15% showing ischemic symptoms
only and 19% showing CT infarction. DID occurred in
12% of GCS 15 cases (n=117), 23% of GCS 14-13
(n=70), and 11% of GCS 12-7 (n = 53). CT infarction
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due to VSP occurred in 14, 23, and 26% of these GCS
groupings, respectively (49). A close correlation between
the clinical grade based on GCS and the incidence of VSP
diagnosed either clinically or by CT evidence of infarction
was evident. In this Japanese series, VSP was more com-
mon in the older age group. The site of aneurysm or the
day of surgery had no apparent influence on the incidence
of VSP or its outcome. Poor outcome attributable to VSP
occurred in 12%, which was one-third of the cases of poor
outcome from all causes.

One hundred and twenty-five patients operated for
ruptured aneurysms underwent surgery at a mean of 2.1
days post-SAH. Sixteen of these cases manifested sympto-
matic VSP at a mean of 7.4 days post-SAH (range, 5-12).
The 16 patients with DID were compared to 57 patients
selected to have the same age and average day of surgery.
The volume and location of subarachnoid clots were
evaluated by serial CT scans. Only 1 patient had angio-
graphic evaluation. Of the 16 patients with symptomatic
VSP, the subarachnoid clots were localized, thick, or
associated with ICH in 15 and thin in 1 at the time of
admission. Fifteen of these patients showed continued CT
evidence of subarachnoid clot during the period of clinical
VSP. Most of the clots were near the ruptured aneurysms
but in 3 cases were located in remote areas not accessible
during the surgery. The clinical manifestations of VSP in
these 3 patients correlated with the side of the clot and not
the side of the operation. Eight patients had CBF mea-
surements that showed appropriate reductions in the ter-
ritory of the involved artery. The striking feature here is
that the patients with clinical VSP showed the continued
presence of subarachnoid clot in 94% of cases, whereas
most of the 57 patients without symptomatic VSP showed
early postoperative disappearance of the clot (50).

The volume and rapidity of blood entry into the sub-
arachnoid space probably determines the duration of
initial loss of consciousness and this parameter has been
shown to be a powerful determinant of delayed cerebral
ischemia. The univariate hazard ratio for loss of con-
sciousness >1 hr compared to a lesser time was 6.0 (95%
CI, 3.0-12.0). This striking increase in the risk compared
to 3.4 for a large amount of subarachnoid blood in CT,
2.9 for a grade 1V or V WFNS grade, and 1.4 for any risk
factor for atherosclerosis (51).

E. Antifibrinolytics

It was suggested, even in the early 1970s, that antifi-
brinolytic treatment might exacerbate cerebral ischemia
post-SAH. The incidence of DID in patients treated with
antifibrinolytics was 407/1307 or 31% in treated patients
and 153/799 (19%) in controls in the subsequent literature
(26).

Between 1981 and 1983, 934 patients were studied as
part of an international cooperative trial on the timing of
aneurysm surgery. Patients were admitted within 3 days
post-SAH. Six-month mortality was 24.9% for patients
given antifibrinolytic drugs and 18.5% in patients not so
treated. Of 594 patients treated with antifibrinolytic
drugs, 42.3% of those who developed focal ischemia
were vegetative or dead versus 17.5% for those who did
not develop focal ischemia. The respective data for the
340 patients not treated with antifibrinolytic medication
were 27.3 and 18.3%. The patients who did not develop
focal ischemia therefore had the same vegetative and
death rate regardless of whether or not they had been
treated with antifibrinolytics. On the other hand, prior
treatment with such drugs greatly worsened the prognosis
if focal ischemia did develop. Patients with diffuse or
thick, focal SAH on CT scans had a significantly greater
chance of developing ischemia regardless of whether or
not they received any antifibrinolytic drugs. The develop-
ment of cerebral ischemia was evident in about 1 patient
in 4. The likelihood of good recovery was halved and
mortality rate doubled when ischemia occurred. Mortality
after SAH approached 40% among patients with ischemic
complications. A logistic regression equation for predic-
tion of DID ranked the variables, indicating a higher
likelihood of ischemic deficits as being a drowsy level of
consciousness (0.392), CT-SAH thick layer (0.317), anti-
fibrinolytic use (0.328); stuporous (0.241), and CT-SAH
diffuse (0.172). The likelihood of DID developing was
decreased by an alert state or a normal CT scan. The
predictive value of a focal, thick collection of SAH on
the CT was reliable whether or not antifibrinolytics were
used (41) (Table 2.5).

Patients who were drowsy or stuporous on admission
and were treated with antifibrinolytic drugs were signific-
antly more likely to develop ischemia than were patients
not on antifibrinolytic drugs. Forty-two percent of
patients with diffuse blood on the initial CT scan who
were on antifibrinolytic drugs developed ischemia com-
pared to 29.6% not so treated. When focal thick collec-
tions of blood were seen on the CT the percentage with
ischemia was even higher—47.4 versus 38.5% in untreated
patients (52).

In the first 2 weeks post-SAH using life-table tech-
niques the databank of the timing of aneurysms study
showed that with antifibrinolytics there was a statistically
significantly higher (p = 0.008) incidence of DID, pre-
dominantly caused by VSP. There was a 42% increase in
the risk of developing focal ischemic deficit in the group
treated with antifibrinolytic agents (p = 0.03). The addi-
tion of antihypertensive therapy to the antifibrinolytic
therapy increased the probability of developing focal
ischemic deficit in the first 14 days from 30 to 38%
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TABLE 2.5 Influence of the Results of CT Findings on the Frequency of Ischemia among 934 Patients”

Antifibrinolytic drugs

No antifibrinolytic drugs

(N = 594) (N = 340)
CT findings present CT findings absent CT findings present CT findings absent
n % with n % without p value n % with n % without p value
ischemia ischemia ischemia ischemia
Normal 83 13.3 500 39.0 0.000 32 9.4 299 27.8 0.04
Hydrocephalus 84 42.9 499 34.1 NSb 39 25.6 292 26.0 NS
IVH 100 29.0 483 36.6 NS 48 29.2 283 254 NS
ICH 87 46.0 496 33.5 0.03 51 29.4 280 25.4 NS
SAH 462 40.3 121 16.5 0.000 272 279 59 16.9 NS
Diffuse 307 41.7 276 28.3 0.001 162 29.6 169 22.5 NS
Focal, thick 152 47.4 431 31.1 0.000 91 38.5 240 21.2 0.002
Focal, thin 97 36.1 486 35.2 NS 72 19.4 259 27.8 NS

¢ From Adams, H. P., Kassell, N. F., Torner, J. C., and Haley, E. C. (1987). Predicting cerebral ischemia after aneurysmal subarachnoid
hemorrhage: Influences of clinical condition, CT results, and antifibrinolytic therapy. Neurology 37, 1586-1591.

NS, not significant.

(p < 0.05). The risk seemed to be greatest for patients who
were admitted with normal systolic blood pressure. Per-
haps the antifibrinolytics increased the dose of vaso-
constrictor agonist by preserving the clot and the
antihypertensive blunted the homeostatic hypertensive
response that would have countered the angiographically
evident VSP (495).

An apparently definitive randomized, double-blind,
placebo-controlled trial of antifibrinolytic therapy in
SAH found that, compared with placebo-treated patients,
tranexamic acid-treated patients had an increased incid-
ence of DID (24 vs 15%, respectively). Bleeding occurred
in 24% of control and 9% of treated patients. There was
no significant difference in outcome between the groups at
3 months (53).

F. Age and Sex

Between 1982 and 1986, in a study of 25 patients aged
65 years or older and 118 younger patients, all had early
surgery performed The clinical manifestations of VSP
were evaluated at 3 months post-SAH and classified as
transient or permanent. When classified by age there were
no differences in the extent of SAH, the incidence of VSP
on angiography, or DID. However, the incidence of per-
manent DID was significantly higher in the older group
(82% of all patients with DID 30.2% in the younger
group) (54). Inagawa found no difference in the incidence
of angiographic VSP and DID between 76 patients with
SAH who were younger than 60 years and 69 patients

older than 60 years (55). On the other hand, several inves-
tigators found that elderly patients developed slightly but
significantly less VSP than younger patients, although
they tolerate ischemia less well and were more prone to
develop infarction (54,56).

In a contemporary German series treated with early
surgery and intravenous nimodipine, the incidence of
asymptomatic and symptomatic VSP post-SAH signific-
antly decreased after the age of 60 years. The clinical
grade on admission and concomitant systemic diseases
were much more commonly related to DID and poor
outcomes in elderly patients than angiographic VSP (57).
One hundred and twenty-nine patients over age 70 who
were admitted between 1972 and 1992 were studied. Good
recovery increased from 38 to 43% in grades I-1I and from
0 to 23% in grade III, respectively, in the early and later
times of this study. Postoperative symptomatic VSP con-
tinued to be a major cause of mortality and morbidity
(58). One hundred and forty-two patients had surgery
within 3 days post-SAH. Forty-two percent of patients
over 65 years of age deteriorated. Angiographic VSP
established by measurement negatively correlated with
age. In patients over age 65 the severity of VSP was not
related to the reversibility of symptoms or the outcome.
At the time of clinical deterioration, associated systemic
complications such as cardiac failure, hypoxia, and elec-
trolyte imbalance occurred in 18% of patients under age
50, 38% of patients between age 50 and 64, and 50% of
patients over age 65. It was suggested that since the
etiology of postoperative deterioration—even when
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angiographic VSP is present—is multifactorial, particular
care should be taken in elderly patients before using
hypervolemic therapy because of associated cardio-
respiratory problems (59).

Advanced age is a prognostic indicator for poor out-
come. Nine hundred and six patients in the nicardipine
trial were analyzed after being categorized into five differ-
ent age groups. Twenty-three percent of patients were
older than 60 years. Age was related to the presence of
thicker subarachnoid clot on admission CT scans. Hyper-
tension was among the preexisting medical conditions
that increased significantly with age. The incidence of
life-threatening complications increased with advancing
age. No age-related differences were found in the overall
incidence of VSP, although symptomatic VSP was more
frequently reported in older age groups (p = 0.01). Over-
all outcome using the Glasgow outcome scale was signific-
antly poorer after the age of 60 years (60).

Of 1076 patients with aneurysmal SAH, 674 were
females. Angiographically demonstrable VSP was signific-
antly more common in females (p < 0.05). A significantly
poorer outcome (p < 0.05), despite the higher rate of inter-
nal carotid artery aneurysms, which have a significantly
better prognosis compared to aneurysms at other sites,
occurred in females (61).

G. Smoking

Twenty-one premenopausal women with coronary
artery VSP were investigated in a case control study.
Only cigarette smoking was significantly more prevalent
among the coronary spasm cases. Among the affected
cases 62% were smokers, and in the controls only 18%
were smokers. These figures were remarkably similar to
those obtained for cerebral VSP (62). Various factors were
analyzed using multivariate analysis for patients with
SAH. A significant association was demonstrated
between symptomatic VSP and cigarette smoking (odds
ratio 4.7, 95% CI 2.4-8.9, p = 0.03). Cigarette smoking
increased the risk of symtomatic VSP after aneurysmal
SAH (63). Nearly 3500 patients enrolled in five different
prospective studies organized by the Neuroclinical Trials
Center of the University of Virginia were analyzed with
respect to smoking. Of 1346 nonsmokers, 49.3% had
angiographic VSP compared to 54.2% of the 2090 smok-
ers. This gave an odds ratio of 1.22 , 95% confidence
interval of 1.07-1.40, and a p value = 0.005 (64).

H. Physiological Parameters

CBF was measured in the first week post-SAH for 46
good grade patients. The mean initial CBF in patients
who did not subsequently develop cerebral ischemia was

49 ml/min/100 g, which was higher than the figure of 42
for patients who subsequently developed ischemia.
Patients with a CBF <50 ml/min/100 g and diffuse SAH
on initial CT scan had a very high incidence (78%) of DID
despite having a good clinical grade at the time of the
initial CBF measurement (65). Twelve patients had aneur-
ysm clipping on the day of admission, at which time they
had Fisher grade III SAH CT scans. All patients had
serial Xe CT — CBF studies postoperatively. Angiographic
VSP developed in all patients. DID developed in 4. The
critical level for hemispheric CBF associated with neuro-
logical deficits from VSP was about 20ml/100 g/min.
Therapeutically induced hypertension mmproved the
neurologic deficits due to VSP in 4 patients but in 1
patient aphasia persisted. In 8 patients without symptom-
atic VSP, studied at four successive time intervals, the
hemispheric CBF ranged between a low of 32 and a high
of 41 on the operated side. During induced hypertension
the corresponding flows rose to between 33 and 45. In the
patients who developed symptomatic VSP the flow on the
craniotomy side ranged between 28 and 40 and with
induced hypertension rose to between 34 and 43. The
flows were also reduced on the contralateral side, ranging
between 32 and 38 before hypertension and 36-42 follow-
ing hypertension (66).

Eight patients were studied pre- and postoperatively by
position emission tomography (PET) scan. There was a
significant increase in mean OEF values for all eight
patients but not a significant change in CBF, CMRO,
or cerebral blood volume (CBV). The increase in OEF
was caused by a decrease in O, content which was due to a
postoperative decrease in Hb. The OEF increase was not
thought to be a direct effect of craniotomy. In two
patients there was an increase in postoperative rCBF
and rCMRO; in areas subject to retraction. It was con-
cluded that the regional effect of craniotomy on cerebral
circulation and metabolism was not marked in cases oper-
ated with microsurgical technique (67).

The central conducting time was studied in 67 patients
with SAH. These values were measured on admission and
lday postoperatively. Central conducting time on admis-
sion was not predictive for the development of VSP.
Increased central conducting time and interhemispheric
differences at the time of admission indicated a worse
prognosis. An increase in the actual central conducting
time was statistically significant only when severe grades
of VSP, as measured by TCD, were present (6.7 msec and
MCA velocity 200 cm/sec) (68).

I. Hydrocephalus

Of 87 patients studied post-SAH, 74% showed angio-
graphic VSP on an angiogram done within 30 days
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post-SAH. Sixty-two percent of the patients had both Hyc
and VSP and 22% had neither. Thirteen percent had VSP
but no hydrocephalus. Hyc and VSP were significantly
associated ( p < 0.01). Presumably both phenomena relate
to the volume of the initial SAH (47). Forty-seven Fisher
grade I and II patients had an incidence of acute Hyc,
delayed VSP, and chronic Hyc of 29, 7, and 14%. In the
Fisher III patients, the percentages were 70, 64, and 58%
(p < 0.01), respectively. About one-third of the patients
showed both acute Hyc and acute VSP. These three
features were significantly associated (69).

VI. Factors Unrelated to Vasospasm

There is no documented relationship between athero-
sclerosis, diabetes mellitus, hypertension, sex, and VSP.
There was a good correlation between the extent of SAH
and the development of VSP in 50 patients. Analyzed with
respect to the influence of the amount of nonionic con-
trast medium on postoperative VSP and outcome, the
volume of contrast medium did not seem to exercise any
influence (70). Data from 3521 SAH patients studied in
the cooperative aneurysm study between 1980 and 1983
showed that 685 developed some grade of VSP as defined
symptomatically or angiographically. This was a 19%
total incidence of VSP. Cyclic analysis demonstrated a
strong seasonal occurrence for the incidence of SAH
with a peak in February in the Northern Hemisphere.
Cerebral VSP incidence, after controlling for SAH occur-
rence, exhibited only a small peak to trough ratio of 1.15
relative to the larger 1.74 ratio seen with unadjusted VSP
data. VSP was therefore unrelated to seasonal or latitud-
inal variation (71). Of 150 patients with SAH, 22 had
diabetes mellitus. The preexistence of this condition did
not significantly influence the outcome when examined in
conjunction with other chronic diseases and epidemiology
factors (72).

Vil. Effect of Vasospasm on Outcome

Two hundred and sixty-five aneurysm patients were
operated at a mean age of 47 years. They were treated in
the mid-1970s usually by delayed operation. The post-
operative mortality rates were 8% in patients who had
no VSP, 12% in those with localized VSP, and 40% in
those with generalized VSP (11,12). Seven of eight series
reviewed in the 1980s demonstrated a higher mortality
when VSP was present than when it was absent (8). Tak-
ing all cases and not adjusting for other known prognostic
factors, death occurs in 18% of SAH patients without VSP
and 42% with VSP. Without treatment it was estimated

that one-third of patients who develop delayed ischemia
die, one-third have a permanent deficit, and one-third
recover (48). In an exhaustive review of the clinical literat-
ure on VSP, between 1960 and 1992, 1100 sources pro-
vided 60,000 patients. About one-third of patients with
SAH from aneurysms developed DID; of these, about
one-third died. Therefore, VSP was responsible for the
death of 1 patient in every 10. In addition, about the
same number were left permanently disabled. No consist-
ent trend in the incidence of vasospastic ischemia was
evident over time. When angiography was carried out
between days 4 and 11 after SAH, two-thirds of patients
showed VSP (73). Twenty-five studies were analyzed with
respect to the influence of VSP on death rates: When VSP
was present it was 1067/3483 or 31%, and when no VSP
was present it was 1015/6096 or 17%. The common odds
ratio (95% CI) = 3.28 (2.94-3.66). It is therefore beyond a
shadow of a doubt that VSP is a factor tending to increase
the death rate (34). Twenty-one studies gave a good out-
come in 3515/5019 cases or 70% of those with no VSP. On
the other hand, only 44% (1051/2368) of patients with
VSP had a good outcome. For patient without VSP the
common odds ratio (95% CI) = 3.05 (2.73-3.40) for a
good outcome. One hundred and six reports showed a
death rate of 1009/3277 (30%), permanent deficits in
1132/3327 (34%), and good outcome in 1186/3327 (36%)
when VSP was diagnosed. There has been a trend towards.
lower mortality rates from VSP between the 1970s and
early 1990s.

An idea of the natural history of VSP and DID can be
gained by examining the placebo groups in recent pros-
pective studies. In one study of 97 imitially poor-grade
patients who had repeat angiography carried out on day
7, the incidence of VSP was 95%; 56% had DID and 53%
had infarction from VSP. The mortality rate in these
initially poor-grade cases was 39%. VSP was considered
to be the primary cause of death in one-third of cases and
a contributing factor in more than half (74). Among 3521
patients entered into a prospective study within 3 days
of aneurysmal SAH, VSP caused death in 7.2% and dis-
ability in 6.3%. The initial effect of the hemorrhage cau-
sed death in 7% and disability in 3.6%, rebleeding
caused death in 6.7% and disability in 0.8%. These
patients were treated between 1981 and 1984 (21). In a
subgroup analysis of 722 patients with aneurysms in all
clinical grades there was a 35% incidence of DID, 13%
died or were disabled from VSP, and 5% died of VSP
alone (75).

In 531 consecutive cases of ruptured aneurysms, 329
were operated with an operative mortality of 4.3%. The
main cause of death in these cases was VSP (64%) and
surgical complications. The mortality rate in the non-
operated group was 41%. In this group the causes of
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TABLE 2.6 Influencing Factors and Discriminant Functional Analysis®

Standardized canonical discriminant functions (mortality in op group)

Standardized canonical discriminant functions (morbidity in op group)

Function Coefficient Function Coefficient
H&H grade at op 0.549 H&H grade at op 0.606
Symptomatic VSP 0.33% Symptomatic VSP 0.339
Op time —0.305 Fisher grade —0.289
HH grade on admission 0.241 Hydrocephalus —0.267
Hydrocephalus —0.140 Hypertension 0.242
Fisher grade —0.138 HH on admission 0.241
Age —-0.135 Op time 0.109
Hypertension —0.029 Age 0.097

Predictability of mortality: 80.63% (81.2% of those who survived,
75.8% of those who died)

Predictability of morbidity: 79.94% (79.7% of those who recovered
well, 85.7% of those who had poor outcome)

4 Data from Lee, S.H., Han, D.H., Yang, H.J., Kim, H.J., Sim, B.S.,and Choi, K.S. (1990). Analysis of morbidity and mortality in
subarachnoid hemorrhage. In Cerebral Vasospasm (K. Sano, K. Takakura, and N.F. Kassell, Eds.}), pp. 55-56. Univ. of Tokyo Press, Tokyo.

death were rebleeding, VSP, and the effects of the initial
ictus. Symptomatic VSP was related particularly to Fish-
er’s SAH grade IIl and Hunt and Hess grade but not
particularly to aneurysmal location, age, or hypertension
in this series (76) (Table 2.6). In another prospective study
of patients who had good neurological grades on admis-
sion, 137 control subjects showed a 28% rate of DID, and
an even higher rate (50%) showed evidence of infarction
on CT scans. Nine percent of patients died; of these, 75%
had VSP (46). Between 1989 and 1993, 275 patients
were admitted to a Swedish neurosurgical department.
Seventy-one percent were admitted within 24 hr post-
SAH. Nimodipine was used in 84% of patients and a
good neurological recovery occurred in 59%. Mortality
was 21% and morbidity 20%. The most common cause of
morbidity and mortality was damage from the initial
bleed (23%). Morbidity and mortality from DID were
less frequent than either surgical complications or rebleed-
ing. Five percent of patients had an unfavorable outcome
due to DID. The final outcome was strictly correlated
with the initial clinical condition with only 2 of 51 grade
V patients making a good recovery. The amount of SAH
was also strictly correlated with outcome. Patients with a
history of hypertension had no difference in outcome
versus normotensive individuals. A posterior circulation
aneurysm increased the mortality rate (77).

VIiil. Influence of Surgery on Vasospasm

Heros and associates studied a series of 86 patients
with ruptured aneurysms, in which there were 11 pre-

operative deaths. Most of these patients were angio-
grammed prior to death, and severe VSP was present in
every patient in whom this was done. When autopsy
was performed they all showed ischemic infarction. Post-
operative ischemia attributable to VSP developed in 14
patients, and 4 of these died. As a result of a search of
literature they believe that 30-50% of patients will develop
VSP after aneurysm rupture. They place the post-
operative incidence of VSP at 40-65%. The incidence of
VSP in their experience was not affected by age, hyper-
tension, arteriosclerosis, diabetes, size of aneurysm,
location of aneurysm, or the use of intraoperative hypo-
tension (78).

In 1979 Sano and Saito surveyed 443 aneurysms that
had been treated between 1971 and 1978. Of the surgically
treated patients, 82% were leading useful social lives.
There was a 5% postoperative mortality rate. Patients
operated on the day of SAH or in the next 2 days showed
better results, with lower morbidity and mortality rate
from VSP. Fatal postoperative VSP occurred most com-
monly in patients operated on between days 4 and 7 after
SAH. Sano and Saito recommended continuous cisternal,
ventricular, and epidural drainage following the clipping
of aneurysms in the acute stage. Only 15% of their 443
patients developed postoperative VSP. VSP lasted §-24
days, with a mean duration of 14 days. Of patients with
VSP, 46% recovered and were working. Thirty patients
had operations carried out while VSP was present. Half of
these were operated on an average of 4.5 days post-SAH,
and 60% of these were well and working; the other half
were operated on an average of 7.4 days following SAH,
and 80% were well and working. Operative mortality and
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morbidity were closely related to the admission grade of
the patient. Postoperative VSP that was symptomatic had
an onset a mean of 6.8 + 1.7 days from SAH, whereas
preoperative symptoms from VSP had an onset 7.7 £+ 2.6
days from SAH. The range of onset was 4-16 days for
both groups. Of 68 patients with preoperative VSP, 52%
did well, 24% had a fair result, and 25% died. Of 27
patients with postoperative VSP, 23% died. The authors
recommended operating on patients with angiographic
VSP as soon as their level of consciousness began to
improve, which was usually a week or more from the
onset of symptoms. This was crucial evidence that early
operation per se did not induce VSP (79).

Takemae and colleagues studied the relationship
between VSP and high density on CT scan. High-density
subarachnoid clot was seen in 77% of cases scanned
within 4 days of SAH. It disappeared on average between
4 and 22 days post-SAH in 10 patients that were managed
conservatively. VSP developed between 5 and 14 days in
83% of those patients showing high-density blood in
the basal cisterns and in 78% of those with high densities
in the Sylvian fissure. No VSP developed in patients
without such high density on the CT scan. These authors
considered that such cisternal clot was essential for the
development of VSP. Early operation was recommended
in cases with such high densities within 4 days of SAH in
order to remove as much arachnoid clot as possible and
thereby prevent or minimize the development of VSP (38).

Hunt found that the incidence and severity of VSP in
the first 3 weeks post-SAH were not statistically related to
the presence or absence of operative intervention. Patients
experiencing VSP between days 4 and 21 post-SAH com-
prised 68% of the unoperated cases and 67% of the cases
operated on in the first week. All of these patients were
either grades I or II on admission (80). He wrote;

“We still do not operate in the face of severe vasospasm
or neurological deficit. ... Nevertheless, more and more
patients are being operated on early in that ‘window in
time’ when spasm, edema, and infarction have not yet
occurred.”

Ljunggren and coworkers cared for 219 consecutively
treated patients of whom 54% made a good recovery and
31% died. Of the 53 nonsurgical patients, only 11% made
a good recovery and 70% died. Emergency evacuation of
significant ICH was performed in 30 patients: 30% made a
good recovery and 50% died. Of 81 patients who were
grades I-1II and had operation within 48-60hr after
SAH, 74% made a good recovery and 10% died within a
month of surgery. Twenty-one percent of those operated
on had an immediate uneventful postoperative course,
with the delayed onset of ischemia 4-13 days after SAH.
The mortality rate was 10% [approximately half the
patients who developed VSP died of ischemia (81)].

The results of early operation for aneurysms in 45 cases
were analyzed by Takahashi and coworkers. Of 12
patients operated on within 24 hr after SAH, 92% showed
a good result and 8% a fair result; there was no mortality,
and VSP occurred in 33%. Of 13 patients operated on
between days 2 and 7 post-SAH, results were 46% good
and 15% poor, with a 38% mortality rate. Fifteen percent
developed VSP. Of patients operated on between days 8
and 14, 100% had a good result and 7% developed VSP. In
cases in which there was no blood on the preoperative CT
scan, there was a 9% postoperative mortality rate. When
blood was seen adjacent to the ruptured aneurysm, the
postoperative mortality rate was 17%. In 11 patients in
whom there was significant cisternal blood, there was a
0% postoperative mortality, but 50% of the patients devel-
oped transient neurologic deficits (82).

One hundred consecutive ruptured aneurysm patients
were admitted between 1983 and 1986 to a German unit to
be operated upon by six neurosurgeons. Microsurgical
techniques were employed. In S patients a parent or per-
forating artery was known to be occluded intraoperat-
ively. Premature aneurysm rupture occurred in 30
patients. Twenty-eight percent of the patients were in
neurological grades IV and V and 71% were in Fisher
CT grade III. Ninety-six percent were operated within
48 hr. The subarachnoid cisterns were rinsed intraoperat-
ively with 2.5 x 107> M nimodipine solution. All patients
were subsequently given this drug 2 or 3mg/hr post-
operatively for 2 weeks. Fifteen patients had a primary
deterioration immediately postoperatively. CT scan
revealed infarctions in 23%, the infarction was already
visible in the earliest postoperative CT scans in 17. Nine
infarcts were locate in the basal ganglia and were asymp-
tomatic in 7 cases. Seven patients had hemispheric lesions,
which were symptomatic in 5. Interestingly, in only 1 case
was VSP alone considered responsible for the CT-
visualized infarction. Twelve patients showed a later
secondary deterioration and 4 of these were attributed to
VSP, but this was characterized by only a transient mental
deterioration. In 4 additional cases VSP and other adverse
events such as hypotension and postoperative hematoma
combined to cause a permanent deficit in 1 case. Of 10
patients treated with hypertension postoperatively for the
occurrence of DID, 7 recovered completely. The overall
management morbidity and mortality in this group of 100
patients was 18%. Only 2 patients had fatal DID, but in 1
case this was due to a secondary occlusion of basilar
artery branches on day 5 post-SAH and in the other it
was due to decompensated VSP after an episode of long-
lasting severe systemic hypotension (83). This important
series emphasized that delayed neurological symptoms are
not necessarily the consequence of symptomatic VSP.
Two-thirds of their patients with DID had VSP plus
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TABLE 2.7 Timing of Aneurysm Surgery—Planned Surgical Interval and Relative Significance of Focal Ischemic Deficits”

Planned surgical interval (days from subarachnoid hemorrhage)

0-3 46 7-10 11-14 15-32 Total Significance

Complications

Focal ischemic deficits (%) 27 29 32 31 33t 29¢ p=043

Hydrocephalus (%%) 13 7 11 15 26b 13 p < 0.001

Brain swelling (%) 12° 12 10 10 5 1 p=0011

Rebleeding (%) 6 9 13 14 2° 10 p < 0.001

Hematomas (%) 10 9 9 10 13 10 Ns?

Iatrogenic arterial occlusion (%) 2° 2? 1 0 2? 2 NS
Number of cases 1595 372 623 433 247

4 Data from Kassel, N. F., Torner, J. C., Haley, E. C., Ir., et al. (1990). The International Cooperative Study on the Timing of Aneurysm Surgery:

II. Surgical results. J. Neurosurg. 47, 37-47.

b Planned surgical interval associates with highest % of this complication.

€ Most common complication.
NS, not significant.

other causes, such as edema, preexisting infarctions, and
complications unrelated to VSP.

The International Cooperative Study in the timing of
aneurysm surgery found that focal ischemic deficits did
not occur in any particular planned surgical interval. In
contrast, rebleeding and hydrocephalus occurred more
commonly when delayed surgery was planned and brain
swelling occurred when very early surgery was planned
(84) (Table 2.7). The time to onset of DID tended to be
earlier in cases having earlier actual surgery. Deficits
began in the days 0-3 period in 8% of cases compared to
35% in the days 7-10 interval. There was also a tendency
for the deficits to have their onset in the time interval in
which surgery was actually performed (85) (Table 2.8).

During this study information was obtained on the effi-
cacy of early surgery for clot removal. Analysis of post-
operative CT scans in such patients found that 54% still
had thick or diffuse SAH blood remaining postoperat-
ively which was related to high rates of ischemic deficits.
In this study, performed in the early 1980s, cumulative
focal ischemic deficit rate was 30% in the 2 weeks follow-
ing SAH. Eighty percent of the events were attributable to
VSP, but other causes included Hyc, brain swelling, hypo-
tension, and operative complications. The incidence of
DID did not vary significantly by actual surgical interval
in the first 2 weeks. Preoperative and postoperative CT
scans done within 3 days of surgery were obtained on 592
patients operated in the first 3 days post-SAH. A shift in

TABLE 2.8 Time of Onset of Vasospasm—Related Deficits by Surgical Interval®

Time to deficit (days)

Surgery interval (days) N 0-3 46 7-10 11-14 15+ Total

Actual
03 1478 319" 5.8% 7.0% 1.8% 0.3% 18.0%
46 353 0.0% 7.4%° 8.8% 1.7% 0.3% 18.2%
7-10 367 1.4% 1.1% 7.6% 4.1% 0.8% 15.0%
11-14 269 0.4% 1.9% 2.6% 6.7%" 1.5% 13.1%
15+ 455 3.1%° 6.2% 9.2%° 4.2% 2.6%° 25.3%¢
Total 2922 8.0% 22.4% 35.2%° 18.5% 5.5%

“ Data from Torner, J. C., Kassell, N. F., and Haley, E. C. (1990). The timing of surgery and vasospasm. Nuerosurg. Clin. North Am. 1, 335-347.
Highest percentage of VSP-related deficits by actual surgery interval occurring in this time interval to deficit onset.
¢ Actual surgical interval with highest percentage of VSP-related deficits.

Most common time interval for onset of VSP-related deficit.
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the distribution of CT SAH presence and thickness was
observed. Postoperatively, about one-third of the patients
had no SAH evident and one-fourth showed only a thin
layer. A significantly lower rate of ischemic deficits was
observed for patients with only thin or no SAH remain-
ing. After early surgery 46% had reduced clot densities
compared to thick clots observed at admission. Those
patients with thick and diffuse clots remaining had a
50% chance of developing focal ischemic deficits attribut-
able to VSP (86).

The effect of early surgery removal of clot on the pre-
vention of DID was evaluated in 82 patients with pre-
operative symmetrical blood clot on CT scans. Thirty-
three percent of these patients developed DID on the
operated side and 12% on the nonoperated side. CBF
was significantly decreased in the hemisphere on the oper-
ated side compared to the nonoperated side. DID de-
veloped in 69% of those with preoperative thick layer
clot compared to only 31% of those with thin layer clots.
Neurological grades II-1V patients developed DID in
59% of cases compared to 41% in those in better neuro-
logical grades. Of patients with thick layer clots who had
successful reduction in clot by surgery, 46% developed
DID on the operated side and 17% on the nonoperated
side. Of those in whom significant thick layer clot
remained, 56% developed DID on the operated side and
25% on the nonoperated side. This suggested that there
was some efficacy in the clot reduction at operation. On
the other hand, for patients whose preoperative CT scans
showed only a diffuse thin sheet of blood there was no
difference in the incidence of DID between those in whom
clot was cleared and those in whom it was not (17% in
both). The operated side showed a lower mean hemi-
spheric CBF but the differences were not impressive
(52.8 £ 2.7 vs 55.5 &+ 3.3 ml/100g/min) (87).

Between 1981 and 1988, 330 SAH patients had early
surgery via the pterional approach within 4 days post-
SAH. Of this group of aneurysms there were 13 AComA
aneurysms subjected to early surgery and 10 were
observed during the natural course. There were no right
and left differences in the amount of subarachnoid clot in
the preoperative CT scans. Symptomatic VSP was defined
as hemiparesis with a reduction in angiographic diameter
of major trunks to less than two-thirds of their admission
diameters. The 10 patients subject to observation only
developed a right-sided focus of VSP in 6 hemispheres
and a left-sided focus in 5. In the early operation group
VSP developed in 12 hemispheres ipsilateral to the pter-
ional approach and only 2 hemispheres contralateral to
the operative approach (88).

One hundred and fifty patients with aneurysmal SAH
were divided into those operated in the first 3 days
(n = 116) or after day 20 or not operated at all (n = 34).

The incidence of angiographic VSP was not different
between the two groups—95% for early surgery and 88%
for delayed or no surgery. The incidence of DID in those
operated early was only 18% compared to 44% for the
patients treated with delayed surgery. Patients in better
neurological condition who were operated early (grades I1
and III) developed symptomatic VSP in 13% and low-
density areas on CT in 10%. These rates were significantly
lower than those for patients in similar grades who were
operated late or not at all (50 and 36%, respectively). In
patients in poor neurological condition (grade IV) the
timing of operation did not affect the incidence of either
DID or CT evidence of infarction (89).

The effect of clot removal on VSP was studied on 104
patients who had surgery within the first 3 days, were
neurological grades I-1V, had CT evidence of SAH only,
and had angiograms done before or on day 2 and between
days 7 and 9. The relationship of interhemispheric fissure
SAH on CT and angiographic VSP in the distal anterior
cerebral artery was studied as well as the relationship of
Sylvian stem SAH and angiographic VSP in the proximal
MCA. Both the pre- and postoperative SAH grades cor-
related with the subsequent development of low-density
areas in the territories of the appropriate arteries. The
reduction in cisternal blood assessed by CT scan did not
relate directly to the reduction in VSP. For AComA post-
operative DID occurred in 25% of cases operated by the
interhemispheric route compared to 50% of cases oper-
ated via the pterional one (90). This suggested that the clot
removal had been more complete by the interhemispheric
approach, thereby reducing VSP in the vessels at greatest
risk. There was no significant difference in the severity of
VSP in the anterior cerebral artery territory between the
side of approach and the opposite side so that these
investigators concluded that the effect of clot removal
was not very significant.

The timing of aneurysm study suggested an overall
DID rate in the first 2 weeks post-SAH of 30%. This
was attributed to VSP in approximately 80% of cases.
The rate of DID was related to the density of blood seen
on the initial CT scan. In this study focal ischemic deficits
were diagnosed on the basis of clinical criteria. The etio-
logy was verified by angiography in 45% of cases, CT scan
in 58%, neurologic status change in 88%, and other tests
in 5%. The time of onset of DID was analyzed by the
surgical interval. For each surgical time interval, this was
the most common time in which all focal ischemic deficits
began. The actual surgical time span was also the interval
in which VSP-related deficits most commonly had their
origin. This is certainly consistent with the possibility that
the surgical insult is a contributing factor to “VSP”-
induced DID. Torner and colleagues concluded that the
relationship of time of surgery and VSP is influenced by
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time course of VSP, the effectiveness of surgical clot
removal, and the choice of medical management to prev-
ent rebleeding and treat VSP (91).

In 295 patients managed between 1986 and 1988 in
Glasgow, surgical mortality rate was only 4%. Seven per-
cent of the patients had unruptured aneurysms and only
9% were in neurological grades IV or V. Seventy-one
percent were admitted within 2 days of SAH; however,
42% of the patients were operated after the 10™ day post-
SAH. Of 14 variables tested against outcome, 4 were
significantly associated with a poor outcome: grades III-
V, ICH on admission CT, development of DID, and post-
operative hematoma requiring surgery. Twenty-three per-
cent of the 275 patients with SAH developed angiographic
VSP; of this group, 78% had a favorable outcome and
21% died. The posterior circulation site for an aneurysm,
preoperative hypoxia, and Hyc requiring shunting were
also associated with poor outcome, but the strength of the
association failed to reach significance. When VSP was
associated with a hematoma (n = 21) only 62% had a
favorable outcome compared to the 86% favorable out-
comes in the 42 patients with VSP but no hematoma (92).

Fifty-six patients having surgery at different times
post-SAH with pre- and postoperative angiography had
a multiple regression analysis performed using arterial
diameters during VSP as the dependent variable and prog-
nostic factors for VSP, such as time when surgery was
performed, as independent variables. An image analyzer
measured intra- and extracranial arterial diameters from
56 patients whose 108 angiograms included 187 different
carotid angiograms. A ratio of the intra- to extracranial
carotid artery diameters was used to quantify the degree
of VSP and to correct for differences in magnification
between studies. The variables that predicted angio-
graphic VSP were age, poor clinical grade, and preoperat-
ive arterial ratio. Poor outcome was not predicted by any
of these. Interestingly, angiographic VSP was not pre-
dicted in this study by the Fisher grading scale. Despite
the fact that the 34 patients operated on in the first 3 days
had worse risk factors (38% clinical grades 111 and IV and
62% Fisher grade I1I), only 15% showed infarction due to
VSP and only 12% had a bad outcome. For the 20 patients
operated on between days 4 and 12, only 10% were clinical
grades III and IV and only 25% showed Fisher grade
grade III, but 20% showed infarction due to VSP and
15% had a bad outcome (93).

Patients developing ischemia post-SAH can be divided
into those who have early surgery and awaken from
anesthesia with a new deficit and those who develop
“true” delayed ischemia. In a British series there was a
excess of preexisting vascular disease in the postoperative
ischemic patients (94). There is a tendency for patients
operated on during the time of VSP (days 4-12 post-SAH)

to have a higher risk of developing DID (56). However, a
multivariate statistical analysis of the factors predisposing
to the development of VSP did not find that the time of
surgery affected the development of VSP (56). Current
understanding of the etiology and pathogenesis of VSP
suggests that surgical manipulation of arteries should
have minimal effect on the severity of VSP and the
increased risk of cerebral ischemia in patients operated
on during VSP is due to other factors.

In 1990, 64 patients were operated on in the first 3 days
post-SAH by a German group. Forty-two patients were
not treated with the assistance of temporary clipping and
22 were treated. Mean temporary clipping time was 5.4
min (range, 2-18 min). The percentage of patients in each
group showing increased velocity by TCD was not
significantly different: no temporary clip, 45%; temporary
clip, 41%. The incidence of DID was less in the group not
treated with temporary clipping (—-36 vs 45% with tem-
porary clipping). Bad outcomes occurred in 31% of the
patients not treated with temporary clipping and 43% of
those treated with it. The postoperative complication
rates (excluding DID) were 28 and 23% and the death
rates were 7 and 5%, respectively. One could interpret
these results as indicating that temporary clipping might
have a slightly adverse influence on VSP but that it might
be used in more difficult aneurysms. Observations during
surgery indicate that manipulation of arteries and tem-
porary clipping may precipitate acute vessel spasm. This
spasm, however, is short lived and probably does not
contribute significantly to DID. Manipulation of vasos-
pastic monkey cerebral arteries did not increase VSP 24 hr
later (95).

Study of TCD ultrasound velocities on patients oper-
ated at different times after SAH suggested that surgery
had no effect on the development or severity of VSP (97).
The distinction between preoperative and postoperative
VSP is unimportant; however, the time of surgery in rela-
tion to SAH is important. The natural history of VSP, and
not any effect of surgery, determines the degree of arterial
narrowing.

PET studies were performed on four patients before
and after right frontal craniotomies for clipping of rup-
tured anterior circulation aneurysms. The preoperative
studies were conducted the day before surgery and post-
operative studies were conducted on days 6-17 post-
operative. No patient had Hyc or ICH. There was a 45%
reduction in rCMRO, (1.87-1.04 ml/100g/min) and a 32%
reduction in rOEF (0.41-0.28) in the region of retraction
but no change in the opposite hemisphere. rCBF was
unchanged in all regions. The reduction in CMRO; and
the OEF indicated a primary reduction in metabolism
and uncoupling of flow and metabolism (luxury perfu-
sion) (98).
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Twenty patients who underwent selective amygdalo
hippocampectomy for epilepsy using the transsylvian
approach were studied with serial TCD. Seventy percent
of these cases showed ipsilateral /bilateral increase in TCD
velocities by more than 50% from the baseline. These
velocity changes were not associated with any morbidity
or mortality. It was assumed that the transsylvian
approach is associated with significant hemodynamic
change (99).

Seven patients had surgery performed within 9-29 hr
post-SAH using the standard pterional approach. A
meticulous attempt to remove clot was performed. Com-
parisons were made between the hemispheres with surgi-
cal intervention and those without, in terms of the
incidence of DID and cerebral infarction on CT scans,
degree of angiographic VSP, and CBF. This was a relat-
ively small series of patients and long-term postoperative
CT evaluation was not documented so that it is conceiv-
able that a trend in favor of clot removal producing less
VSP may have been missed (100). Angiographic VSP was
quantified by measuring the ratio of diameters of intra-
cranial arteries to extracranial arteries. A significant
reduction in CBF was observed during the early post-
operative period in the basal frontal lobe of the surgical
side. This CBF reduction was thought to correspond to
the region of brain retraction. It was concluded that the
effect of clot removal could be offset by the negative effect
of early surgery since early surgery with clot removal
seemed to have little effect on the course of chronic
VSP. Critical aspects of this study were the selection of
patients with midline aneurysms and the use of a quanti-
tative method of assessing the symmetrical distribution of
SAH. Anterior communicating aneurysms probably
require greater retraction than aneurysms at other sites
in the anterior circulation when the pterional approach is
used. The study did not support extensive clot removal
during early surgery at the expense of potential damage to
vital structures (100).

Thirty-two patients with ruptured AComA aneurysms
had CT scans within 2 days post-SAH and unilateral
pterional approaches within 3 days post-SAH. The
patients showed bilaterally symmetrical clot without
ICH. There were no postoperative complications. CBF
studies were performed by SPECT with '**I-IMP. Post-
operative regional hypoperfusion due to brain retraction
was frequently recognized in SPECT scans without the
development of infarction. rCBF showed a continuous
fall during the first 4 weeks postictus before rising. The
rCBF in the vicinity of the surgical approach was signific-
antly lower, particularly in the postoperative period of
3-7 days. There was a significant association between
the decrease of cisternal blood in the interhemispheric
systems and cistern of the lamina terminalis but not in

the Sylvian fissure or distal insular cisterns after surgery
and the degree of local VSP and local fall in CBF during the
VSP time interval. This was evidence for the effectiveness
of direct clot removal by early surgery, although it was
suggested that the beneficial effect of clot removal could
be masked by the adverse effect of brain retraction (101).

IX. Relative Significance of Vasospasm

The influence of VSP on mortality is not as strong as
the apparent influence of the initial neurologic grade
reflecting as it does the severity of the pathophysiological
insult to the brain during the hemorrhage. It is also of
lesser importance than severe hypertension. It does not
show up as an important independent predictor of mor-
tality in the presence of ICH; presumably in this circum-
stance most of the blood goes into their brain rather than
into the subarachnoid space. It is associated with poor
outcome in IVH cases but less so than acute ventricular
dilatation and clot volume.

Prognostic factors for rebleeding in patients with sur-
gically untreated PComA aneurysms were assessed by
Richardson and colleagues in 1966 (102). Their patients
all had a single PComA aneurysm that ruptured at least
once in the 8 weeks preceding admission. Patients were
then treated with 6 weeks of bed rest and progressively
mobilized to be observed for between 6 and 18 months.
Rebleeding episodes were verified by the history, lumbar
puncture, and autopsy evidence. Thirteen potential pro-
gnostic factors were analyzed. A discriminative function
was developed as follows: z = 1.5 x (sex) 4+ 1.25x (hema-
toma) +0.8 x (size) + 0.7 x (spasm), where sex equals 1
for males and 2 for females, hematoma equals 1 if absent
and 2 if present, size equals 1 if 9mm or less and 2 if
10 mm or greater, spasm equals 1 if absent and 2 if pre-
sent. When the z value is greater than 6, it was very likely
that the patient would rebleed. The overall accuracy of
this equation with their natural material was 79%. The
presence of VSP increased the chances of rebleeding: 79%
rebled when VSP was present and 53% when VSP was
absent. This was perhaps the earliest use of a discriminat-
ive function equation in neurosurgery.

Between 1968 and 1973, a study of 2-month mortality
rates in 135 cases yielded the following hierarchy of asso-
ciations: neurologic grade, 0.36; grade at surgery, 0.34;
preoperative VSP, 0.28; mass lesion, 0.23; hypertension,
0.20; shorter interval to surgery, 0.10; and age, 0.06 (35).
Favorable outcomes occurred in approximately 42% of
all patients with cerebral VSP compared with 68% of all
patients without it. The occurrence of VSP doubled
the death rate after SAH (26, 48). The risk of DID was
analyzed in 176 patients admitted within 72 hr post-SAH.
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It was best predicted by the amount of subarachnoid
blood, the amount of intraventricular blood, and whether
antifibrinolytic drugs were used, regardless of clinical con-
dition or Hyc. Interestingly, the site of DID was not
related to the location of the SAH. DID was diagnosed
if there were new focal signs or a decrease in the level of
consciousness or both and if CT after admission showed a
hypodense lesion compatible with the clinical signs or at
least no lesion other than ischemia and infarction that
could explain the signs (103).

In an American series of patients studied between 1980
and 1990 using multivariate logistic regression analysis of
predictive factors related to symptomatic VSP, the follow-
ing were significantly related: age under 35, amount of
SAH, and clinical grade. By univariate analysis the factors
were age under 20, amount of SAH, and clinicai grade.
When patients were analyzed by either good or bad out-
come it was only in the poor outcome group that the
amount of SAH and clinical grade correlated with VSP.
Factors not related to development of clinical VSP were
sex, aneurysm location, incidence of complications, use of
calcium channel blockers, time to surgery, length of stay,
and outcome (104).

In 295 patients with aneurysms treated in the late 1980s
the overall mortality rate was 9%. Not all of these aneur-
ysms had produced SAH. The factors that were signific-
antly associated with poor outcome were poor
neurological grade on admission, the presence of a hema-
toma on the initial CT scan, DID, and the development of
postoperative hematomas. Two-thirds of the patients who
developed a DID (nearly one-third of whom had recent
SAH) made a good recovery (92).

X. Vasospasm and Cerebral Infarction

VSP produces cerebral ischemia and infarction by
hemodynamic mechanisms. There is seldom complete
arterial occlusion or embolization. Conventional fluid
dynamics and the Hagen—Pouiseulle relationship (that
describes the flow of Newtonian fluids through rigid
tubes) indicate that resistance to blood flow is related to
the length of the stenosis and the viscosity of the blood
and inversely related to the radius of the tube to the fourth
power. Therefore, the level of CBF to the brain distal to a
vasospastic artery, which determines whether infarction
will develop, is related to the severity and length of
stenosis, blood viscosity, as well as to factors that alter
flow proximal to the stenosis, such as blood pressure,
cardiac output, and intravascular volume. The oxygen
and glucose content of the blood, the extent of collateral
and anastamotic flow, preexisting arterial hypoplasias
and atherosclerotic narrowings, administration of brain

protectants, variations in brain temperature, and thera-
pies for VSP will also influence the development of cere-
bral infarction. There are numerous other causes for
cerebral infarction after SAH and aneurysm surgery,
and it is not surprising that it has been difficult to docu-
ment a direct and constant relationship between VSP and
cerebral infarction in every case. In most series, there is a
significant correlation between severe VSP and develop-
ment of infarction in the territory of the spastic artery.
Twenty-nine patients dying from aneurysmal rupture
without having been treated surgically were examined. A
significant relationship between the presence and degree
of VSP and ischemic brain damage was found. Although
ICH probably increased the risk of infarction associated
with VSP, hematomas did not increase the incidence of
ischemic brain damage (105). Saito er al. found that the
CT scan demonstrated infarction in the territory of the
vasospastic arteries in about 70% of patients with VSP.
DID resulting in death was always found to accompany
VSP affecting one entire carotid system and the anterior
cerebral artery of the opposite side. When VSP was
restricted to one carotid system or both anterior cerebral
arteries alone, it was usually associated with only tempor-
ary symptoms. Most patients who lose consciousness with
the initial subarachnoid hemorrhage show high-density
subarachnoid blood (106).

There were initial problems in realizing the connection
between infarction and VSP because of confounding
effects of surgical intervention and the variable findings
of radiological studies. In large autopsy series of patients
dying post-SAH, between one-fifth and one-third can be
anticipated to show infarction in the territory of distribu-
tion of vessels that are encased with very thick clot. In a
series of 83 autopsies on aneurysm patients, the incidence
of infarction was 19% in those dying in the first 3 days,
48% in patients surviving between 4 and 14 days, and 70%
in those dying after that time period (107).

Thirty-seven percent of 176 post-SAH patients devel-
oped DID. Hypodense lesions on CT were single focal in
11%, multiple focal in 12%, or diffuse in one or both
hemispheres in 4%. Eighteen percent had asymmetric
decrease in ventricular size. Of 18 autopsied cases, only
6% had a purely single vascular territory lesion. DID after
SAH was thought to be a multivascular of diffuse process
in most patients (108).

Of 265 neurological grades I-1II cases followed for a
mean of 1.4 years after SAH and surgery, the rates of
infarction at follow-up in cases not receiving nimodipine
were as follows: no or localized clot on the first CT scan,
44%,; thin layer, 42%; thick layer, 55%; and severe
bleeding, 91%. Thirty-nine percent of the entire nimodi-
pine-treated group had late infarcts versus 56% of the
placebo-treated group. A logistical regression analysis of
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risk factors predicting cerebral infarction showed severe
bleeding in initial CT scan (29.45), thick layer of blood on
CT scan (2.60), hypertension (3.06), and acute operation
(2.17). Of 78 patients with postoperative moderate or
severe VSP, 65% had infarction in the follow-up CT
scan. Patients with infarction averaged 46 years of age
versus 42 years for patients without. Of those with prior
hypertension, 64% developed infarction versus 46% for
the normotensive group (46).

Xl. The Incidence of Vasospasm over Time

There was no clear reduction in reported incidence of
VSP or DID in the decades from the 1970s to the early
1990s. Dorsch and King’s review found an incidence of
DID of approximately 40% with a range of approximately
20-60% (34). On the contrary, it was suggested that the

overall mortality in patients with ruptured aneurysms who
reached the hospital has declined from approximately 40% in
the 1960s to 25% in the 1970s, to 20% in the 1980s, and to
approximately 15% currently. ... Vasospasm as a cause of death
and disability has decreased from approximately 35% in the

1970s, to 20% in the 1980s, to 10% currently.
—Neil Kassell, Fifth International Conference on Cerebral
Vasospasm, 1993.

In one of the large cooperative studies reported in
1993, there were 457 patients in a placebo group com-
posed of all neurological grades. Fifty-one percent had
angiographic VSP, 46% developed DID, and 18% died.
Four percent of deaths were attributed solely to VSP and
10% to multiple causes including VSP. Most of these
patients were managed in the microsurgical era, and con-
temporary methods for fluid replacement and blood pres-
sure control were used (109).

In a Japanese series, when patients were divided by
time period into the first or second half (1981-1989) the
overall incidence of VSP was almost identical in the two
time periods. However, CT evidence of infarction
occurred in 24% of patients in the early time period and
only in 15.2% of those in the later one. The tendency
toward decreased severity of VSP in the later term was
most remarkable in patients whose GCS scores were
between 13 and 14. The decreased incidence of VSP pro-
ducing infarction was believed to be a contributing factor
to the decreased mortality and the increased rate of good
outcome in the later half (31).

A retrospective 10-year review of 224 good-grade
patients with anterior circulating aneurysms studied
between 1983 and 1993 showed a progressive increase in
the number of favorable outcomes in three successive time
periods, from 75 to 87 to 94%. This salutary experience
was attributed to improvement in critical care techniques

in the management of VSP. Angiographically confirmed
VSP was observed in 117 patients (52%). Thirty-nine
patients (17%) developed DID. The severity of the SAH
demonstrated by preoperative CT did not predict the
development of symptomatic VSP, although the admis-
sion clinical grade was associated with DID. Angioplasty
was performed on 22 symptomatic patients, of whom 96%
demonstrated a clinical response with favorable outcome.
Only 2 of the 224 patients died of VSP (0.9%). Numerous
clinical and radiological characteristics were evaluated for
prognostic significance. The amount of SAH on admis-
sion initial CT scan showed a significant association with
outcome, as did the presence of low-density areas on the
postoperative CT scans. However, VSP was not one of the
variables to have prognostic significance in multivariate
analysis in these good-grade patients. Prophylactic hyper-
volemia was used throughout this series. Calcium channel
blockers were used during the second time period and the
routine use of angioplasty for the treatment refractory
VSP was introduced in 1989. When angioplasty was not
used, 77% of cases with symptomatic VSP achieved a
favorable outcome in contrast to 97% when it was used
(110). A review from the University of Washington of 159
poor-grade patients was performed. Fifty-four percent of
the grade IV patients and 24% of the grade V patients
experienced a favorable outcome. Eighty-nine clinical and
radiological variables were analyzed with respect to pro-
gnosis. After uni- or bivariate analysis VSP was not iden-
tified as a significant variable in predicting outcome.
Among the 69 poor-grade patients with SAH who died,
VSP was the cause of death in only 1 case (0.6%). This
unit has been the most aggressive in North America in the
early use of angioplasty in the setting of angiographically
verified VSP (111).

Five hundred and seventy-one Japanese patients with
aneurysmal SAH were studied between 1972 and 1992.
Individuals over 70 years of age were excluded. These
patients were divided into four groups according to the
date of treatment. During the four different time intervals
the mortality rate for grade III patients at 6 months post-
SAH fell progressively from 28 to 11% as the average time
from SAH to surgery fell from 18 to 1.5 days. Patients in
neurologic grades 1 and II had a very low incidence of
symptomatic VSP regardless of the treatment era. VSP as
a cause of death in neurological grades I-III patients
showed no consistent trend ranging from 0 to 100% as a
cause of death. As a cause of disability the incidence of
VSP in the four time periods was 44, 52, 47, and 38%. The
grade III patients appeared to show a progressive reduc-
tion in symptomatic and permanent VSP over the last
three time periods. A significant number of grade III
patients with modified Fisher CT scores of 3.1-3.4 were
disabled by VSP. When they were initially treated
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conservatively, about one-fourth developed DID. The
decrease in the incidence of VSP was attributed by the
authors to their regimen of early surgery, cisternal drain-
age followed by urokinase injection, intravascular volume
expansion, and thromboxane A, synthetase administra-
tion (112).

Xll. Vasospasm and Nonaneurysmal
Subarachnoid Hemorrhage

Although most cases of cerebral VSP follow aneurys-
mal SAH, there can be other causes (48) (Table 2.9).

A. Nonaneurysmal Subarachnoid Hemorrhage

Fifty consecutive patients with nonaneurysmal SAH
were analyzed. Twenty-three patients had blood visible
on the CT scan but only 4% developed DID, and all of
these patients made a good recovery. Only 4% of these
cases were grades IV or V. Only about half of the patients
in this series had blood demonstrated on CT scan in the
interfrontal or Sylvian fissures or basal cisterns (113).
There were probably a few missed aneurysms since 1
patient who initially had blood in the basal cistern died
of a rebleed. It is difficult to agree with the conclusion that
the mere presence of blood in the subarachnoid space is

TABLE 2.9 Diseases Associated with Cerebral Vasospasm and
the Approximate Incidence of Cerebral Vasospasm in the Disease”

Disease Angiographic incidence (%)

Associated with SAH

Ruptured aneurysm 60
Ruptured AVM 12
SAH of unknown etiology 12
Traumatic SAH <10
Postoperative SAH Rare

Not associated with SAH
Unruptured aneurysm Rare
Pituitary adenoma Rare
Other intracranial neoplasms Rare
Bacterial meningitis Uncommonb
Tuberculous meningitis Common®

% From Macdonald, R. L., and Weir, B. (1997). Cerebral vasospasm
and delayed cerebral ischemia. In The Practice of Neurosurgery (G. T.
Tindall, P. R. Cooper, and D. L. Barrow, Eds.), Vol. 2. Williams &
Wilkins, Baltimore.

b Arterial narrowing usually is caused by vasculitis, which is a differ-
ent process from cerebral vasospasm after aneurysmal SAH.

not a sufficient cause for delayed ischemia. It is probably
more correct to state that it is not the sole cause of delayed
ischemia. In their review of eight series of SAH of
unknown cause followed up between 1 and 13 years the
total mortality ranged between 0 and 27% with three-
fourths of the series reporting mortalities of under 15%
and rebleeding rates under 10%. Other causes of SAH,
such as head injury or unknown etiologies, may also be
associated with cerebral VSP (48). Giombini et al. (114)
found angiographic evidence of VSP in 7 (12%) of 58
patients with SAH of unknown cause. In 65 cases of
perimesencephalic nonaneurysmal SAH, no patient
experienced DID (115).

B. Arteriovenous Malformations

Arteriovenous malformations (AVMs) are tradition-
ally listed as a cause of SAH. However, Aoki reviewed
the CT features of 50 patients with ruptured AVM and
found SAH in only 2 cases (4%) (116). Not surprisingly,
angiographic VSP complicates only 12% of AVM cases,
and DID occurs even less often (117). In a different series
VSP was confirmed in 31% of 13 patients with SAH from
AVM. In previous reports the incidence of VSP following
rupture of an AVM ranged between 8 and 12%. Massive
subarachnoid clot was considered to be the key factor in
causing post-AVM rupture VSP (118).

C. Other Causes

Cerebral VSP has been reported after surgery in the
basal cisterns for unruptured aneurysms, pituitary adeno-
mas, and various other neoplasms. Most cases were
reported during the pre-CT era. It is impossible to exclude
the possibility that an unrecognized SAH occurred post-
operatively. Purulent tuberculosis and other types of
meningitis may be complicated by narrowing of cerebral
arteries, although vessel narrowing in infectious condi-
tions is probably caused by inflammatory vasculitis,
which 1s a different histological process than VSP after
aneurysmal SAH.

Suwanwela and Suwanwela used angiography for dia-
gnosis in 350 patients with moderate to severe head injur-
ies. Cerebral VSP was detected in nearly 19% of the
angiograms performed 1-19 days after the patients sus-
tained head injury and was believed to cause symptoms in
some cases. The CSF was bloody in most patients with
VSP (119). CT scans show that patients with head injury
often have SAH, although thick blood clots in the basal
cisterns are less common than after aneurysmal SAH.
This infrequency of thick clots accounts for the lower
incidence of VSP in patients with head injuries. A TCD
study of 30 patients with head injuries found that MCA
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velocities increased in 8 patients (27%), usually between
Days 4 and 12 after injury (120).

Xlll. Endovascular Coiling and Vasospasm

Sixty-nine patients who were neurological grades I-I11
underwent occlusion of their aneurysms using Guglielmi
coils within 72hr of rupture. Symptomatic VSP was
defined as the onset of neurologic deterioration verified
by angiographic or TCD studies. Symptomatic VSP
occurred in 23% of 69 patients. Admission grade and
amount of blood on the initial CT scan were both asso-
ciated with the incidence of subsequent VSP. Two of the
69 patients died of VSP (121).

One hundred and fifty-six patients treated within 72hr
of SAH by either clipping or coiling were analyzed.
Twenty-six percent suffered ischemic infarction and this
rate was correlated with poor neurological grades, higher
Fisher CT grade, higher MCA TCD velocities, more
repeat hemorrhages, the occurrence of DID, and endo-
vascular treatment (p = 0.02). While the infarction rate
was 38% for endovascular treatment versus 22% for sur-
gery, this may be partly explained by the fact that 67% of
the endovascular treatment group had a Fisher grade IV
pattern versus only 25% in the surgically treated group. It
is therefore unproven (although certainly possible) that
the failure to remove subarachnoid clot contributed to the
higher infarction rate observed with endovascular treat-
ment. When only CT Fisher grade II1 and Hunt and Hess
grades 1-IV cases were analyzed, the difference in infarc-
tion incidence between the two treatment groups failed to
reach statistical significance (122).

Symptomatic VSP and TCD velocities >120cm/sec
were studied by multivariate analysis of predictors in 244
patients. So defined, VSP occurred in 22% of surgically
treated and 17% of endovascularly treated patients. There
was no significant differences in frequency of VSP
between surgical and endovascular treatments. VSP
decreased with age >50 years and poorer neurological
grade, and it increased with hyperglycemia occurring in
the intensive care unit. Sequella at 6 months post-SAH
increased with VSP, poor neurological grade, and treat-
ment complications (123).
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I. Introduction

For chronic VSP to develop, a patient must survive for
several days following the deposition over seconds to
minutes of somewhere between 1 and 250 cc of arterial
blood into the subarachnoid space. Clearly, a fibrin plug
must quickly close the rent in the aneurysmal dome to
prevent immediate death. In some patients the volume of
blood in the subarachnoid space is so small that clotting
does not occur. This is evident at early operation when
pinkish or reddish cerebrospinal fluid (CSF) is found
around the basal arteries without the formation of actual
clot, whereas in other patients a thick, tenacious, jam-like
reddish-blue clot is evident within hours of the hemor-
rhage. The clot becomes beefier in consistency and more
tenaciously adherent to the vessels which it surrounds
during the days following SAH. It is our impression that
such cases are particularly susceptible to VSP. The key to
the VSP mystery may lie in complex biochemical cascades
associated with clotting, disintegration of enmeshed red
blood cells (RBCs), and the fibrin lattice, inflammatory
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responses to the clot, and processes of phagocytosis and
repair (Table 3.1).

Whether VSP develops must depend in part on the
quantity of spasminogen(s) released on the abluminal
side of the involved vessels. The RBC obviously dis-
integrates in the alien subarachnoid space more quickly
than it would in the blood. The mean survival time is
reduced to approximately 1 week from 4 months. Passage
of intact RBC out of the subarachnoid space in humans
is unlikely to occur. Disruption of the RBC membrane
may occur because of osmotic forces and/or because of
phagocytosis, which is triggered by the loss of protective
or the addition of targeting molecules on the RBC
surface. It is likely that the cause of VSP is oxy- and/or
deoxyHb and/or heme since they are the vasoconstrictors
produced in by far the greatest amounts as hemolysis
proceeds. There is evidence that these substances can
permeate the vascular wall from the adventitial side
through to the endothelium. How extracellular Hb causes
contraction of the vascular smooth muscle cells is unclear;
possibilities include blockage of tonic vasodilating
influences, direct opening of Ca’* channels, stimulation
of the production of vasoconstrictors such as endothelin,
blockage of the production of vasodilators such as pros-
tacyclin, or the production of free radicals. Free iron does
not have an obvious role in the genesis of VSP, although
evidence exists that iron chelation may prevent chronic
VSP. The genesis of VSP is dependent on the presence of
RBC and not platelets, leukocytes, or plasma proteins.
Increasing fibrinolysis (by using t-PA) dissolves the fibrin
scaffolding holding the RBC in close contact with the
vessel wall and reduces the degree of VSP; antifibrinoly-
tics (such as g-amino caproic acid) have the opposite
effect. Markers of coagulation and fibrinolysis tend to
be present in greater amounts in patients with VSP com-
pared to those without, presumably reflecting greater clot
volumes.

Blood clot in the subarachnoid space incites an inflam-
matory response—headache, fever, nuchal rigidity, sys-
temic leukocytosis, as well as pleocytosis within the
CSF. Monocytes in the blood migrate into the CSF,
where they adhere to and subsequently engulf and break
down the RBC. Increased permeability of the blood-CSF
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TABLE 3.1 Potential Spasmogens Released after SAH and Their Possible Role in Vasospasm”

Spasmogen or process

Possible role

Erythrocytes and contents

oxyhemoglobin (deoxyhemoglobin) and breakdown products such as
hemin, iron, bilirubin, and globin chains

Products of free radical reactions stimulated by hemoglobin
oxidation

Adenosine nucleotides
Other cystosolic proteins

Erythrocyte membranes

Platelet contents
Serotonin

Adenosine nucleotides

Leukocytes and inflammatory mediators
Leucocytes

Eicosanoids

Cytokines (interferons, tumor necrosis factors, interleukins,
macrophage-derived cytokines, growth factors, chemokines,
monokines)

Products of coagulation cascade
Fibrin degradation products
Fibrinogen
Thrombin

Other serum proteins

Vasoconstriction, promote free radical reactions, block NO
vasodilation, increase ET release, block perivascular nerve effects,
alter eicosanoid release

May cause vasoconstriction

Vasoconstriction
Unknown

Provide lipid for lipid peroxidation, unknown

Possible vasoconstriction early after SAH

Vasoconstriction

Vasoconstriction

Increased vasoconstriction by prostaglandins and thromboxanes,
decreased vasodilation by decreased PGI,

Increased inflammation, possible vasoactive effects

Increased vasoconstriction due to other spasmogens
Unknown

Unknown

Unknown

% From Weir, B., Stoodley, M., and Macdonald, R. (1999). Etiology of cerebral vasospasm. 4Acta Neurochir. 72, 27-42. Copyright © Springer-

Verlag GmbH & Co.

barrier may permit the increased passage of immuoglo-
bins into the CSF.

Il. Blood

Blood is an inhomogeneous fluid composed of formed
elements suspended in a complex colloidal fluid known as
plasma.

A. Cellular Elements

White blood cells (WBCs) consist of granulocytes,
lymphocytes, and monocyte/macrophage cells. The
major forms of mature polymorphonuclear granulocytes
are neutrophils, eosinophils, and basophils. The various
leukocytes are differentiated by their morphology and the

staining qualities of their granules, nucleus, and cyto-
plasm. The types are neutrophils (59%), eosinophils
(2.7%), basophils (0.5%), lymphocytes (4%), and mono-
cytes (4%) (1). Blood cells are produced in the bone mar-
row. In the circulating blood are found monocytes,
neutrophils, eosinophils, basophils, reticulocytes, RBC,
platelets, and T cell and B cell lymphocytes. When mono-
cytes move from the intravascular space to other tissues
they develop into macrophages. The platelets, also known
as thrombocytes because they participate in clotting, are
fragments of megakaryocytes.

B. Plasma

Plasma is composed of water (90%), protein (7%), and
organic and inorganic solutes (3%) (2). Protein concentra-
tions in plasma are much higher than those within
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interstitial fluids such as CSF. This protein separation
creates an osmotic force that tends to keep fluid in the
circulatory system. Major plasma proteins are albumin,
globulin, and fibrinogen. Albumin makes up 55% of
plasma proteins, molecular weight (MW) is 69kDa,
and concentrations range between 4 and 6 g/100ml
plasma. Globulins make up 30% of total proteins and are
larger, with MW ranging between 80kDa and 200,000.
Plasma concentrations are 1.5-3g/100ml plasma. The
largest protein molecule is fibrinogen, which makes up
7% of plasma proteins and ranges in weight from 350 to
400kDa. The plasma concentration is 0.2-0.4 g/100 ml
plasma.

Albumin, the small protein, preserves osmotic pressure
in the vascular system and is involved in metabolic
transport. y-Globulins are immunoglobulin antibodies.
a-Globulins and B-globulins transport metal irons such
as iron and copper as well as lipoproteins. Fibrinogen is
converted into fibrin during blood clotting. The comple-
ment proteins (C1-C9) function in nonspecific host
defenses and help initiate inflammation. After blood
clots, a yellowish fluid (serum) is expressed that resembles
plasma except that it lacks fibrinogen and other clotting
factors.

The blood-brain barrier (BBB) normally excludes
the high MW serum proteins from the CSF so that
levels of coagulation proteins in normal CSF are only
1-5% of what they are in the blood (3, 4). With damage
to the BBB, serum proteins including the coagulation
cascade components can enter into the CSF in greater
than normal concentrations. CSF is usually devoid of
plasminogen activator and fibrinolytic activity. The
leptomeninges may be a source of plasminogen activ-
ators (4). After SAH, some t-PA may enter the CSF
from the blood, although it circulates only at very low
levels.

C. Erythrocytes

1. Structure

RBCs are round, anucleate, biconcave cells which
stain pink with Wright’s or Giemsa stain. RBCs were
first described in the seventeenth century. Crystalline Hb
was isolated in the mid-nineteenth century. RBCs number
approximately 5.2 x 10° / ul blood in men and 4.6 in
women, the Hb content is 15.7 and 13.8g/dl, and the
hematocrit ratio is .46 and .40, respectively. Normal
RBCs have a diameter between 7.2 and 7.9 um and a
maximum thickness of 2.6 um.

The average RBC is estimated to live 4 months and to
be subject to a trip of 300 miles thru the circulation. It is
able to fulfill its physiological role by virtue of its high

tensile strength, flexibility, and concave shape. RBCs
possess no organelles. They are filled with the protein
Hb. The cytoplasm also contains soluble enzymes capable
of both glycolysis and hexosemonophosphate shunt func-
tioning which produce ATP. The cytoskeletal proteins
include ankyrin, band 4.1 and band 3 proteins, spectrin,
and actin, all of which are involved in maintenance of the
shape and pliability of the RBCs. Blood is sometimes
grouped based on carbohydrate determinants on the
external surface of the RBCs.

The RBC membrane is composed of lipids and pro-
teins. The water content is 721 mg/ml, with the total
protein being 371 mg/ml; about 18 mg/ml is made up of
non-Hb protein found in enzymes and the cellular stroma.
While Hb is an obvious candidate as a spasmogen because
of its high concentration, the numerous other components
of RBCs possibly play a major or adjunctive role (Tables
3.2 and 3.3).

2. Metabolism

0O;-binding transport and delivery do not require active
metabolic expenditures by the RBCs. However, energy
sources must suffice for RBCs over their 120-day life
spans and must also maintain (i) iron in its divalent
form (Fe?t); (ii) electrolytes in concentrations against
gradients imposed by high plasma Ca’* and Na* and
low plasma K*; (iii) sulfhydryl groups of enzymes, Hb,
and membranes in an active, reduced form; and (iv) nor-
mal cell shape.

RBCs can generate energy as ATP by the anaerobic,
glycolytic (Embden—Meyerhoff) pathway as well as pro-
duce reducing power as NADH by the same pathway and
as NADPH by the hexosemonophosphate shunt. The
RBCs must also maintain Hb in the reduced (Fe?*) state
and maintain osmotic equilibrium despite its high internal
concentration of Hb. Since RBCs have no nucleus or
ribosomes they cannot synthesize proteins, repair them-
selves, or divide. Lacking mitochondria, they cannot
obtain their energy by aerobic glycolysis (5). Glycogen
does not normally accumulate in RBCs because synthesis
and utilization are balanced. RBCs require constant
access to glucose to maintain energy metabolism. There
is a carrier-mediated transport mechanism. Normally,
90% of glucose is metabolized anaerobically and 10% by
the aerobic pathway. The important products of anaer-
obic glycolysis are NADH, ATP, and 2,3-BPG. In early
glycolysis, two molecules of ATP are used and ultimately
a maximum of four are produced. For each molecule of
glucose metabolized, two molecules of NADH are gener-
ated. There are 11 enzymes in the glycolytic pathway.
The viability of the RBCs is reduced if the activities of
the glycolytic enzymes are impaired. The pentose—phos-
phate pathway uses intermediate products of glycolysis to



fIt. BLOOD

47

TABLE 3.2 RBC: Types of Constituents®

Protein
Hemoglobin (oxyhemoglobin, methemoglobin, carboxyhemoglobin)
Nonhemoglobin protein
Insoluble protein stroma
Enzyme proteins

Lipids
Phospholipids
Fatty acids (palmitic, oleic, linoleic, other)
Cholesterol
Other

Nucleotides
Adenosine triphosphate
Adenosine monophosphate
Uridine
N-acetyl glucosamine
Others

Amino acids and other nitrogen-containing compounds
Glutamine
Taurine
Aspartate
Alanine
Glutamate
Uric acid
Urea
Others

Coenzymes and vitamins
Nicotinic acid
Others

Carbohydrates, organic acids, and metabolites
Ribonucleic acid
Fructose 2,6-biphosphate
2,3-biphosphoglycerate
Glucose
Others

Electrolytes
Potassium
Chloride
Phosphorus
Sodium
Magnesium
Others

% Modified from Beutler, E. (1995). Composition of the erythrocyte.
In William’s Hematology, 5th ed. McGraw-Hill, New York.

reduce NADH. RBCs cannot use NADH for energy
directly, but NADH serves as a cofactor in the reduction
of oxidized glutathione that, because it is the principal
reducing agent in the RBCs, is the most important pro-

tection against oxidative attack that degrades Hb to
metHb (6).

TABLE 3.3 RBC: Quantity of Constituents Possibly Related to

VSP*
Hemoglobin 330 mg/mlb
Nonhemoglobin proteins 9.2 mg/ml
Protein from enzymes 2.9mg/ml
Fatty acids 2mg/ml
Phospholipids 2.98 mg/ml
Ribonucleic acid 1.36 mg/ml
Fructose 2,6-biphosphate 48 umol/ml
2,3-Biphosphoglycerate 4.17 pmol/ml

Adenosine triphosphate 1.35 wmol/ml

Adenosine diphosphate 0.22 pmol/ml
Urea 4.12 pmol/ml
Reduced glutathione 2.23 wmol/ml
Nicotinic acid 0.11 pmol/ml

% Modified from Beutler, E. (1995). Composition of the erythrocyte.
In William’s Hematology, 5th ed. McGraw-Hill, New York.

b Hb is seldom expressed in molar terms due to uncertainty regard-
ing its polymeric state. If it is assumed to be 16,000 the g/dl is multiphed
by 0.62 to convert it to mmol/liter, if 64,000 the conversion factor is 0.155
ffrom Lehman, H. P. (1976). Metrication in clinical laboratory data in SI
units. Am. J. Clin. Pathol. 65, 2].

3. Plasma Membrane

The RBC consists of a plasma membrane surrounding
a solution of protein and electrolytes (7). The RBCs are
biconcave disks that are elastic and capable of consider-
able shape change on passing through the microcircula-
tion. When suspended in hypotonic solutions, they swell.
When depleted of their ATP, RBCs become spiculated.
These crenated RBCs have regularly spaced projections.
This is a prelytic stage.

The membrane structure of the RBCs is a matrix
formed by a double layer of phospholipids. The lipid
molecules in the bilayer are oriented with the nonpolar
groups directed toward one another forming a hydro-
phobic interaction. The hydrophilic polar-head groups
are on the outside, where they interact with the aqueous
environment in both the plasma and the cytoplasmic sur-
faces. Globular proteins float within the lipids of the
membrane. Some proteins transverse the lipid bilayer
only once, whereas others have multiple transmembrane
sections. On the inner or cytoplasmic side of the mem-
brane are multiple attachment points of the cytoskeletal
proteins. Some transmembrane proteins are covalently
linked to lipids; glycosylphosphatidylinositol-anchored
proteins do not span the entire membrane but instead
have phospholipid tails that attach to the membrane.
RBC membranes are of high tensile strength and flexibil-
ity. A protein meshwork laminates the internal side of the
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RBC membrane to the internal cellular structure. Phos-
pholipids and cholesterol comprise 95% of the membrane.
Membrane proteins have been divided into integral pro-
teins embedded in the lipid bilayer and peripheral proteins
of the submembrane skeleton. RBC surfaces have many
neuraminic acid residues that result in a negative surface
charge. RBC surface antigens reside on glycolipids or on
externally exposed portions of transmembrane proteins.

The majority of the membrane lipids are phospholipids
or unesterified cholesterol (5). The major compounds are
phosphatidylcholine, phosphatidylethanolamine, sphin-
gomyelin, and phosphatidylserine. Eighty percent of
phosphatidylethanolamine and phosphatidylserine lie in
the inner monolayer, while choline-containing phosphati-
dylcholine and sphinogomyelin lie in the outer layer.
Total phospholipids make up about 3.1 mg/10'® RBCs,
with the corresponding figure for cholesterol being 1.3
and glycolipids 0.1. The most common saturated fatty
acids in the RBC phospholipids are palmitic and stearic.
Of the unsaturated fatty acids, oleic, linoleic, and arachi-
donic make up more than 40%.

As many as 40 different proteins have been isolated
from the RBC membrane (7). Major membrane poly-
peptides with MW greater than 100kDa include spectrin
a and B, ankyrin, and the anion channel. Smaller poly-
peptides under 75kDa include protein kinase, glucose
transporter, actin, G-3PD, and glycophorin A. Of the
cytoskeletal proteins in the cytosol, the most common
are those of the spectrin—actin type. RBC membranes act
as partial barriers to the penetration of solutes. Nonpolar
substances diffuse at a rate proportional to their solubility
in organic solutes. Polar solutes cross at specialized sites.
RBCs have many specialized transporting proteins,
including an anion transporter, several cation trans-
porters, a glucose transporter, a urea transporter, and a
water channel. There are at least 50 enzymes in the RBC
membrane or bound to it. Certain ones may occur both
free in the cytosol and in association with the membrane.
ATP is not only generated by membrane-bound enzymes
but also utilized by other membrane-bound molecules, the
most important of which is adenyl cyclase which converts
ATP to cAMP, protein kinases, and ATPases. Protein
kinases are enzymes that phosphorylate other proteins in
the presence of ATP by forming phosphoserine or phos-
phothreonine bonds. A variety of structural proteins and
enzymes are ultimately phosphorylated. RBCs contain
numerous protein kinases. The RBC membrane is nearly
impermeable to monovalent and divalent cations, thereby
conserving the high interior K* and low Nat as well as a
very low Ca?* content. Two cation pumps maintain the
low intracellular Na* and Ca?*and high K+ content and
use ATP in the process. The Nat pump extrudes 3 Na™
ions outwards for an inward passage of 2 K* ions. The

calmodulin-activated Ca’* pump extrudes Ca’*and main-
tains a very low (Ca®*)i concentration. Anions are readily
exchanged via the anion transport protein. There are
numerous H,O channel proteins which permit fast move-
ment of H,O molecules across the membrane. Glucose
has its own transporter. Nucleotides and related com-
pounds do not cross the normal RBC membrane.

4. Cytoplasm

RBC cytoplasm also contains a complex mix of lipids,
phospholipids, nucleotides, fatty acids, amino acids, coen-
zymes, vitamins, carbohydrates, organic acids, and elec-
trolytes (5, 6). Total lipids, which make up about 5 mg/ml
(fatty acids 2 mg/ml), number at least 40. Common ones
include palmitic (41%), oleic (19%), and linoleic (15%). Of
long-chain aldehydes n-Cig is most common (43%) and n-
Ci¢ is next at 24%. Fatty acids of the neutral lipid fatty
acids include 18:1 (29%) and arachidonic (8%). Total
phospholipids make up about 3 mg/ml and include plas-
malogen and cephalin. The phospholipids are composed
of at least 40 fatty acids. The 15 described nucleotides
comprise 1.53 umol/ml RBC with ATP making up 1.35.
Thirty-two amino acids and other nitrogen-containing
compounds have been analyzed. Those with the highest
concentrations are urea, reduced glutathione, glutamine,
taurine, alanine, and glutamate. There are also a dozen
coenzymes and vitamins found in RBCs, the one with the
highest concentration being nicotinic acid. Of the carbo-
hydrates, glucose is the most abundant and is in equilib-
rium with glucose in the plasma. 2,3-BPG is present in a
concentration of 4.17 pmol/ml and fructose 2,6-bisphos-
phate is 48 pmol/ml. There is 1.36 mg/ml of ribonucleic
acid. Of 24 known electrolytes the concentration of Kt is
102, that of CI"is 78, that of Na* is 6.2, that of Mg?* is 3,
and that acid soluble phosphorus is 13.2 pmol/ml (8).

The insoluble portion of RBCs which remains after
hemolysis is called stroma. There are about 230-300 mg
of stroma/d. Stroma consists mainly of proteins and
lipids, with a small amount of carbohydrate.

5. Hemoglobin Structure

Animal life has an almost universal requirement for O,,
and the most important substance for this process is the
O;-transport protein, Hb. It constitutes 90% of the dry
weight of the mature RBC. Hb is a conjugated protein
with a MW of 64 kDa. It is a roughly spherical molecule
with a maximum diameter of 6.4 nm (Fig. 3.1). It consists
of two pairs of similar (a-like and B,vy,8) polypeptide
chains, to each of which is attached a highly colored
prosthetic group consisting of iron and protoporphyrin.
The protein portion is called globin and the prosthetic
group is called heme. The dominant adult Hb is Hb A
(a23,), which makes up more than 96% of the total.
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Hemoglobins F and A; constitute the other 3.5% in nor-
mal persons (9).

RBCs contain a variety of colored proteins, such as Hb
(deoxyHb and oxyHb), carboxyHb, and metHb, and
small amounts of other forms of hemoglobin.

Heme is composed of a porphyrin ring and an iron
atom. The iron atom has six coordinate bonds, four of
which are formed between the iron and nitrogen atoms
that are at the center of the porphyrin ring system. A fifth
bond forms between a nitrogen atom contributed by a
histidine residue in the globin (the proximal histidine)
and the sixth bond is formed with O,. The oxygenated
form of Hb is stabilized by hydrogen bond between the O,
and the side chain of a different histidine residue, the
distal histidine. Functional Hb contains iron in the ferrous
(Fe?*) state. Oxidation to the ferric (Fe**) state renders
the Hb incapable of binding O,. The oxidized form of
heme is known as hemin and the oxidized form of Hb is
methemoglobin (metHb). When in the deoxygenated state
the iron atom occupies a space slightly outside the heme
ring plane. It moves into the plane of the ring when it is
oxygenated and pulls the proximal histidine along with it.
This movement is transmitted through the globin chain,
resulting in increased affinity of other hemes for
0,(10,11). Upon oxygenation the positions of the Hb
subunits shift relative to one another. In the oy 8, and
the oy B, pairs the bonding between subunits is strong.
Each of these pairs acts as a unit in the transition between
the two forms of Hb. The relaxed form is oxyHb and the
taut form is deoxyHb. Each heme binds one O, molecule,
and each HbA molecule binds four O, molecules. The o
chains are the same in all human Hb, but there is variation
in non-« chains depending on age and other factors. The
amino terminal valines of the B chain are important in
2,3-BPG - interactions, where the contact points between
heme and the globin chains tend to be fixed. 2,3-BPG
binds to the two o B chains in the Hb molecule. There
are no disulfide bonds in Hb. Three-fourths of the amino
acids in the globin chains are in the helical arrangement.
The polypeptide (globin) chains (9), which are part of the
Hb molecule, differ from one another in amino acid
sequence. The a chain contains 141 amino acids and the
non-a chains 146. The oxygenated Hb molecule contains
two a and two B chains, four heme molecules, and four O,
molecules attached to the heme. DeoxyHb lacks the O,
and gains 2,3-BPG (10,11).

Heme is readily oxidized in vivo to hemin. The prosthe-
tic group of Hb is heme (ferroprotoporphyrin IX). Heme
is held inside a protein cage. In this nonpolar environment
it is difficult to oxidize ferrous (Fe’*) to ferric (Fe’t),
thereby permitting O; binding without oxidation. Hb in
the deoxy state has a quaternary structure held together
by intersubunit salt bonds, hydrogen bonds, and hydro-

phobic contacts. In deoxyHb, 2,3-BPG is situated in the
central cavity between the two B chains. On switching
from the deoxy to the oxy structure there are changes
within the subunits. The geometry of the heme in deox-
yHb may be similar to that of isolated heme. DeoxyHb is
in equilibrium with oxyHb + H* (a proton). Oxidized Hb
(metHDb) is generated in RBCs but is constantly reduced to
Fe?*Hb in the cell by the NADH-cytochrome bs reduc-
tase-cytochrome bs system. Hemin becomes hematin
when dissolved in alkaline solution. Hb is synthesized in
the developing RBCs in which mitochondria synthesize
protoporphyrin. Iron is supplied from circulating trans-
ferrin, and globin chains are synthesized on ribosomes
(10,11).

6. Hemoglobin Synthesis

Hemoglobin accounts for about 90% of the dry weight
of the RBCs. Three complex metabolic pathways are
required to synthesize its three components: the protein
globin, protoporphyrin, and iron (9,12-14). Heme is
particularly important in controlling the rate of globin
synthesis. Porphyrins are flat molecules with holes in the
center which tend to stack up the other. All porphyrins
are colored and have similar light absorption character-
istics, with an intense absorption band of about 400 nm.
All of them have a typical fluorescence. The biosynthesis
of heme begins in the mitochondria with the combination
of glycine and succinyl coenzyme A to yield 8-aminolevu-
linic acid (ALA). The next two molecules of ALA fuse to
yield porphobilinogen. Four molecules of porphobilino-
gen combine to yield hydroxymethylvaline. This in turn is
rapidly converted to uroporphyrinogen III. Through a
series of decarboxylation steps, coproporphyrinogen III
results. Coproporphyrinogen III is transported back from
the cytosol into the mitochondria and three additional
reactions yield heme. This is the final combination pro-
duced by the union of FeX* with protoporphyrin IX.
Heme synthase is the enzyme that inserts Fe?* into pro-
toporphyrin IX (15).

7. Hemoglobin Oxygen Transport

The avidity with which Hb binds O, increases with
increasing O, saturation. The binding of more proteins
by deoxyHb than oxyHb produces a leftwards shift of the
O, dissociation curve with increasing pH. Hb is approxim-
ately 50% saturated with O, (the psp) at an arterial pO,
of 26 mmHg. At this level of saturation of Hb, whole
blood contains 11.49 ml O,/dl of blood, with dissolved
O, being 0.09 ml O,/dl of blood.

The partial pressure of O in the pulmonary alveoli is
about 95 mmHg. After traversing the lungs the pO, is
about 90. The value of psy is dependent on pH, temperat-
ure, and 2,3-BPG concentrations. There is an increasing
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affinity for O, by Hb at lower temperatures. When pQ; is
lowered and lactic acid and CO,; increase, the dissociation
curve shifts to make more O, available to the tissues. The
protein binding of deoxyHb follows CO, diffusion into
the RBCs and CO; is converted to bicarbonate which then
leaves the RBCs, although the proton produced stays
bound to the deoxyHb. Increases in 2,3-BPG move the
O, dissociation curve in the same way as the acidosis and
fever. The reaction of Hb with O, and protons is very fast
compared to its slow rate of dissociation from carbon
monoxide and NO. OxyHb and carboxyHb lose their
ligands on exposure to light.

MethHb is reddish-brown in color. Ferric subunits no
longer transport O, and the increased O; affinity of Fe?*
hemes accompanying the Fe3* hemes in tetramers also
impairs O, delivery. Hb binds to carbon monoxide (CO)
200 times more strongly than it binds to O,. Its half-life is
approximately 4 hr. The release of O, by Hb is regulated
by two main mechanisms: (i) the partial pressure of CO;,
which is mediated by a small decrease in the pH of blood
in peripheral capillaries, and (ii) a mechanism mediated by
2,3-BPG. In the lungs Hb takes up O, and gives up 2,3-
BPG, H+, and CO,. In peripheral tissues the reverse
changes take place. A decrease in pH (an increase in H*)
reduces the affinity of Hb for O resulting in the release of
O, from Hb. An increase in pCO; has the same effect. One
gram of fully saturated Hb binds 1.39 ml of O,. The
degree of saturation is proportional to the oxygen tension
{(pO3), which ranges between 100 mm Hg in the lungs
to about 35 mmHg in veins. The relationship between
pO; and Hb O, is described by the O, dissociation
curve of Hb which is influenced by factors such as the
internal RBC chemistry, pH, temperature, and concentra-
tion of 2,3-BPG. The avidity with which Hg binds O is
expressed in terms of the O, tension at which 50% sat-
uration occurs ( pso). The dissociation curve shifts to the
left when O, affinity increases, and therefore the value of
pso is reduced. In the lungs CO; is released, pH rises, and
the O, affinity curve shifts to the left so that O, is more
readily taken up by Hb (9,13).

The concentration of phosphorylated compounds such
as 2,3-BPG also affects the O, affinity of Hb. In the
RBCs, 2,3-BPG is the principal phosphorylated com-
pound and is produced by glycolytic intermediates. It
contains two-thirds of the RBC phosphorous. It is almost
exclusively found in RBCs. This rate of production is
linked to concentrations of ATP and ADP. DeoxyHb
binds to 2,3-BPG, which reduces its O, affinity and
increases O, delivery to the tissues.

The high level of CO; in the tissues causes it to diffuse
into RBCs, where it is rapidly catalyzed by carbonic
anhydrase. Carbonic acid is formed, which then dissoci-
ates into bicarbonate and a proton (H"). Bicarbonate is

exchanged for CI™ in the plasma and H* binds to oxyHb,
which facilitates the dissociation of O, from Hb. The
opposite takes place in the lungs.

8. Hemoglobin Oxidation

OxyHb in solution gradually undergoes autooxidation
to become metHb (HbFe**). This occurs more rapidly at
decreased pH, increased temperature, in the presence of
metal ions and organic phosphates, and when Hb is par-
tially oxygenated. The oxidation of Hb occurs in a step-
wise fashion from fully reduced Hb to fully oxidized Hb
(6):

Hb(03), — Hb(Oy); + O2

HbFe* + 0, — HbFe’0,- — HbFe’t 4+ 05°

2HbFe?" + 0y 4 20~ +4H' —2HbFe* + 30, + 2H,0
2HbFe?" + 2H,0, — 2HbFe’* e H,0 + O,

MetHb is formed in RBCs at the rate of 0.5-3% of Hb per
day.

As Hb(O,), changes to HbFe3*, the spectrum defining
the relationship of light absorbence to wavelength
changes with the disappearance of the 575-nm band and
the appearance of a band at 631 nm. Hb has multiple
derivatives, including deoxyHb, oxyHb, acid and alkaline
metHb, cyanometHb, hemichromes, carboxyHb, and
sulfHb. In the oxidative denaturation of Hb, the hemi-
chromes initially formed can change back to metHb, but
further denaturation results in the production of irrevers-
ible hemichromes and precipitated hemichromes or glo-
bin. Most metHb in RBCs is reduced through the action
of cytochrome bs metHb reductase.

9. Free Radicals

Molecular O, undergoes successive univalent reduc-
tions to produce a variety of reactive oxygen species (6)
(Fig.3.2). These agents can cause oxidative denaturation
of Hb and may damage other cellular components such as
the lipids in the cell membrane. Superoxide anions (O;*)
are the natural products of biological reactions. Once
generated in aqueous solution, they can form additional
toxic oxygen products:

0,* +0,° +2H" - H,0, + O

In the presence of trace metals the extremely reactive
hydroxyl radical (OHe) may be formed:

O, + H,O; — OHe +OH™ + O,

The hydroxyl radical (OHe®) may be generated from
peroxide in the presence of certain metals (Fenton reac-
tion):
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FIGURE 3.2 Steps in the univalent reduction of oxygen and enzymatic
pathways affecting the intermediates. The enzymatic pathways, shown
on the right, provide the means for processing these intermediates with-
out formation of the highly reactive hydroxy! radical. This potent oxi-
dant can be formed by the reaction shown on the left if superoxide and
peroxide concentrations are sufficient and if catalytic quantities of trans-
ition metals are present [reproduced with permission from Telen, M. J.,
and Kaufman, R. E. (1998). The mature erythrocyte. In Wintrobe's
Clinical Hematology (G. R. Lee, J. Forester, J. Lukens, F. Paraskevas,
J. P. Greer, and G. M. Rogers, Eds.), 10th ed. Williams & Wilkins,
Baltimore).

Fe’* + H,0, — Fe’t + OH™ + OHe

The body has protective enzymes to convert OHe to less
dangerous peroxide. Superoxide dismutase (SOD) accel-
erates this reaction more than 100-fold. SOD is a copper —
zinc-containing enzyme. Once H,O; is formed, two addi-
tional enzymes catalyze its decomposition within the
RBCs-GSH and catalase, which convert it to H,O and
O;. Glutathione is the major reducing agent in RBCs.
MetHb reduction is achieved through a NADH-linked
system. NADH generated in reaction to reduced
cytochrome bs reduces the iron of metHb from the
trivalent to the divalent form. RBCs also have a high

concentration of carbonic anhydrase which maintains
the equilibrium between CO, and carbonic acid and
thereby aids in O, and CO, transport. Catalase, which
decomposes H,O; to HO and O,, is also present in
RBCs. This enzyme and GSH are probably the greatest
protection RBCs have against free radicals. SOD is also a
potential protectant. RBC membranes also contain pro-
tein kinases which catalyze the transfer of terminal phos-
phate from ATP to various cytoskeletal protein acceptors.
Of the proteolytic systems in RBCs, calpain can be acti-
vated by elevated (Ca®*)i concentrations. ATP and gua-
nosine triphosphate are the direct source of energy for
many intracellular processes and are the precursors of
cyclic nucleotides. Nicotinic acid nucleotides NAD" and
NADP" are also essential to the biochemistry of the cell
(8). In abnormal circumstances the RBCs can use sub-
strates other than glucose, such as adenosine, fructose,
and galactose, as well as other compounds as a source of
energy.

10. Hemoglobin and Nitric Oxide

Nitric oxide (NO) is a physiologic ligand for Hb. NO
can stimulate guanylate cyclase, which catalyzes the forma-
tion of cGMP, a mediator of smooth muscle relaxation,
platelet aggregation inhibition, and increased macrophage
cytotoxicity. Hb reacts with NO very quickly and prevents
guanylate cyclase activation by endogenous NO. Extra-
vascular Hb may be a cause of vasoconstriction by bind-
ing NO, the natural vasodilator (16).

HbO, scavenges NO in a reaction yielding methHb.
The infusion of free Hb causes hypertension because oxy-
genated heme reacts with NO in a reaction yielding
metHb. This reaction can be prevented by the preliminary
incubation of free Hb with S-nitrosothiols. Higher con-
centrations of NO bound to heme are found in veins than
in arteries because Hb picks up NO on the deoxyhemes
(16).

11. Degradation of Hemoglobin and Heme Oxygenase
System

Injection of nonviable RBCs or Hb into the blood-
stream results in an increase in iron and bilirubin in the
plasma within minutes and the rapid appearance of bilir-
ubin in the bile. The relationship of Hb breakdown to
bilirubin production was first proposed by Virchow more
than 150 years ago, but the major enzymatic mechanisms
for heme catabolism was only defined two decades ago
(17). Heme oxygenase (HO) breaks heme into equimolar
amounts of biliverdin, carbon monoxide, and iron. Three
isoforms exist: HO-1 is ubiquitous and its mRNA and
activity can be increased in response to a variety of
stimuli such as heme, metals, and cellular stress; HO-2
is present in the brain and is not significantly



I1. BLOOD

53

inducible; and HO-3 may be involved with heme binding.
Heme is oxidized to the gene regulator iron, the antiox-
idant biliverdin, and the heme ligand CO. The biological
functions of CO and NO are linked. NO and NO donors
can induce HO expression. CO can act within vascular
smooth muscle cells (VSMCs) to induce vasodilation. The
microsomal HO system catalyzes the oxidative fission of
the a-methene bridge of heme to yield equimolar amounts
of biliverdin-IX-a, CO, and iron. The preferred substrate
of HO is free heme or complexes in which heme is loosely
bound to protein. It is inactive if heme is bound to its
apoprotein (Hb or Hb haptoglobin complexes). The two
forms may be distinct molecular species. For every 1 M of
heme degraded, 1 M of biliverdin is formed with the
consumption of 3 M of O, and 4 or 5 M of NADPH
(18). Most free NO in the blood would be rapidly scav-
enged by Hb forming stable Hb [Fell] NO complexes. In
human Hb, the B subunits contain highly reactive sulfthy-
dril groups which may interact with NO. There is little
reaction between S-nitrosothiols and heme of Hb. Arterial
but not venous blood contains significant levels of S-
nitrosylated Hb. Hb is therefore S-nitrosylated in the
lungs and the NO group is released during arteriovenous
passage in a dynamic cycle. The vasoactivity of S-nitro-
soHb is promoted by the RBC export of S-nitrosothiols.
This cycle may affect blood pressure and efficient O,
delivery (19). Aortic rings were relaxed with ACh [which
causes release of endothelial derived relaxant factor
(EDRF)]. This was antagonized by Hb in which heme
was blocked by cyanmet derivitization or by Hb in
which the B-93 thiol groups were blocked by nitrogen
ethylmaleimide. Native Hb was more effective than the
modified versions (19). Free NO has no relaxant activity
in the presence of Hb[Fe 11]JO, or Hb[Fe III}. S-nitrosy-
lated Hb in both free form and within RBCs caused
vasodilation and a hypotensive response when injected
in rats. Hb is only partly nitrosylated in vivo. O, drives
the conversion of NO-deoxyHb to S-nitroso-oxyHb.

In the absence of O, nitroxyl anion (NO7) is liberated
in a reaction producing metHb (20). NADPH and O,
must be available (18)(Fig. 3.3). The production of heme
from hemin is the first step in this multistep process. HO-1
occurs in all tissues including the brain. It is inducible by
its substrates. Erythrophagocytosis causes a dramatic rise
in HO-1 activity in tissue macrophages (21). HO-1 is a
heat shock protein. In the first step, when HO-1 binds
hemin in a 1:1 molar ratio, there is a reduction of the
hemin to its ferrous form (heme). The heme oxygenase
reaction is followed by a subsequent conversion of bili-
verdin by bilirubin reductase to bilirubin. The latter is
lipophilic and virtually insoluble in water. It can cross
the BBB easily. Normally, the plasma concentrations of
bilirubin are less than 1 mg/dl (22).
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FIGURE 3.3 Heme degradation. Heme oxygenase cleaves the carbon
bridge connecting two pyrrole rings resulting in the release of Fe>* and
carbon monoxide and the formation of biliverdin. UDP, uridine dipho-
sphate; M, methyl; V, vinyl; P, propionyl [reproduced with permission
from Coffee, C. J. (1998). Metabolism. Fence Creek, Madison, CT].

Heme (ferrous protoporthyrin IX) is readily oxidized
outside the cell body to hemin or ferric protoporphyrin
IX, which has one residual positive charge so it is com-
monly isolated as a halide such as a chloride. Hemin is the
form of heme normally present in the body. Since it is
hydrophobic it tends to incorporate into the RBC mem-
brane. When dissolved in alkaline solution it becomes
hematin as the halide is replaced by a hydroxyl ion.

In normal metabolism of heme the contained iron is
retained, mobilized, and reutilized, and the hydrophobic
products of porphyrin cleavage are processed. Hb in
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plasma has a short existence as it rapidly dissociates into
its 3 dimers. These bind to the plasma protein haptoglo-
bin prior to removal from the circulation. In an effort to
find a therapeutic O,-carrying compound to treat shock,
Hb has been modified. Diaspirin Hb (DCLHDb) is pro-
duced by cross-linking bis-(3,5-dibromosalicyl) fumarate
at the Lys 99 of the a chains. Polymerized DCLHb has
a relatively long lifetime in the circulation compared to
Hb (23).

12. Destruction of Erythrocytes

As RBCs age, various changes take place during gly-
colysis that consist mainly of a decrease in the activity of
multiple enzymes and phosphorylated intermediates (22).
Enzymes involved in the pentose—phosphate pathway also
diminish. Various other cellular constituents are also
decreased. There tends to be an increase in [Na't], and
[Ca?"], and a decrease in [K'],. Other characteristic
changes take place in the membrane, including a reduc-
tion in surface area and negative charge. There tends to be
increased lipid peroxidation of the RBC membrane as
well as specific alterations in the phospholipids. The activ-
ities of most intracellular enzymes decrease. There is also
increase in metHb, O, affinity, and glycolated Hb. RBCs
become more susceptible to osmotic or mechanical stres-
ses and show increased viscosity and decreased density.
Senescent RBCs become smaller. The diminished negativ-
ity of the RBC membrane reduces the repulsion of pha-
gocytes. RBCs are exposed to repetitive oxidative injuries
since they are O,-carrying devices. Because Hb is subject
to oxidative denaturation, intermediate products (hemi-
chromes) interact with O;* and H,0, to create OHe,
which is even more damaging.

The mechanism by which senescent RBCs are with-
drawn from circulation is unclear. Phagocytic cells of the
spleen, liver, and bone marrow all contain HO which can
degrade heme. Erythrophagocytosis is considered to be
the usual mode of destruction of aged RBCs. Some may
also be lost by fragmentation rather than being engulfed.
Up to 90% of physiological RBC breakdown occurs with-
out release of Hb into the plasma. RBCs are usually
destroyed outside the vascular system by macrophages.
Macrophages probably detect aged, senescent, or
damaged RBCs by their decreased deformability and
altered surface properties. RBC membranes have surface
antigens with which antibodies combine (24). The surface
can also be affected by complement components or by
oxidation of the membrane. It is still not known with
certainty what factors cause macrophages to sequester
cells that have reached the end of their life span. It is
similarly unknown why young RBCs in the CSF are
phagocytized regardless of their age. In pathologic states
when RBC:s are destroyed intravascularly, the released Hb

is bound to haptoglobin, a dimeric glycoprotein which
binds Hb « dimers (Fig. 3.4). The haptoglobin—Hb
complex is rapidly cleared from plasma by the liver,
where the heme of Hb is converted to iron and biliverden
by HO and biliverden is further catabolized to bilirubin.
Free haptoglobin, in contrast to the Hb complexed hap-
toglobin, has a half-life in plasma of 5 days. Free heme
released intravascularly is bound to the glycoprotein
hemopexin and the complex is cleared within hours
when it is converted to bilirubin in the liver. When
RBCs are destroyed extravascularly they are engulfed by
phagocytic cells and degraded within lysosomes into
lipids, proteins, and heme (14). Free Hb may also be
oxidized in the plasma to metHb, which can be bound
by other proteins such as hemopexin and albumin. Heme
is also removed from these proteins by hepatocytes. The
liver cells take up these complexes by receptor-mediated
endocytosis.

If the complement cascade is activated, a membrane
attack complex forms on the terminal complement com-
ponent embedded in the RBC membrane lipid bilayer.
The complex acts as a cation channel. The intracellular
negatively charged Hb, ATP, and 2,3-BPG attract Na™*
into the cell with a simultaneous K* loss. If compensatory
Na*-K* pumps are overwhelmed, increased intracellular
Ca?* and H,0 can cause lysis by colloidal osmotic
forces (7). SAH, by affecting the blood-brain/CSF bar-
rier, persumably allows C protein extravasation. After
SAH in 15 patients the terminal complement complex
concentration on days 0-2 was 210ng/ml in CSF and
63ng/ml in plasma but was absent in control
CSF. Terminal complement complex was reduced to
24 ng/ml on days 7-10 post-SAH. Incubation of normal
human CSF in vitro also activated the terminal C path-
way (295).

The marker of self which murine RBCs use to prevent
macrophage engulfment appears to be CD47 (integrin-
associated protein). CD47 on normal RBCs binds to the
inhibitory receptor signal regulatory protein alpha on
macrophages, notifying them that they are not to be
destroyed by the macrophages. This is analogous to the
way in which major histocompatibility complex I mo-
lecules protect cells by binding to natural killer cells
inhibitory receptors that can activate src-homology phos-
phatases and inhibit natural killer cells (26).

13. Iron Metabolism

Iron is an essential element in all living cells and parti-
cipates in numerous metabolic pathways. Iron is easily
reversibly oxidized and reduced. Iron has only a transient
existence as a free cation and is instead bound to or
incorporated within various proteins (10), including
heme proteins, flavoproteins, and heterogeneous proteins
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FIGURE 3.4 Pathways for transport of hemoglobin and its constituents.

(Table 3.4). The heme proteins are Hb, myoglobin, the
cytochromes, cytochrome oxidase, homogentisic oxidase,
peroxidases, and catalase. A cytoplasmic enzyme aconi-
tase is an intracellular regulator of iron metabolism. Of six
identifiable iron compartments, the largest is Hb, which
contains 2000mg or 67% of total body iron. The next
largest is storage iron consisting of ferritin and hemosi-
derin which comprises 1000 mg or 27% of total body iron.
Ferritin is a water-soluble protein—iron complex of mole-
cular weight 465 kDa. Its outer protein shell is made up of
apoferritin, which has an iron—phosphate hydroxide core.
A small portion of ferritin comes from dietary absorbed
iromn.

Iron in the storage compartment exists in two forms.
First, ferrritin, which is a water-soluble complex of ferric
hydroxide and the protein apoferritin. The latter forms a
shell within which ferritin, hydroxyl ions, and O, are
dispersed on the lattice. Ferritin is found in all body fluids
and tissues. Second, hemosiderin, which occurs in mono-
cytes and macrophages. It is insoluble in water and con-
tains about 25% iron by weight. It can accumulate in
clumps or granules under pathological conditions.

Iron is transported in plasma bound to the B-globulin
transferrin (MW 80kDa). This protein is synthesized in

the liver and lasts about 1 week in the circulation. One
transferrin molecule can bind two atoms of iron. It is
usually about one-third saturated. Transferrin gains iron
mainly from macrophages of the reticuloendothelial sys-
tem. Iron is incorporated from plasma transferrin into
developing erythroblasts and reticulocytes.

About one-fifth of iron within Hb is released within a
few hours of phagocytosis of RBCs. The iron obtained by
macrophages is passed into the plasma, where it is bound
by transferrin and redistributed, with 80% being rapidly
reincorporated into Hb. About 40% of the iron from
phagocytosed RBCs reappears in new circulating RBCs
within 12 days. Another 40% of such iron enters the
storage pool as hemosiderin. In chronic inflammation
phagocytic cells store iron for longer periods.

Hemin (oxidized heme) is a prominent breakdown
product of Hb and occurs in high concentrations in CSF
following SAH. In VSMCs from rat aorta grown in vivo,
hemin was shown to stimulate NO synthase activity as
inferred by the increased accumulations of nitrite and
nitrate (the oxidative products of NO) in the culture
medium in a dose- and time-dependent fashion. NO
synthase inhibitors impaired this effect. It was hypothes-
ized that the generation of hemin from metHb during
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TABLE 3.4 RBCs: Iron and Iron Proteins®

% of tissue body iron 3221 mg
Hemoglobin (67%) 1 mi packed RBCs contain 1 mg iron
Storage compartment (27%)

Ferritin: water-soluble complex of ferric hydroxide and apoferritin
present in all cells and tissue fluids

Hemosiderin: found in the monocyte — macrophage system, Kupfer
cells in liver and spleen, water insoluble, 20-25% iron by weight
accumulates in pathological condition

Myoglobin (4%)
Labile iron pool (80 mg)
Tissue iron compartment (8 mg)

Cytochromes, homogentisic oxidase, peroxidase, catalase, succinate
dehydrogenase, NADH dehydrogenase, acyl-coenzyme A
dehydrogenase, xanthine oxidase

Transport compartment (3 mg)

Transferrin (apoferritin plus iron)

“ Modified from Fairbanks, V. F., and Beutler, E. (1995). Iron
metabolism. In William’s Hematology, 5th ed. McGraw-Hill, New York.

hemolysis of a subarachnoid clot can stimulate an excess-
ive and destructive production of NO from VSMCs (27).

Ferric iron-bound transferrin induces a rapid increase
in the level of inositol phosphates in porcine cerebral
arterial smooth muscle cells. This involves the phospholi-
pase C pathway (28).

14. Iron Chelation

It has been hypothesized that the elaboration of iron
from the subarachnoid clot might enhance the generation
of free radicals and lipid peroxidation. Iron-chelating
compounds have been used for attempted prophylaxis of
VSP. Deferoxamine is a bacterial siderophore isolated
from a bacterium which selectively chelates free ferric
(Fe**) iron but has no effect on iron bound to heme
proteins or transferrin. Iron is unreactive to free radical-
generating reactions after exposure to deferoxamine. In
vitro studies have shown release of significant amounts of
Fe** iron in a time-dependent manner. In a rabbit model,
pre-SAH treatment with deferoxamine (50 mg/kg/8hr)
failed to prevent post-SAH-basilar artery reduction in
diameter (29). In cultures of endothelial cells and
VSMCs there was a dose-related disruption of the cytos-
keleton, particularly the F-actin and vimentin filaments
after exposure to oxyHb. The cytoskeletal injury was pre-
vented by deferoxamine or albumin (30). In a rat femoral
artery model, perivascular application of deferoxamine
prevented significant arterial narrowing or structural
change 7 days following the application of periadventitial
autologous whole blood or platelet-rich plasma. The

protective effect of deferoxamine was eliminated by pre-
saturation of the deferoxamine with excess ferric iron
prior to application. Deferoxamine chelated the ferric
iron released from incubated whole blood in vitro over 7
days in a dose-dependent manner. Fe?* in solution is
rapidly oxidized to Fe** iron. Topical application of
Fe3* on cerebral arteries produces only mild vasoconstric-
tion, whereas Fe?* causes no narrowing (31).

In a rabbit SAH model the pharmacological responses
of arteries removed 7 days post-SAH were examined.
Contractions were increased in SAH animals compared
to controls. Deferoxamine or sympathectomy did not
reduce the hypersensitivity of the vasoconstriction in the
SAH animals (32).

Because iron is in the Fe?* state when catalyzing the
generation of free radicals or production of lipid perox-
ides, Horky et al (33) assumed that chelators of Fe>* or
free iron would not be effective. Also, NO preferentially
reacts with Fe?*. In a primate model a chelator of iron in
the Fe?* form that acts intracellularly and penetrates the
BBB was examined in a primate model; this drug is 2,2~
dipyridyl. Cerebral VSP in the primate model was pre-
vented by its continuous intravenous administration. The
mean plasma iron concentration in the treated animals
dropped from 115 pg/ml on day 0 to 2 pg/ml on day 7.
The mean percentage transferrin saturation dropped from
36to 1.2% during the same time. Fe?* catalyzes free radical
production and lipid peroxidation by means of the Fenton
reaction and related reactions. In the subarachnoid space
Fe?* can react with organic hydroperoxides in a reaction
similar to the Fenton reaction that also produces free
radicals: Fe’*+ ROOH — Fe’* + eOR + OH .
Dipyridyl can induce production of HO, which catalyzes
the degradation of heme to iron, biliverdin, and CO.

The antioxidant ascorbic acid had a similar protective
effect to the iron-chelating agent deferoxamine in the rat
femoral artery model. Concurrent study of a 21-amino
steroid failed to show a beneficial effect (34). Deferoxa-
mine acts mainly extracellularly, where it chelates free
iron but not heme or ferritin-bound iron (35). The oxida-
tion of oxyHb to metHb has successfully prevented
vascular damage in vitro and VSP (36). Ascorbic acid
may oxidize Fe?* to Fe*' in the subarachnoid space. It
has been found to suppress the VSP produced by
oxyHb (37).

D. Endothelial Cells

When an aneurysm ruptures, platelets and the products
of coagulation temporarily close the defect until perman-
ent repair can occur. Transient vasoconstriction may
also occur. The thrombus can subsequently be lysed by
the fibrinolytic system. Thrombosis and fibrinolysis are
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cooperative activities of the blood and the endothelial cell
monolayer that lines all blood vessels.

1. Structure

The endothelial surface in human bodies is composed
of 1-6 x10'3 cells, weighing about 1 kg and covering an
area of 1-7 square meters. The surface lines every organ
acting as a gatekeeper and regulating blood flow. Cell
culture perturbs endothelial cells from their, normally
low replication rate of 0.1%/ day to 1-10%/day. Endothe-
lium acts to prevent physical disruption of the blood
vessels. Its prolonged activation may lead to vascular
disease. It is not a homogeneous organ. Little is known
of the potential consequences of genetic differences in
endothelial cell behavior from different individuals (38).

Endothelial cells measure 20 x 50 pm? in surface area
(39). They rest on the subendothelium, which is an extra-
cellular matrix secreted by them (Fig. 3.5). Cranial blood
vessels have relatively tight junctions between endothelial
cells. The junctions contain proteins such as plakoglobin
and the cell adhesion molecule CD31. There are func-
tional gap junctions between endothelial cells containing

different connexins. Even the smallest blood elements
(platelets, 2 wm) cannot pass through tight junctions. In
reaction to adjacent inflammation, however, larger leuko-
cytes can attach to the endothelial cells and create a
passage between them (40).

Subendothelium is a basement membrane composed of
collagen, elastin, microfibrils, laminin, mucopolysacchar-
ides, fibrinectin, von Willebrand factor, vitronectin,
thrombospondin, and sometimes fibrinogen and fibrin.
In larger cerebral vessels the subendothelium is sur-
rounded by the elastica (39).

2. Function

The endothelial layer has properties that prevent blood
from coagulating and platelets from becoming activated
(39-42). Normally, platelets are exposed to prostacyclin
and EDRF which keep them inactivated. The mechanisms
by which vascular endothelium resist thrombosis include
the negative surface charge; the production of prostacy-
clin, which inhibits platelet aggregation; the secretion of
thrombomodulin, which with thrombin activates protein
C, which in turn inactivates procoagulant factors Va and
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FIGURE 3.5 The endothelial cell and its products.
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VIIla, the production of heparin sulfate, which increases
the inhibitory potency of antithrombin IIT with respect to
factors Xa and thrombin, and the secretion of t-PA, which
activates plasminogen. Activated coagulation factors are
inactivated by antithrombin III in the presence of its
physiological activator and by activated protein C as
well as other circulating protease inhibitors such as ap-
macrogobulin. Endothelial cells can produce antithrom-
bin III, which rapidly inactivates circulating thrombin.
The resulting antithrombin III-thrombin complex is
cleared both in the liver and by endothelial cells. Endothe-
lial cells also produce proteins C, S, and thrombomodulin.
These substances can inactivate coagulation factors by
proteolysis. Protein C is activated by thrombin. Serum
also contains a tissue factor pathway inhibitor. Endothe-
lial cells have fibrinolytic poperties. They can produce
plasminogen activators of the urokinase type (u-PA),
which activate plasminogen in the fluid phase, and the
tissue type (t-PA), which is active when in contact with
plasminogen bound to fibrin. Endothelial cells normally
contain only t-PA. During inflammation and leukocyte
migration they can also synthesize u-PA. Thrombin can
stimulate the release of t-PA and u-PA from human
endothelial cells. Thrombin can also have an opposite
effect by stimulating plasminogen activator inhibitor
(PAI-1). Activated protein C stimulates fibrinolysis by
binding to PAI-1. Endothelial cells are also stimulated to
synthesize u-PA and t-PA by basic fibroblast growth fac-
tors and vascular endothelial growth factors.

Endothelial cells by multiple mechanisms control
blood flow and pressure. These include systems that
cause both vasoconstriction and vasodilation. They can
secrete renin, which converts angiotensinogen to angio-
tensin, and produce angiotensin converting enzyme
(ACE), which converts angiotensin I to the active vaso-
constrictor angiotensin II. They also secrete endothelin
(ET), an extremely potent vasoconstrictor, and also vaso-
dilators such as adenosine and EDRF. Endothelial cells
are intrinsically nonthrombogenic in the normal state.
They secrete PGI,, which is synthesized from AA and
secreted into the adjacent blood. It is a potent vasodilator
and platelet aggregation inhibitor. It synergistically in-
hibits platelet function with NO or a similar compound.
PGI, has a half-life of less than 6 min in whole blood;
its synthesis is stimulated by thrombin and hypoxia. The
synthesis of the other potent vasodilator, EDRF, is
stimulated by a variety of angonists, such as ACh, ATP,
thrombin, NE, BK, 5-HT, and other factors. Like other
nitrovasodilators, EDRF raises cGMP levels in vascular
smooth muscle, thereby triggering relaxation.

Penetrating injuries of the vessel wall induce prolifera-
tion and the subsequent inward migration of VSMCs
from the media and fibroblasts from the adventitia.

These cells are mobile and can secrete elastase and col-
lagenase as well as synthesize the components of connect-
ive tissue that enable them to remodel the vessel wall.
Endothelial cells secrete platelet-derived growth factor
abluminally, which induces smooth muscle cell division
and migration. Thrombin also increases platelet-derived
growth factor secretion. In an opposite type of reaction,
endothelial cells can produce a heparin-like inhibitor of
smooth muscle cell growth (41). Bloody CSF was found to
have cytotoxic effects on bovine cerebral endothelial cells
in culture (43).

E. Platelets
1. Morphology

Platelets are about 2 um in diameter (about one-fourth
the size of a RBC) and number 250,000-400,000 /mm>.
They are anucleated , disc-shaped fragments of megakar-
yocytes produced in the bone marrow (42,44). The shape
is lentiform (Fig. 3.6). There is a clear, peripheral region
called the hyalomere and a region containing purple gran-
ules called the granulomere visible after staining. The
platelet is surrounded by a glycocalyx, a coat external to
the plasmalemma. The adhesiveness of the glycocalyx can
be enhanced by Ca?* and ADP (13).

There is an internal system of canals that open to
the surface as indentations. Platelet membranes con-
tain glycoproteins, glycolipids, absorbed plasma proteins,
and mucopolysaccharides. Their membrane is a bilayer
of phospholipids in which cholesterol, glycolipids, and
glycoproteins are embedded. More than half of the
platelet’s phospholipids are in the plasma membrane,
which contains the pumps that maintain ionic homeostasis.
Platelet membranes are about 35% lipids and 8% carbo-
hydrates. Phospholipids comprise 75%, neutral lipids 20%,
and glycolipids 5%. Arachidonic acid (AA) is an important
component of the various phospholipids. This provides a
store of AA for conversion to thromboxane A,.

2. Function

Major platelet function includes (1) shape change, (i)
exposure of GPIIb/Ila receptors, (ii1) degranulation, (iv)
surface change to a procoagulant state, (v) increase in
(Ca?*)i [normally (Ca?*)i = 1077 M, (Ca®*)e =103 M],
and (vi) calcium-dependent phosphorylation of platelet
proteins. They act as a storehouse for a variety of sub-
stances affecting vascular tone, fibrinolysis, and wound
healing. Platelets function in blood coagulation by
aggregating at breeches of the vessel wall and produce
various factors that aid in clot formation. They are also
responsible for clot retraction and contribute to clot
removal (45).
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FIGURE 3.6 The platelet and its contents and products.

Platelets are activated by multiple stimuli, including (i)
substances in the milieu of arterial atherosclerotic plaques
such as ADP, epinephrine, collagen, and thrombin, and
(i1) mechanical stimuli such as shear forces. Internal path-
ways of platelet activation include the production of
thromboxane A, via the arachidonic pathway. There is
also a thromboxane A, independent pathway of aggrega-
tion. The final common pathway of platelet activation is
the expression of platelet GPIIb/IIla receptor, which
binds to its primary ligand fibrinogen. Inhibitors of plate-
let aggregation include antithrombins, ticlopidine-type
drugs, aspirin, thromboxane A, synthetase inhibitors,
thromboxane Aj receptor inhibitors, and glycoprotein
IIb/I11a receptor antagonist (46).

Thrombocytopenia is a platelet count less than
140,000/mm>. Spontaneous hemorrhages usually do not
occur until the platelets fall below 20,000-30,000/mm?>
(47,48). Post-SAH patients are at risk from thrombocyto-
penia because they are routinely exposed to anti-inflam-
matory drugs, antibiotics, antiepileptics, diuretics, and
other medications such as heparin and cimetidine, all of
which cause immune-mediate thrombocytopenia. In addi-
tion, calcium channel blockers and nitroprusside as well

as radiographic contrast agents have also been known to
cause platelet dysfunction (49).

3. Cytoskeleton

The cytoskeletal elements of a platelet consist of mem-
brane attachments, a microtubular system, and microfila-
ments (42,44,45). The glycoproteins of the membrane
attachments include actin-binding protein, spectrin, and
vimentin. The microtubular system within platelets is
composed of the two polymers a- and B-tubulin. Their
organelles consist of peroxisomes which have high cata-
lase content and contribute to lipid metabolism, particu-
larly plasmalogen synthesis. The platelet cytoskeletal
proteins resemble those of vascular smooth muscle. They
include actin (MW = 42kDa). ATP is broken down
to produce the energy for the polymerization of actin to
produce the F-actin filaments which consist of two inter-
twined strands. Myosin (MW = 480 kDa) makes up 2-5%
of platelet protein. Myosin light chain (MW = 20kDa) in
a phosphorylated state is required for ATPase activity.
Myosin light chain kinase (MLCK; MW = 105kDa)
phosphorylates myosin light chain and activates actomyo-
sin ATPase, which leads to contraction. Tropomyosin



60

3. HEMATOLOGY

(MW = 28kDa) binds to the groove on actin filaments.
Caldesmon (MW = 80kDa) binds to actin, tropomyosin,
myosin, and calmodulin and may have a role in actin
filament bundling and actomyosin ATPase. Calmodulin
(MW = 17kDa) binds four Ca?* and activates MLCK.
Additional cytoskeletal proteins include profilin, gelsolin,
thymosin $,, actin-binding protein, talin, «-actinin, and
vinculin, which may link actin to membrane proteins.

Platelets change from their normal discoid shape to
that of a sphere from which long filopodia extend several
micrometers, ending in tiny points. This shape change
probably depends on actin fibril formation.The initiator
of actin polymerization may be increased cytosolic Ca®*
or accelerated phosphoinositol metabolism. The contrac-
tion involving actin and myosin may stimulate granule
secretion and later clot retraction. When blood initially
clots, the fibrin mesh extends throughout the clot, solidi-
fying all of the serum in a gel-like state. The clot retracts
within minutes to hours, extruding a large fraction of the
serum.

4. Cytoplasm

The mitochondria are involved in oxidative energy
metabolism (50). Platelet lysosomes are granules contain-
ing acid hydrolases. Lysosomes secrete their contents
more slowly and incompletely than o granules and dense
bodies. The dense bodies have high Ca?* content. They
are also rich in 5-HT and adenine nucleotides. The most
abundant granules are a granules, which number up to 80
per platelet and contain high concentrations of B-throm-
boglobulin, platelet factor 4, and proteoglycans. There are
also multiple adhesion glycoproteins, coagulation factors,
mitogenic factors (including platelet-derived growth fac-
tor), transforming growth factor-B, endothelial growth
factor, and epidermal growth factor. Fibrinolytic inhib-
itors include ay-plasmin inhibitor and platelet activator
inhibitor-1. Platelet factor 4 binds to heparin-like mo-
lecules on the surface of endothelial cells and neutralizes
heparin. B-Thromboglobulin is chemotactic for granulo-
cytes and enables them to undergo endocytosis. Fibrino-
gen is concentrated in the a-granules. Platelets have about
20% of the factor V present in whole blood. It is found in
the o granules where protein S is also located. Trans-
forming growth factor-B promotes the synthesis of
extracellular matrix proteins, plasminogen activator
inhibitor-1, and metalloproteinases. Platelet surface
proteins include integrins, leucine-rich glycoproteins
such as von Willebrand’s factor, immunoglobulins, cell
adhesion molecules, selectins, quadraspanin, seven
transmembrane domain (G protein-linked) proteins
including the thrombin receptor, the thromboxane A,
receptor, the ap-adrenergic receptor, and the vasopressin
receptor.

5. Metabolism

Platelets gain their energy from glycogen stores as well
as uptake of glucose from the surrounding medium. Plate-
let stimulation is accompanied by increased glycolytic
activity and oxidative ATP production (50).

6. Aggregation

In contrast to an intact endothelial layer, the suben-
dothelium stimulates platelets to adhere (44). Platelets in
the subarachnoid space presumably contact the none-
ndothelial cells which line it and possibly also collagen
fibers, causing the platelets to degranulate and attach.
Components active in platelet aggregation are the sub-
endothelium and endothelial components such as von
Willebrand’s factor, platelet-activating factor, and throm-
boxanes. Components that are also active in coagulation
include tissue factors V, 1X, and X, fibrinogen and fibrin,
kininogen, factors XI and XII, prekallikrein, factor XIII,
and vasoconstriction. Vasoconstriction alone cannot
result in hemostasis without the participation of the coa-
gulation system and platelets. Platelets have evolved to
adhere to damaged regions of blood vessels where they
link to one another and generate thrombin. This contrib-
utes to the hemostatic mechanism by producing a platelet
plug that is then reinforced by the action of thrombin,
converting soluble fibrinogen to fibrin strands that
enmesh the platelets and RBCs at the site of injury.
When an aneurysm ruptures, vasoconstriction, coagula-
tion, and platelet plug formation are all operative. The
response is proportional to the extent of tissue damage
and the amount of tissue factor exposed, the age of
the individual, the hematocrit, the size and location of
the vessel, and the nature of blood flow through it. The
strongest physiologic activators of platelets are collagen
exposure, ruptured arteriosclerotic plaque, and thrombin.
Shear stress and thrombolytic agents may also activate
platelets. Platelet adhesion is stimulated by activation of
the GPIIb/I1Ia receptor, but as adhesion and aggregation
proceed other processes are involved including the release
of thrombin. Thrombin generation is facilitated by aggreg-
ated platelets through several mechanisms including
exposure to activated factor V. Thrombin in turn activates
platelets, leading to even more extensive degranulation
and further coagulation. It initiates the deposition of
fibrin strands that reinforce the platelet plug. Mitogenic
and vasoactive agents released from platelets contribute
to the inflammatory response. The activation of platelets
is strongly countered by both prostacyclin and NO
released from endothelial cells. Fast blood flow, WBC-
platelet interactions, and inhibitors of thrombin genera-
tion can also inhibit platelet activation. Platelets acceler-
ate thrombin formation by unclear mechanisms (45). The
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fibrinogen receptor on the surface of the platelet (GPIIb/
I1Ta) is the dominant platelet receptor, numbering 80,000
per cell. Up to 40,000 are also present inside the platelet in
the a-granule membranes and the lining of the canalicular
system. This receptor shares the same basic structure as
the other integrin receptors. It is a transmembrane pro-
teins with four calmodulin domains that are able to bind
divalent cations. When platelets are activated they bind
fibrinogen relatively strongly. Other platelet receptors
include those for collagen, fibronectin, laminin, vitronec-
tin, and other unknown substances. Thrombin is the only
clotting factor to activate platelets. It is a powerful stimu-
lant of phosphatidylinositol and cAMP synthesis. (Ca?*)i
also increases, DAG is formed, and proteins are phos-
phorylated. Platelets also have receptors for a-adrenergic
compounds. Upon activation these induce aggregation
and degranulation but not shape change. Other effects
include elevation of (Ca?*)i and inhibition of adenyl
cyclase. There is a synergism between epinephrine and
other platelet activators. The principal sites for 5-HT
storage are the dense granules of platelets. 5-HT in physio-
logical concentrations can also elevate (Ca*)i, activate
phospholipase C, phosphorylate proteins, and induce
mild aggregation. Platelet-activating factor is a phospho-
lipid produced by the interaction of endothelium and
certain white cells. Vasopressin also interacts with platelets
to induce shape change, aggregation, and degranulation.
The platelet-endothelial cell adhesion molecule-1 (MW
= 130kDa) is a transmembrane glycoprotein of the
immunoglobulin family, which includes CD32, CD102,
and HLA class 1 molecules. P-selectin is found on the
surface of o granules. Other membrane proteins include
quadraspanins, CD36, lysosome-associated membrane
proteins, and multiple other receptors. All the platelet
agonist receptors so far characterized are linked to G
proteins, which can associate with and activate platelet
membrane phospholipase C. Aggregation can proceed
quickly. Following the addition of thrombin, within 10
sec 80% of 5-HT stored in the dense granules is released.
Elevation of (Ca®*)i and phosphorylation of myosin light
chain and the substrate of protein kinase C (PKC) all
occur in less than 1 sec. The mechanisms by which plate-
lets suddenly change their shape and aggregate at the site
of vessel injury are likely to involve the increase in (Ca®")i
and the phosphorylation of cytosolic proteins. The latter
is probably brought about by changes in the membrane
receptor GPIIb/IIIa to a high-affinity binding state. When
agonists bind to it, the G protein o subunit activates
phospholipase C, which then hydrolyzes phosphatidyl
inositol 4,5-bisphosphate, which in turn forms DAG
(which mediates PKC activation) and IP; formation.
The binding of IP; to tubular membrane receptors results
in Ca?* release to the cytoplasm and the activation of

various proteins, including PKC and phospholipase A,.
The latter releases AA from membrane phospholipids.
Estimates have been made that as many as 60 phosphoi-
nositol products result from agonist stimulation. About
one-third have been identified. There is a simultaneous
induction of platelet coagulant activity and release of the
contents of their a granules and dense granules. The con-
tents of these granules are lysosomes, which become
expressed on the surface inducing coagulant activity and
shape change. The low concentration of the cytosolic
Ca’* pool is regulated by the plasma membrane Na*
Ca’* transporter and a slowly exchanging pool in the
dense tubular system regulated by Ca?*, Mg?>*-ATPase
(50). Normally, the concentration within the tubular sys-
tem is the same as that of the extracellular Ca**. Upon
agonist stimulation there is a rapid elevation of cytosolic
Ca’?* with entry of Ca’* through a receptor-operated
channel and release from the tubular system through
another Ca®* channel. IP; triggers the extrusion of Ca?*
from the dense tubular system. Elevation of the (Ca®*)i
activates several enzymes including phospholipase A
which starts the AA cascade with activation of PLC
hydrolysis. Aspirin and nonsteroidals medications can
reduce IP;-induced platelet aggregation and degranula-
tion. (Ca**)i rise following exposure to an agonist lasts
only seconds, but the sequential effects can be longer
lasting such as the phosphorylation of myosin light
chain through the action of MLCK.

Collagen directly increases platelet adherence, aggrega-
tion, and degranulation. This is true for both connective
tissue and basement membrane collagen. Collagen prob-
ably activates a G protein. Thromboxane A,/prostaglan-
din (PG)H; is produced by both blood vessel wall and
activated platelets and triggers further release of AA,
which is converted to thromboxane A, by the enzyme
thromboxane synthase. Intermediate arachidonic metabo-
lites have very short plasma half-lives.

Calpains are found in platelets. These calcium-depend-
ent neutral proteases preferentially cleave cytoskeletal
proteins such as actin-binding protein and talin. They
may promote cytoskeletal reorganization following activa-
tion but are not involved early in the aggregation process.
Calpains can also cleave PKC. It is hypothesized that
calpains may have a role in the irreversible aggregation
of clot retraction rather than the earlier events. Activation
of PKC can also induce platelet aggregation and degra-
nulation. Its effects are complex, neither solely activation
or inhibition. There are at least eleven different proteins in
the PKC family.

Phospholipase A, is present inside the cytoplasm of
almost all cells and exists as multiple isozymes that release
AA from surface membrane phospholipids (50). This
action is regulated partly by (Ca®*)i. Following its release
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from membrane phospholipids, AA is metabolized along
several pathways. Via the cyclooxygenase pathway, short-
lasting thromboxane A; is produced. It enhances platelet
aggregation. Through the other major pathway, lipoxy-
genase enzymes convert AA into a variety of both stable
and unstable metabolites such as hydroxyperoxyeicosate-
tranenoic acids, which in some cases may prevent col-
lagen-induced platelet aggregation and arachidonate
release. Tyrosine residues of intracellular proteins fre-
quently become phosphorylated during platelet activa-
tion. This occurs on granular release of thrombin and
another agonist. Platelets can also produce intracellular
second messengers such as cAMP. In general, cCAMP and
c¢GMP inhibit platelet activation (50). Synthesis of RNA
is directed by large, complex enzymes or groups of
enzymes called polymerases. Translation is a ribosomal
process in which a polypeptide chain is constructed
according to the pattern dictated by the sequence of
codons in mRNA.

7. Vasospasm

In a feline two-hemorrhage model of SAH, scanning
electron microscopy of the basilar artery was performed.
One hour after SAH no platelet adhered to the luminous
surface, but in the time period 4-7 days post-SAH plate-
lets were observed to adhere or aggregate on the luminal
surface indicating an impairment of anti-platelet-aggre-
gating activity of the endothelial cells (51). Platelet-
activating factor was administered together with autolo-
gous blood to rabbits by intracisternal injection.
Neurological deterioration and basilar artery constriction
were apparently aggravated in a dose-dependent fashion.
A reduction in basilar artery constriction was achieved
using anti-platelet activating factor IgG. The neurological
deterioration was also prevented by intracisternal admini-
stration of anti-platelet-activating factors (52). In a canine
study, the use of the platelet aggregation inhibitor
ticlopidine was not associated with any amelioration in
basilar artery VSP, histological changes in the basilar
artery, or any significant change in systemic whole blood
coagulation time, prothrombin time, or partial thrombo-
plastin time (53).

Studies of intravascular platelet and coagulation fac-
tors performed on human patients revealed systemic
platelet hyperactivity and a hypercoagulant state following
SAH. It is possible that changes in intravascular compon-
ents could accelerate cerebral ischemia due to VSP by
forming microthrombi, contributing to increased blood
viscosity and reducing the deformability of RBCs (54).

8. Fibrinolysis

The lysis of clot is also influenced by platelets (45,50).
Both profibrinolytic and antifibrinolytic effects of plate-

lets are known. The profibrinolytic effects of platelets
include release of t-PA and u-PA, the binding of
unactivated platelets to plasminogen, and the accelera-
tion of this binding by thrombin. The plasminogen-
binding protein thrombospondin is found on the sur-
face of platelets after activation, activation of plasm-
inogen by t-PA is enhanced by platelets, and clot lysis
is thereby promoted. On the other hand, platelets,
have an antifibrinolytic effect. Plasminogen activator
inhibitor-1 and «j-antiplasmin are present in platelet
granules. Platelets also release a protein that stimulates
other cells to release a fibrinolytic inhibitor. Platelets
contain factor XIII, which can crosslink fibrin and retard
its breakdown. However, by crosslinking a,-antiplasmin
to fibrin, platelets have an antifibrinolytic effect. Platelet
surface receptors can bind plasma factor XlIlIla, which
localizes it to the site of thrombus formation. The effi-
ciency of fibrinolysis is diminished by platelet-induced
clot retraction. Thrombolytic agents such as t-PA can
activate platelets. Plasma can aggregate platelets but at
low doses it can inhibit platelet activation and aggrega-
tion. Thrombolytic agents may generate thrombin and
depress the prostacyclin increase which follows acute
thrombosis. Thrombolytic agents also have platelet-inhi-
biting effects. Platelets can be disaggregated by t-PA
because of selective lysis of platelet-bound fibrinogen.
Platelet glycoprotein can be cleaved by plasmin. Fibrino-
gen degradation products may inhibit platelet aggrega-
tion.The effect of fibrinolytic agents on platelets is
therefore complex. Stimulation of platelets by thrombo-
lytic agents may actually prolong the time required for
reperfusion and contribute to reocclusion following suc-
cessful clot lysis.

F. Neutrophils

1. Structure

Neutrophils have a diameter of approximately 9 um
and make up 60-70% of WBCs. The nucleus has three
or four lobes (Fig. 3.7). The cytoplasm is loaded with
azurophilic granules, which are small and stain light
pink with Wright’s or Giemsa stains and contain acid
and alkaline phosphatase, collagenase, lactopherin, lyso-
zime, and phagocytin (55, 56).

Normally, there are between 4300 and 10,800 WBCs/
mm? (compared to 4.2-5.9 million/RBCs/mm?) so there
are approximately 400-1400 RBCs for every 1 WBC.
Following SAH the ratio of RBCs to WBCs in the
CSF decreases with the inflammatory response which
destroys RBCs and introduces more WBCs into the
CSF. Normal CSF has fewer than five lymphocytes or
monocytes/mm-.
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FIGURE 3.7 The neutrophil and its contents and functions.

2. Contents

Water comprises 82% of the weight of WBCs.
The mean Na' of mixed WBCs is 60 mM and the
mean Kt is 100 mM. Granulocytes contain 7.36 mg/10°
cells of polysaccharides (57). Neutrophils contain more
amino acids than the surrounding plasma. Unbound
amino acids found in the highest concentrations are
taurine, serine, glycine, alanine, glutamic acid, and gluta-
mine. Six different phospholipids make up 35% of the lipid
composition of neutrophils, with the remainder being
composed of triglyceride, glycolipid, and cholesterol.
Seven nucleotides have been demonstrated, with the
most abundant being ATP (8800 nmoVl/ 10%), AMP (6100
nmol/10%), and ADP (1600 nmol/ 10%). Neutrophils have
all the types of RNA and cofactors required for protein
and vitamin synthesis (57).

3. Function

Neutrophils have a half-life of 6 hr (58). They function
to phagocytose, kill, and digest bacteria (59). They are
capable of producing H,O, during phagocytosis. Neutro-
phils protect against infection. At sites of infection or
tissue damage they adhere to vascular endothelial cells
and migrate through or between them. Neutrophils are
attracted by such molecules as complement cleavage
molecules, certain leukotrienes, and platelet-activating
factors. Having left the circulating blood, few neutrophils

return. Neutrophil-endothelial cell adhesion is brought
about by a wide variety of proteins on both cell types,
including multiple integrins, selectins, and Ig family
molecules (55).

4. Metabolism

Neutrophils generate ATP via the glycolytic pathway
and anaerobic pathways (60). The conversion of glucose
to lactate is the principal means by which neutrophils
produce energy. The rate-limiting enzyme of glycolysis is
hexokinase. Phagocytosis does not affect the rate of gly-
colysis but ATP levels fall. Neutrophils can also metabol-
ize glucose using the hexose monophosphate shunt. Of 21
glycolytic and related enzymes found in neutrophils, the
most active are phosphoglycerate kinase, triosephosphate
isomerase, glucosephosphate isomerase, and glyceralde-
hyde P.

The NADPH which generates microbiocidal oxidants
is produced by the hexosemonophosphate shunt. Glycogen
is present in large quantities in neutrophils. Oxidative
metabolism is increased by phagocytosis, thyroid hor-
mone, increased CO, levels, glucose concentration, and
a variety of immune substances. Mature neutrophils have
few mitochondria. Neutrophils can digest exogenous
nucleic acids using ribonuclease and deoxyribonuclease
enzymes normally present. Adenyl cyclase generates
¢cAMP, and phosphodiesterase degrades cAMP.
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Neutrophils synthesize phospholipids and neutral lipids.
Neutrophils have the biochemical machinery to release
AA from phospholipids. Cyclooxygenase- or lipoxygen-
ase-catalyzed oxidation converts AA into a variety of lipid
mediators. Cyclooxygenase produces PGE,, PGD,, and
PGF,, with PGG; and PGH,; as intermediates. PGE, is a
mediator of inflammation and PGH, converts into
thromboxane A,, an unstable vasoconstrictor. 5-Lipoxy-
genase oxidizes AA to 5-hydroperoxy-6,8,11,14-eicosate-
tracnoic acid, which is subsequently converted to
leukotriene A4. Other leukotrienes produced have anti-
inflammatory actions (60).

5. Acute Inflammation

Inflammation consists of a complex series of events
that protect the body against injury and infection (61).
In the first minute to days after infection or injury there is
a local hemodynamic and microvascular change that
causes leukocytes to adhere to the endothelium and
migrate, following which they are activated and release
toxic products. This process is governed by a variety of
compounds found in plasma or released from local cells.
Following the acute phase there is a longer lasting infilt-
ration by lymphocytes and monocytes, sometimes
accompanied by proliferation of local fibroblasts and
capillaries.

Normal neutrophil production rate is 0.85-1.6 x 10°
cells/kg per day (58). Neutrophils are produced and stored
in the marrow before release into the bloodstream, and
within 6 hr of entering the circulation half of them have
disappeared. The loss is thought to be from migration into
tissue or departure through the gastrointestional tract and
mucosal surfaces. Neutrophil production is stimulated by
colony-stimulating factor, glycoproteins, certain inter-
leukins (ILs), and stem cell factor. When macrophages
and T lymphocytes are activated by inflammation they
release colony-stimulating factor and cytokines which
also cause endothelial and mesenchymal cells to release
colony stimulating factor, ultimately producing more
neutrophils.

The granules of neutrophils contain microbiocidal
enzymes, antibacterial proteins, neutral serine proteases,
metalloproteinases, acid hydrolases, and a variety of other
enzymes, receptors, and binding proteins. The primary
granule of the neutrophil is a reservoir for digestive and
hydrolytic enzymes which are subequently delivered to
the phagosome. Proteases in the azurophilic granule
effect tissue destruction by being released during inflam-
mation. They include serine protease, ¢lastase, and cathe-
psin (58).

It is likely that the deposition of blood in the alien
subarachnoid space causes local inflammation with
release of inflammatory mediators such as histamine and

PG and vasodilation of the adjacent vasculature in the
pia-arachnoid and in the walls of the blood vessels
running through the subarachnoid space. The first cells
to migrate into the subarachnoid clot are neutrophils
followed by other WBCs. Under the influence of a
group of molecules called selectins, WBCs are rolled to a
halt on the walls of blood vessels at the site of inflamma-
tion and subsequently insinuate across the wvessel
walls. WBCs, platelets, and endothelial cells will have
their own particular selectins. Firm adhesion of neutro-
phils to the vascular endothelium is also influenced by
the B, integrin family of molecules which interacts with
endothelial intercellular adhesion molecules. Many endo-
genous and exogenous compounds can act as chemotactic
agents for leukocytes. These include complement compon-
ents, lipoxygenase pathway products, bacterial-derived
chemotactic peptides, and endogenous cytokines. WBCs
engulf and destroy foreign particles by a process of
phagocytosis. First, the WBC binds to the target cell
and subsequently engulfs it. Phagocytic cells kill micro-
bes or destroy tissues by releasing a wide variety of
O,-dependent, arginine-dependent, or non-free-radical
enzymes.

Regulatory proteins called cytokines are involved in
acute inflammation. IL-1 causes fever and the acute-
phase response. IL-1 is produced by monocytes, macro-
phages, and endothelial cells. The same cells pro-
duce nitrogen radicals and derivatives. Macrophages
also produce complement in conjunction with endothelial
cells. WBCs are a major source of O, radicals. They
also release a variety of proteases and other proteins
by degranulation. In addition, platelet-activating factor
and arachidonic acid metabolites also come from
WBCs (61).

The complement system consists of 18 plasma
proteins which mediate chemotaxis, increase vascular per-
meability, activate phagocytosis, and have opsonic and
cytolytic activity (61). This system is activated sequen-
tially by proteolytic cleavages of its early components by
one of two pathways, the classical pathway or a second
one triggered by a variety of substances such as toxins
and venoms. The clotting cascade generates fibrinopep-
tides that increase vascular permeability and attract
WBCs.

Complement activation forms membrane attack com-
plexes which insert themselves into the cells that initiate
complement activation or into innocent bystanders cells.
In the presence of autologous serum aged RBCs caused a
large increase in membrane conductance of the VSMCs.
This effect was prevented by heat inactivation of the
serum. The effect was only seen with aged RBCs and
not fresh ones. C8- and C9-depleted heterologous sera
produced minimal effects, which could be changed into
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the full effect by the addition of missing complement
component. It was hypothesized that the membrane
attack complexes, presumably designed to destroy the
intruder RBCs in the alien subarachnoid space, might
have deleterious effects on the innocent bystanding mus-
cular smooth muscle cells (62).

Immunostain for leukotriene C4 was strongly positive
in the intima and the adventitia of normal canine basilar
artery. After SAH there was little change. Inflammatory
cells characterized as neutrophils and macrophages were
shown to infiltrate from the adventitia of the basilar
artery to the periphery of blood clot and these were
markedly immunoreactive for leukotriene C4. The neu-
trophils increased in numbers progressively as time
passed after the SAH. It was hypothesized that the
leukotriene C4 might be an etiologic agent for the VSP
and that it could originate with the infiltrating neutrophils
and macrophages. Neurons but not astrocytes or oligo-
dendrocytes were also immunoreactive for leukotriene
C4 (63).

In 103 patients the WBCs and platelet counts after
SAH were significantly higher in those with symptomatic
VSP at all time intervals compared to those without (64).
The minimum platelet counts were similar in patients with
and without VSP (65).

A study in rabbits found no histopathological (neutro-
phil-derived myeloperoxidase) or biochemical evidence
for neutrophils in the genesis of VSP (66).

6. Chronic Inflammation

Chronic inflammation is associated with the infiltra-
tion of lymphocytes, plasma cells, monocytes and fibro-
blasts, angiogenesis, and deposition of collagen.
Numerous mediators are involved in the attraction of
such cells to a site of chronic inflammation. The chemo-
kine B family is involved in the induction of monocyte and
lymphocyte chemoattraction. There are very specific
monocyte chemotactic proteins. Fibroblastic infiltration
and angiogenesis are mediated by a variety of cytokines
and growth factors. The cellular composition at sites of
chronic inflammation is variable (61).

Some patients develop an intense fibrosis in the sub-
arachnoid space following SAH, whereas others have
almost a complete return to normal. The volume of the
subarachnoid clot is probably a major determinant of
outcome.

G. Mast Cells and Basophils

1. Structure

Basophils have diameters of approximately 8 um,
number 50-100/mm?>, and are the rarest of the WBCs

comprising 0.5-1%. The nucleus is S-shaped. The few
granules are large and dark blue when stained. The cyto-
plasm contains eosinophilic chemotactic factor, heparin,
histamine, and peroxidase. They have the longest life span
of WBCs and may survive for months. The basophils
which have IgE receptors on the plasma membrane med-
iate inflammatory responses (67).

2. Function

These cells generate ATP via the glycolytic pathway
and Kreb cycle. Mast cells and basophils make up the
subpopulations of basophilic leukocytes. The basophils
circulate in the blood while mast cells normally migrate
into connective tissues or serous cavities. Basophils are
round cells with irregular short surface projection, secret-
ory granules, and cytoplasmic glycogen aggregates. Mast
cells are characterized by partially condensed chromatin,
numerous cytoplasmic granules containing a crystalline
structure, and regular thin surface projections. When
they are activated mast cells and basophils undergo degra-
nulation. Mast cells and basophils secrete histamine, plate-
let-activating factor, NO, AA metabolites, proteinases,
and cytokines as well as other compounds. Mast cells
and basophils can be differentiated by the characteristic
surface phenotypic markers which include Fc receptors,
various integrins, and cytokine receptors. Basophils and
mast cells are involved in many allergic and inflammatory
disorders (68). They are probably involved in allergic
inflammation. Basophilic WBCs affect a wide variety of
other cells by releasing histamine, AA metabolites, and
various cytokines. Mast cells may have a role in regulating
tissue perfusion and maintaining extravascular space
homeostasis (67).

In a few human cases, following SAH appropriate
histologic technique has demonstrated a marked increase
in mast cells in the muscular layer. To demonstrate these
cells autopsy must be performed no later than 6 hr
postmortem. The number of mast cells appeared to be
higher in the arteries closer to the aneurysm (69).

H. Eosinophils

Eosinophils have diameters of about 9 um, number
150-400/mm?>, and comprise 2-4% of all WBCs. They
are characterized by granules which show a pronounced
take-up of acidic dyes. Eosinophils have a wide capacity
to synthesize various cytokines and are selectively
attracted to sites of allergic reactions (70, 71). Cytokines
derived from eosinophils include IL, interferons, growth
factors, and chemokines. FEosinophilia characterist-
ically occurs in parasitic infestations by worms. Eosino-
philia also occurs in allergy-related diseases such as
asthma (70).
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I. Monocytes and Macrophages

1. Structure

Monocytes have diameters of about 12 wm, number
200-800/mm?>, and make up 3-8 % of the WBCs (72-74).
Their plasma membrane is capable of forming pseudo-
phodia and pinocytic vesicles. Their cytoplasm has many
azurophilic granules (Fig. 3.8). Monocytes survive less
than 3 days in circulating blood and become macrophages
extravascularly (75). Macrophages are relatively large
cells with a round to reniform nucleus that occupies less
than half the cell diameter. Kupffer, epithelioid, and
microglia cells are all examples of macrophages in differ-
ent locations. They vary in size from 10 to 80 um. There
are mononuclear and phagocytic cells. Histochemically,
they stain for lipase and myeloperoxidase. Macrophages
can fuse or otherwise form multinucleate giant cells (75).
The terms histiocyte and macrophage are synonymous
(76). The location and function can affect their morpho-
logy. They may have a brush border of the macrophage
with large numbers of microvilli. The cytoplasm has a
large variety of ribosomes, mitochondria, and lysosomes.
The nucleus can be fusiform or horseshoe-shaped. Within
the cytoplasm can be seen ingested cellular debris within

lysosomes. There is a prominent microtubular and micro-
filamentous system and actin—myosin-like proteins are
present.

2. Function

Monocytes and macrophages share pronounced pha-
gocytic abilities and other characteristics (77). Monocytes
are attracted to sites of inflammation and actively diaped-
ese across vessel walls. Outside the vasculature they
mature into macrophages with enhanced phagocytic capa-
cities and increased enzymatic content. Macrophages also
exist within various extravascular spaces and cavities.
Macrophages can ingest RBCs in the subarachnoid
space. They interact with antigens and neutrophils in the
developing immune response and are able to destroy
RBCs rapidly in the subarachnoid space that would other-
wise have lived months in the circulating blood. It is
considered that the microglia within the parenchyma of
the brain are tissue macrophages. The macrophages
involved in the cleansing of the subarachnoid space origin-
ate from lining cells of the subarachnoid space but may
also pass into the subarachnoid space from adjacent vas-
culature. There is also the possibility that microglia could
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FIGURE 3.8 The macrophage and its products, receptors, and functions.
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migrate out of the brain into the subarachnoid space,
although this seems less likely.

3. Metabolism

Most of the metabolic energy of mononuclear mono-
cytes is derived by glycolysis augmented by oxidative
phosphorylation (78). Continual pinocytosis turns over
the plasma membrane approximately twice each hour.
Macrophages exist in a relatively quiescent state until
stimulated. Stimulated macrophages can engulf comple-
ment coated RBCs, increase their synthesis and secretion
of proteases and acid hydrolases, and increase the synth-
esis of complement.

4. Surface Receptors

The surface of the macrophage has Fc receptors for
IgG (78). Complement activation liberates numerous
ligands which bind to phagocytic specific receptors. Com-
plement receptor-1 is found on monocytes and macro-
phages. Monocytes and macrophages are antigen-
presenting cells. They carry class II glycoproteins of the
major histocompatibility gene complex. A specific marker
for monocytes and macrophages is the CD68 antigen.
Other surface receptors include cytokines, peptides, hor-
mones, transferrin, lipoprotein lipids, coagulants and
anticoagulants, fibronectin, and laminin. Surface recep-
tors also exist for cholinergic and adrenergic agonists
(72,73). Macrophages vary their output of biosynthetic
and bioactive molecules depending on incoming chem-
ical signals such as cytokines or bacterial lipopolysacchar-
ides.

The wide variety of immunological and homeostatic
responses orchestrated by macrophages is partly related
to the hundreds of discrete surface receptors. Such recep-
tors allow them to adhere to and engulf other cells, to
ingest microorganisms, and to respond to cytokines and
growth factors. The various glycoproteins called adhesins
account for the ability of macrophage to adhere to sur-
faces. Surface IgG receptors promote engulfment and
ingestion of immunoglobulin-coated particles. Macro-
phages secrete many cytokines, including ILla and 1B,
tumor necrosis factor-a, and interferons-a, -3, and -v.
Macrophages contain enzymatic machinery (NADPH
oxidase) to generate superoxide free radicals and hydro-
gen peroxide (78). Many factors can attract monocytes,
including: IL-1, thrombin, platelet-derived growth factor,
C5a, collagen fragments, elastin, fibronectin, kallikrein,
and plasminogen activator. When activated by inflammat-
ory cytokines or receptor-mediated phagocytosis, activ-
ated macrophages initially respond with a respiratory
burst releasing products of O, metabolism and proteolytic
enzymes. These cause surrounding local cell death and

matrix degradation. Within several days following activa-
tion, macrophages synthesize and release proteolytic
enzymes. Macrophages can synthesize and secrete over
100 identified substances ranging from small ions to
massive protein molecules. When the RBC is opsonized
or coated with an IgG and comes in contact with the Fc
receptor on the macrophage, it induces the assembly of a
respiratory burst oxidase enzyme in the phagocyte. This
oxidase generates a series of oxidants from molecular O,
with the formation of free radicals. The RBC is enveloped
by the phagocyte and is digested by its enzymatic ma-
chinery.

In the primate unilateral clot model, Handa and col-
leagues found a correlation between the degree of deposi-
tion of IgG in the media and the severity and time course
of VSP. Their illustrations also suggested deposition in
adventitia which could correspond with macrophage loca-
tion (Fig. 3.9) (79).

Phagocytosis of immunoglobulin G-coated RBCs
depresses several macrophage functions, including phago-
cytosis, respiratory burst capacity, and killing of bacteria.
Hb-derived iron may interact with oxygen products of the
macrophage respiratory burst. This does not occur when
the RBCs are coated with complement or when RBC
ghosts (lacking Hb) are used (80).

Following SAH, the spinal fluid shows an influx of
WBCs within a few hours and a macrophage response
beginning within a couple of days. Such cells are con-
sidered to originate from arachnoid trabeculations (81).
The initial cellular response is of neutrophils, but within
approximately 24 hr lymphocytes join the response (82).
The leukocytosis in the CSF is proportional to the time of
incubation of the RBCs prior to their injection into the
subarachnoid space in animal models of SAH. Presum-
ably, the hemolysis that occurs outside the body releases
more Hb and other compounds which incite a greater
inflammatory response. In some animals some of the
RBCs injected into the subarachnoid space pass back
into the systemic circulation via unknown lymphatic path-
ways or through the pacchionian granulations (83,84).
The injection of RBCs and iron-containing compounds
results in inflammatory changes in the meninges of dogs
as well as the deposition of iron-positive material in epen-
dymal lining cells (85). For 2-4 days after SAH the mor-
phology of the arachnoidal villus remains normal, but a
remarkable phagocytosis occurs 10 days or more after
SAH with increased cellularity remaining as long as 3
months later (86). Macrophages produce enzymes such
as plasminogen activator, elastase, collagenase, esterase,
and lysozyme. The collagen-stimulating factor they
produce presumably acts on leptomeningeal fibroblast
target cells, causing them to lay down collagen and ulti-
mately cause fibrosis (87). The CSF of humans shows
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FIGURE 3.9 Histopathological study with hematoxylin and eosin staining of the MCA on the clot side in the
sham-operated group (A), the 3-day SAH group (B), the 1-week SAH group (C), and the 2-week SAH group (D).
Deposition of IgG was observed in the media of the vasospastic artery, and the degree of deposition correlated
with the severity and time course of VSP [reproduced with permission from Handa, Y., Kabuto, M., Kobayashi,
H., Kawano, H., Takeuchi, H., and Hayashi, M. (1991). The correlation between immunological reaction in the
arterial wall and the time course of the development of cerebral vasospasm in a primate model. Neurosurgery 28,
542-549].

iron-positive cells as early as 1 week following SAH. Such
cells increase to 8.5% of total nucleated cells in the CSF by
6 weeks after SAH and then decreases to 1% by 15-17
weeks. The iron-positive cells are all macrophages. They
persist in the CSF long after the CSF has become clear,
usually within 3 weeks of SAH. Cells stained with Perl’s
reagent identify intracellular Fe’* (88).

The induction of SAH in rats led to the inflow of
macrophages and T cells to the subarachnoid space
for 2-5 days after SAH. The peak time of appearance
of T cells and macrophages was 2 days. The helper
suppressor T cell ratio also peaked about 2 days after
SAH. Immediately after SAH only a few leukocytes
were observed in the subarachnoid space. Increased
numbers of T cell lymphocytes and macrophages were
found in the cerebral tissue within this same time frame
(89). The time course of events after SAH in rats is prob-
ably accelerated and may well be different than that in
humans.

J. Lymphocytes
1. Structure

Lymphocytes are small agranulocytes with diameters
of about 8 wm, numbering 1500-2500/mm?, and comprise
20-25% of WBCs (90, 91) (Fig. 3.10).

2. Composition

Lymphocytes contain 71% H,O. Cation content is
35 fmol/cell, of which 22-28 fmol/cell is K* and 7.9 fmol/
cell is Na*. Their Ca** content is 580-800 pmol/10° cells.
Cytosolic free Ca’" is very low. There is a relatively small
amount of ribosome RNA compared to other cells but
DNA content is the same. They have few lysosomes which
contain a variety of enzymes such as acid hydrolases. The
membrane consists of lipid and protein in equal amounts
and a small amount of carbohydrates. Phosphatidyl cho-
line is the main phospholipid. Various nucleotide
enzymes are on the surface. Activated T lymphocytes
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FIGURE 3.10 The lymphocyte; T and B cell characteristics.

can release ATP. The plasmic matrix contains filaments
and tubules containing tubulin, actin, myosin, filamin,
and others. The mechanism exists to excise and repair
DNA. The different cell surface receptors, depending on
the stimulus, can trigger a cascade of protein kinase and
phosphatases and nuclear transcriptional regulatory fac-
tors that control apoptosis, cell inactivation, prolifera-
tion, and differentiation (92).

3. Function

T lymphocytes have T cell receptors (13). There are a
few azurophilic granules in the cytoplasm. They can sur-
vive for several years and generate cell-mediated immune
responses as well as secrete numerous growth factors. The
B lymphocytes express Fc receptors and antibodies. There
are a few azurophilic granules (Fig. 3.10). They do not
survive as long as T lymphocytes (only a few months). B
lymphocytes generate humeral immune responses. Agra-
nulocytes also include null cells, which differ from T and
B lymphocytes by their lack of characteristic surface
determinants. They comprise about 5% of circulating
lymphocytes. Other agranulocytes include hematopoietic
stem cells and natural killer cells.

4. Vasospasm

Of 13 cases of SAH, 9 developed VSP. There was a
tendency for the latter cases to show decreased peripheral
blood T lymphocytes, a depression of lymphocyte phyto-

hemagglutinin, and concanavalin A response. Tuberculin
anergy was found. These results suggested that a depres-
sion of cell-mediated immunity function might be asso-
ciated with VSP (93). Patients with multiple SAH episodes
provided lymphocytes that showed reduced adherence to
fibroblast monolayers in vitro. Patients with single SAH
episodes showed no difference from normals. It was con-
sidered that the influence of 2-CdA on the adherence of
peripheral blood mononuclear cells was inversely related
to the degree of immune system activation (94).

In a canine model of VSP the immunosuppressive
agent FK-506 failed to effect the development of basilar
VSP, although there was a suggestion of a slightly reduced
lymphocytic infiltration around the basilar artery. Immu-
noglobulins (IgG, IgM, and C3) were present in the
intima and the luminal side of the smooth muscle layer
as well as brain capillaries. Their deposition may have
resulted from increased vascular permeability in VSP
(95). Similar results were obtained by a different group
(96). Human lymphocyte antigen (HLA) types were stu-
died in 45 SAH patients. HLA-Bw60 antigen showed
significant increases in patients with delayed ischemic
neurologic deficits resulting from VSP (97). The fraction
of chromium-51, labeled peripheral blood mononuclear
cells adhering to fibroblast monolayers was reduced in
SAH patients with multiple hemorrhages compared to
normal subjects. This can possibly be explained as a
depletion of activated lymphocytes from peripheral
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blood after SAH. The fraction of lymphocytes adhering
was increased by 2-CdA (94).

CD47%/CDS8 ratio and T cell-extracellular matrix inter-
actions were higher in patients after SAH and may play a
role in VSP. No significant differences were found in
major lymphocyte subsets between the patients receiving
no dexamethasone after SAH and healthy donors (98).

Ill. Coagulation

A. Coagulation Pathways

Hemostasis depends on primary platelet plug forma-
tion and secondary fibrin formation. The entire coagula-
tion cascade is activated by a complex of tissue factor and
factor VIla (13,99-104). The formation of excessive fibrin
is opposed by a tissue pathway inhibitor (103,104). Blood
coagulation is initiated when the integrity of the vascular
tree is lost as in aneurysmal rupture and blood egresses
into a nonvascular space such as the subarachnoid space.
Hemostasis, or the cessation of the escape of blood, is
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fibrinopeptides A and B from the fibrinogen molecule to
produce fibrin. Thrombin also activates factor XIII,
which crosslinks fibrin and stabilizes the developing lat-
ticework, thereby countering the fibrinolytic system.
When escaped blood contacts foreign tissues or
exposed collagen not only is platelet aggregation initiated
but also the coagulation cascade begins. Factor XII auto-
activates to XlIla and this process is speeded up when
factor XIla converts prekallikrein to kallikrein. In the
presence of kininogen factor, XIla is much more rapidly
activated. This is an early example of amplification.
Factor XI is activated on the same surface as factor
XlIIa. Factors XI and IX are then activated in sequence in
the presence of Ca®'. Factor IXa activates factors X
(Stuart factor) in the presence of factor VIII (anti-
hemophilic factor), Ca®*, and phospholipid. This series
of reactions comprises the “intrinsic” pathway. In the
“extrinsic” pathway, tissue factor or thromboplastin is
released from damaged tissue and reacts with factor VII
to form a complex that, in the presence of Ca’*, activates
factor X. The brain is an extremely rich source of tissue
factor. Activated factor Xa was recently shown to be
inhibited by a lipoprotein-associated coagulation inhib-
itor, a protease inhibitor found in plasma. The interplay
of the various factors in the coagulation cascade is extre-
mely complex and probably incompletely understood.

Fibrin Formation

Fibrinopeptide release Hydrogen bonding

The ultimate product of the coagulation cascade is
crosslinked fibrin (Fig. 3.12). It is produced by the struc-
tural change in fibrin brought about by the interaction of
factor XIII (fibrin-stabilizing factor). Fibrinogen consists
of three pairs of polypeptide chains held together by dis-
ulfide bonds. Thrombin cleaves two types of peptides to
produce fibrin monomers which rapidly polymerize var-
ious types of dimers and polymers in the minutes and
hours after initial fibrin formation.

Coagulation factors that are used up in the course of
coagulation include factors I, V, and VIII. Thrombin
interacts with these three factors plus factor XIII. All of
these factors increase during inflammation. Another dif-
ferent group of coagulation factors is the prothrombin
group composed of factors I, VII, IX and X, which all
require vitamin K for synthesis and Ca?* for activation. A
third group of coagulation factors is the contact group,
which includes factors XI, XII, and prekallikrein, which
are not dependent on vitamin K for synthesis and are not
calcium dependent (13).

Blood coagulation proteins have variable half-lives
in plasma: factor VIII, 12 hr; fibrinogen, 3-5 days;
antithrombin III, 2.5-4 days; prothrombin, 2-5 days,
factor XI, 2.5-3.3 days; protein S, 1.75 days; factor
X, 1.25 days; factor IX, 1 day; and the remainder
less than 1 day (105). The survival of these coagulation
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factors within the CSF space would probably not be
longer.

A case of ruptured aneurysm with hemophilia B has
been reported. Factor IX was only 22.5% of control. The
patient rebled postoperatively and died (106). Two SAH
cases of women affected by congenital deficiency of factor
VII who had SAH were reported (107).

In humans following SAH, IL-6 and platelet-activating
factor increased for up to 14 days following SAH, IL-1
showed a transient increase only between 5 and 9 days
post-SAH, and tumor necrosis factor-a remained
unchanged. The highest levels of platelet-activating factor
and von Willebrand factor as well as thrombin-antith-
rombin IIT complex were found in patients who developed
delayed ischemic deficits from VSP. A hypercoagulable
state following the SAH was associated with VSP as
evidenced by these changes in internal jugular venous
blood (108).

B. Coagulation Inhibitors

There are also a group of plasma proteins that act to
inhibit coagulation (Fig. 3.12) (102). These include o5-
macroglobulin, antithrombin 111, and «-proteinase inhib-
itor. Antithrombin III inhibits factors XIIa, Xla, Xa,
IXa, and thrombin. Its activity is greatly magnified by
heparin.

The effects on thrombin are normally limited to the
site of vascular injury because (i) thrombin is directly
inactivated by plasma protease inhibitors, including
ay-macroglobulin and «;-antitrypsin; (ii) thrombin-
antithrombin complex formation prevents the escape of
thrombin into the circulation; and (iii) thrombin is bound
to the thrombomodulin receptor on the luminal surface of
endothelial cells and this complex is unable to cleave
fibrinogen.

CSF from patients following SAH has been analyzed
for the presence of membrane-bound tissue factor and
thrombin—antithrombin HI complex. In the interval of
0-4 days post-SAH, levels were higher in poor-grade
patients. High levels were predictive of VSP in the period
5-9 days post-SAH. Only the membrane-bound tissue
factor correlated with outcome. Thrombin-antithrombin
11 complex did not correlate with VSP during the interval
when it most commonly occurs, which suggested that
thrombin activation would not be the cause of VSP
(108). If thrombin-antithrombin III complex levels were
greater than or equal to 25 ng/ml and plasmin-a-2plasmin-
inhibitor complex levels were greater than or equal to
3 g, only 25% of SAH patients had a good or fair out-
come. With lower levels 83% had a good outcome. The
levels of these complexes did not vary between patients
with VSP or those without VSP (109).

Changes in blood coagulation and fibrinolysis were
studied after SAH. The activated partial thromboplastin
time, fibrin and fibrinogen degradation products, fibrino-
gen, and platelet aggregation rates were all found to be
abnormal in the acute phase and related to outcome (110).

C. Anticoagulants

The value of therapeutic anticoagulants is better estab-
lished in the treatment of venous thromboembolic disease
than arterial thrombosis (13,99,111). Bleeding occurring
during oral anticoagulation is treated by discontinuance
of the coumadin, intravenous vitamin K and concentrates
of coagulation factors or fresh frozen plasma. Most com-
mon coagulation tests do not measure platelet activity
since they are performed in cell-free systems. The pro-
thrombin time (PT) is performed by adding Ca®* and
thromboplastin to plasma which rapidly activates factor
VII to form a clot. The partial thromboplastin time (PTT)
is carried out by adding Ca?* and phospholipid to plasma.
It is a test of the intrinsic coagulation cascade. Factor VII
deficiency resulting from coumadin (Warfarin) is reflected
in a prolongation of the PT. Heparin is monitored by the
PTT because heparin enhances the efficiency of the main
inhibitor (ATIII) of activated factors IX—XII (thrombin).

Kapp et al. (112) compared 112 consecutive patients
with SAH receiving heparin and carotid ligation with
patients receiving carotid ligation alone as reported by
the Cooperative Study on Aneurysms. In the group
recetving heparin, ischemic complications occurred in 6%
compared to a 23% complication rate for the historical
cooperative study control group. Mortality rates were
apparently reduced from 16 to 10%. The use of historic
controls severely limits the interpretability of this result
(112). It is conceivable, however, that platelet micro-
thrombosis was favorably affected.

D. Fibrinolytics

The system that breaks down fibrin and protects the
body from uncontrolled intravascular coagulation
involves plasminogen, plasminogen activators, and o;-
antiplasmin (113). Primary fibrinolysis occurs when plas-
min is generated from plasminogen by an activator in the
plasma. In distinction to this secondary fibinolysis is when
plasmin is generated within a formed clot by an activator
that is also present in the fibrin clot. Secondary fibrin-
olysis is the normal mechanism of clot degradation
initiated by t-PA (Fig. 3.13).

Fibrinolytic agents lyse fresh thrombi (114,115). They
have been used systemically for the treatment of pulmon-
ary embolism or arterial thrombosis. Natural lysis of
coronary or cerebral arterial thrombi occurs within 24 hr
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FIGURE 3.13 Factors involved in fibrinolysis and antifibrinolysis.

in up to one-third of cases, but this is generally too slow a
process to prevent infarction. t-PA has exceptionally high
affinity for fibrin and theoretically can lyse thrombi with
less systemic activation of fibrinolysis than u-PA or strep-
tokinase (13).

The inactive form of plasminogen circulates in the
blood. Coagulation causes the release of t-PA from
endothelium and other tissues which then converts plas-
minogen to plasmin. Plasmin can dissolve fibrin clot and
produce fibrin degradation products. Both plasmin and
plasminogen activator are bound to fibrin during its forma-
tion, thereby ensuring the subsequent localization of the
fibrinolytic response to the actual site of thrombosis. Any
plasmin that diffuses away from the clot is inhibited
by circulating ay-antiplasmin. The circulation of high
quantities of plasmin is prevented since it would digest
the circulating fibrinogen as well as fibrin localized within
clot.

Prevention of VSP in experimental animals by rapid
lysis and clearance of SAH by t-PA has been reported.
Plasmin inactivators are not attracted to fibrin and tend
to remain in circulating blood. Endothelial cells are the
major source of t-PA and release in response to such
stimuli as injury, ischemia, and vessel occlusion. Little
free t-PA circulates in blood because it is rapidly bound
to a circulating inhibitor protein and subsequently cleared
by the liver. Urokinase-type plasminogen activators are

produced by fibroblasts, endothelial cells, leukocytes, and
platelets.

Large-volume SAH may activate coagulation from
contact with collagen fibers in the arachnoid trabeculae
and by release of thromboplastin from brain tissues and
the meninges (116). Plasminogen enters the subarachnoid
space with the arterial blood and is incorporated into the
fibrin clot. A small amount of t-PA may accompany the
SAH as well and more may be released from inflamed
meningeal vessels, from breakdown of the BBB, and from
deposited platelets coming out with the SAH and leuko-
cytes associated with the inflammatory response (117-
119). Fibrinolysis in the subarachnoid space after SAH
is generally quite limited. That fibrinolysis does occur is
demonstrated by the progressive presence of fibrin degrad-
ation products (120).

Fibrinolysis would not remove the RBCs but it might
disperse them, thereby reducing the concentration of
vasoconstrictor agonists on the blood vessel adventitia.
The dispersing of RBCs might also permit faster phago-
cytosis by macrophages within the CSF pathway. It is
unknown to what extent erythrocytes can leave the sub-
arachnoid space by perineural or transpacchionian granu-
lation routes. These are probably extremely limited if in
fact they exist.

Recently, in patients with thick subarachnoid clot at
high risk from VSP, t-PA has been employed locally
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within the subarachnoid space to hasten the dissolution of
the fibrin mesh holding the RBCs and presumably high
concentrations of spasminogen directly up against the
blood vessel adventitia. In primate experiments this was
shown to prevent chronic VSP. Clinical studies have been
suggestive but not definitive in support of this form of
prophylaxis.

Thrombolytic agents act directly or indirectly as plas-
minogen activators. Plasminogen is the inactive proteo-
lytic enzyme of plasma which binds to fibrin during
thrombus formation. Fibrin-bound plasminogen is more
susceptible to activation than is plasma plasminogen.
Different plasminogen activators have unique properties
that affect the rate and specificity of plasminogen activa-
tion, but ultimately all cleave a specific peptide of a plas-
minogen molecule. Agents with a high propensity to
activate plasma plasminogen are less “fibrin selective™ .
The plasma half-lives of different plasminogen activators
vary. The one-chain form of t-PA activator has a half-life
of 5 min compared to 8 min for the two-chain form, and a
higher dosage is required for induction of the Iytic state.
Thrombolytic agents include streptokinase (SK) acylated
plasminogen streptokinase activator complex (APSAC),
urokinase (UK), recombinant single chain urokinase plas-
minogen activator, and recombinant tissue-type plasmi-
nogen activator. t-PA has no known incidence of allergic
side effect. When used intravascularly 150 mg of t-PA
over a period of 6 hr is associated with a 1.6% incidence
of ICH when used for coronary thrombolysis. Thrombo-
lytic agents do not distinguish between the fibrin of the
thrombus and the fibrin of the homeostatic plug so they
are ‘“‘double-edged swords.” Plasminogen activation
decreases certain clotting factors and impairs coagulation.
They also cleave receptors on the surface of platelets to
impair adhesion and aggregation. Membrane glycopro-
teins on the surface of the vessel endothelial cells may
also be cleaved, which impairs platelet-fibrin adhesion.
Structural proteins in the matrix of vessel walls may be
affected to impair fibrin and cellular attachment. The
result of these changes can be a poor response to vascular
injury. Plasminogen activation results in cleavage of
thrombospondin, fibronectin, and fibrinogen in the plate-
let aggregate of a hemostatic plug which results in disag-
gregation. In conjunction with the fibrinolysis of the
fibrin within the plug leading from sites of previous vas-
cular injury can occur. The dosage of tissue t-PA required
to achieve coronary reperfusion in humans is 10-fold that
required in animals and a lytic state is frequently pro-
duced. A lesser degree of hypofibrinogenemia is produced
by t-PA than by SK at doses that result in equally success-
ful reperfusion. In randomized trials, rapid lysis of 75% or
more of the thrombus in proximal deep veins of lower
extremities has been achieved in more than half the

patients given a thrombolytic agent, which is much better
than the 6% improvement with heparin alone. Thrombo-
lytic therapy is currently employed for a wide variety of
pathological venous and arterial thromboembolic condi-
tions. The thrombolytic agents vary in relation to fibrin
selectivity and half life in the circulation. Less fibrin-selec-
tive agents, such as SK, APSAC, and UK, have longer
half-lives and therefore potentially cause more severe and
sustained hypocoagulable states. Used for coronary
thrombosis, t-PA must be infused for 3 or more hr in
order to provide a continuous supply of fresh agent to
the thrombus. The cost of drugs to treat myocardial
infarction is $200 for SK and $2200 for t-PA (100 mg) or
UK (3 million units) (121).

Fibrinolysis acts to maintain vascular patency by the
proteolytic degradation of fibrin. Local control of fibrino-
lysis involves the coordinated interaction of enzymes,
zymogens, and inhibitors. Both the coagulation and
fibrinolytic pathways have common features such as the
amplification of proteolysis by conversion of substrate
proenzymes to active serine proteases and in sharing of
regulatory proteins. For instance, factor XIIa participates
in both intrinsic coagulation and intrinsic plasminogen
activation, and antithrombin III is an inhibitor of both
thrombin and plasmin. Plasminogen activators are serine
proteases with restricted substrate specificity so that they
catalyze the hydrolysis of the Arg 561-Val 562 bond in the
zymogen, plasminogen, to produce plasmin. The latter
has broad trypsin-like specificity so that the performance
of fibrinolysis requires localization of plasminogen activa-
tion within the fibrin mesh. Fibrin-bound plasmin is pro-
tected from neutralization by the inhibitor a;-antiplasmin,
and the endogenous activator t-PA has a high affinity for
fibrin. Physiological thrombolysis is the local activation of
fibrin-bound plasminogen in an inhibitor-free environ-
ment. Endothelial release of t-PA is increased by catechola-
mines, vasoactive agents such as ACh, 5-HT, bradykinin,
histamine, vasopressin, and thrombin. Release of t-PA can
be reduced by intracellular cyclic adenosine monopho-
sphates (prostacyclin and prostaglandin E|) and certain
inflammatory agents. The determinacy of clearance of
fibrinolytic agents depends on the mode of administra-
tion, tissue uptake, proteolysis, and circulating antipro-
teases. Responses to t-PA can be influenced by changes in
the level of endogenous antiproteases such as plasminogen
activator inhibitor-1 and other proteins. t-PA was discov-
ered in the mid-1940s (122).

A fibrinolytic system digests fibrin and removes fibrin
clot once hemostasis is achieved. Lysis is due to the incorp-
oration of fibrinolytic system components into the clot
during its formation. They include activators and inhib-
itors of fibrinolysis. Normally, fibrinolysis proceeds
slowly relative to coagulation. Plasminogen is central to
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fibrinolysis, a zymogen that is converted via activators to
the enzyme plasmin. Hemostatic substrates of plasmin
include fibrin, fibrinogen, the thrombin-activated form
of factors V and VIII C, and platelet membrane glycopro-
tein Ib. Activation of plasminogen can be initiated by
t-PA, urokinase, and the contact system of coagulation.
Fibrinolysis may be inhibited by specific inhibitors such as
plasminogen activator inhibitor (PAI); a;-plasmin inhib-
itor (a,-PI), which inhibits plasmin; and cofactors such as
fibrin, which promotes t-PA-induced activation of plas-
minogen and alterations in the production and release of
plasminogen activator. Plasminogen is produced in the
liver and is a glycoprotein with a plasma concentration
of 20mg/dl. It is a two-chain, disulfide-linked molecule
with a heavy and light chain. The heavy chain possesses
the five kringles with associated lysin binding sites that are
responsible for binding plasminogen and plasmin to
fibrin, e-aminocaproic acid, op-plasmin inhibitor, and
other molecules. Plasmin is inhibited by a variety of serine
protease inhibitors of which at least nine have been iden-
tified in human plasma. The half-life of t-PA in the circu-
lation is 2-5 min due to hepatic clearance and binding to
fibrin. Plasma concentrations of t-PA range between 5
and 10ng/ml. Fibrinogen and fibrin are major substrates
for plasmin. t-PA is difficult to measure because of its low
levels in blood. If patients are receiving rt-PA normally
they would be monitored by PT, APTT, thrombin time,
fibrinogen, plaminogen and ap-plasmin inhibitor level,
fibrin(ogen) split products, soluble fibrin, fibrinopeptide
A, t-PA, and PAI (123).

Fibrinolytic agents dissolve stasis thrombi with vari-
able efficiency in different species. Nonprimate clots are
more resistant to dissolution by t-PA in vitro. t-PA is the
fibrin-selective, intrinsic thrombolytic agent. It is pro-
duced by human tissue as a single-chain plasminogen
activator and urokinase plasminogen activator.

The conversion of plasminogen to plasmin is stimu-
lated by plasminogen activator such as t-PA and inhibited
by plasminogen activator inhibitor. The breakdown of
fibrin to fibrin degradation products is accelerated by
plasmin and blocked by a,-PI. Plasminogen activators
are present in most normal and neoplastic tissues. t-PA
is a serine protease that has a high specific activity in
converting plasminogen to plasmin through cleavage of
a single peptide bond. Endothelial cells are the principal
physiological source of t-PA but it can be produced from
other tissues and tumors (113).

t-PA is synthesized as a single-chain molecule of 530
amino acid residues. It can be converted to a two-chain
form by plasmic cleavage. The two-chain form has a
greater binding affinity for fibrin. In vivo t-PA is released
from endothelial cells by stimuli such as thrombin, exer-
cise, venous stasis, and DDAVP administration (113).

Plasminogen has a plasma concentration of 24 pM and
half-life of 2.2 days. Plasmin has a similar molecular
weight but is not normally found in plasma and its plasma
half-life is 0.1 sec. t-PA has a MW of 72kDa, one or two
chains, a plasma concentration of only 2 ng/ml, and half-
life of approximately 5 min. The single-chain form is
rapidly converted to the two-chain form by plasmin in
the presence of fibrin. Most t-PA circulates in complex
with its inhibitor. «;-Plasmin inhibitor has a plasma con-
centration of 1 uM and a plasma half-life of 3 days. All
plasminogen activators share the ability to form plasmin
from the inactive zymogen plasminogen. Plasmin interacts
with inhibitors in such a way as to provide for intermittent
activation at sites of fibrin deposition without initiating a
systemic fibrinolytic state. Plasmin bound to fibrin is
inactivated much less readily than free plasmin. Plasmino-
gen activator inhibitor-I is present in plasma, platelets,
endothelial cells, and the endothelial cell matrix. Fibrino-
gen has a molecular weight of 340kDa and consists of
three polypeptide chains. Thrombin cleaves fibrinopep-
tide A and B from fibrinogen (113).

When blood clots, fibrin forms a matrix and enmeshes
RBCs, platelets, and WBCs. When clot is broken
down plasmin breaks fibrin into several degradation
products. Plasmin circulates in the blood as its inactive
proenzyme-plasminogen, which is activated by plasmino-
gen activators. The plasmin has a high affinity for fibrin
and is incorporated into the fibrin blood clot as it
forms (124).

The major human plasminogen activators are tissue
type (t-PA) and urokinase type (UK). Like plasmin, t-
PA has special affinity for fibrin and is partly sequestered
in blood clot. Unless it is bound to fibrin, t-PA is relat-
ively inefficient in activating free plasminogen but it can
rapidly form plasmin from plasminogen which is already
incorporated into the clot. Endothelial cells are a major
source for t-PA. The BBB normally excludes high-
molecular-weight serum proteins from the CSF so that
the levels of coagulation proteins in normal CSF are only
about 1-5% as high as those in the blood (4). Normal CSF
is generally considered to lack plasminogen activators and
fibrinolytic activity (4,117,118). With SAH plasminogen
flows into the subarachnoid space with the arterial blood
and is incorporated into the fibrin clot. Small amounts of
t-PA enter with the SAH and more may be produced from
inflamed meningeal vessels, breakdown of the BBB,
platelets associated with the SAH, and WBCs associated
with the subsequent inflammatory response. Fibrinolysis
in the subarachnoid space after SAH is apparently limited
(125); however, the appearance of fibrin degradation
products in CSF post-SAH is proof that subarachnoid
clot fibrinolysis occurs. It is unknown to what extent
fibrin degradation products represent damage to the
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blood-CSF barrier or true subarachnoid fibrinolysis
(124).

E. Antifibrinolysis

Following the formation of a fibrin-platelet plug in the
rent in the aneurysmal dome through which blood
escaped to form a clot in the subarachnoid space, there
are two mutually contradictory therapeutic aims. One is
to stabilize the clot and facilitate the fibrous healing of
the aneurysm until it can be definitely treated and the
second is to lyse the subarachnoid clot and reestablish
normal CSF circulation around the basal conducting
arteries. CSF does not normally contain plasminogen
activator activity but gains this following SAH.
Obviously, the faster clot lysis is accomplished, the less
will be the exposure of the VSMC to the vasoconstrictor
agonists.

In the early decades of direct surgery for aneurysms the
preservation of the hemostatic plug took precedence over
the dissolution of the subarachnoid clot since surgery was
generally delayed for a week or two and rebleeding was
considered the principal threat. Antifibrinolytic therapy
was therefore instituted and widely practiced. The
stability of the hemostatic plug is enhanced by naturally
occurring inhibitors of the plasminogen tissue activator:
plasminogen activator inhibitor-1 and op-antiplasmin.
These naturally occurring compounds are not available
for use therapeutically but synthetic lysine analogs fulfill
the same function. These are e-aminocaproic acid
(Amicar) and tranexamic acid, which are able to bind to
the lysine binding sites of plasminogen, inducing a
conformational change in the protein. Curiously, these
antifibrinolytic drugs activate plasmin (the fibrinolytic
molecule) but they prevent the binding of plasmin to
fibrin, thereby preventing fibrinolysis. Tranexamic acid
is 6-10 times more potent on a molar basis than Amicar.
Amicar is given iv 0.1 g/kg over 30 min followed by con-
tinuous iv infusion of 0.5-1g/hr. Eighty percent of the
intravenous dose is cleared within 3 hr. The most common
side effects are nasal stuffiness, abdominal cramps,
nausea, vomiting, diarrhea, and rashes. Rare but more
serious side-effects include myonecrosis, hypersensitivity
reactions, and possibly thrombosis. Thrombocytopenia
may be seen if doses exceed 21/g/day.

In the Cooperative Aneurysm Study on Timing of
Aneurysm Surgery the rebleeding rate was 11.7% in 467
patients treated with Amicar and 19.4% in 205 patients
not receiving this drug. Concurrently with a decrease in
bleeding rates was an increase in focal ischemic events that
rose from 22.7 to 32.4% with Amicar treatment. Overall
mortality rates were virtually identical at 1 month follow-
ing SAH (126). In a prospective randomized trial of tran-

examic acid, rebleeding rates were 9% with drug treatment
versus 24% without, but again infarction rates increased
from 15% without treatment to 24% with treatment. Over-
all mortality rates were virtually identical (120). In
another tranexamic acid trial bleeding rates were not
reduced with therapy but cerebral infarction was
increased (27 vs 11% in 100 patients) (127).

Based on these results and the results of other studies
(126,128-132) the routine prophylactic use of antifibrino-
lytic drugs in the setting of recently ruptured aneurysms
has been abandoned. There might still be a role for such
therapy in the rare case in which early admission occurs if
early clipping or coiling of the ruptured aneurysm is
impossible due to some medical or technical consideration
and if the initial CT scan indicates a very small amount of
subarachnoid blood with a resultant low expectation of
DID from VSP (133).

Also, preoperative high-dose €-aminocaproic acid
therapy has been evaluated as a means of reducing
rebleeding rate in patients having early surgical interven-
tion. This was used in 307 patients and only 1.3% suffered
a recurrent hemorrhage. Twenty-three percent of the
patients developed symptomatic VSP and 8.1% had an
infarction (134).

F. Thrombin

1. Role in Coagulation

o-Thrombin is a serine protease generated from its
circulating zymogen prothrombin as the final clotting
event of blood coagulation (Fig. 3.14) (135). It is the
coagulation enzyme found in highest concentration and
is central to the bioregulation of hemostasis. It functions
to activate and transform plasma proteins such as fibrino-
gen in the coagulation cascade and to stimulate platelets
and other cells to initiate mitogenic events, its catalytically
inactivated forms possess biological activities with leuko-
cytes and other cells, and it binds to the endothelial cell
protein thrombomodulin (136). As a potent activator for
a variety of cellular-mediated events, receptors for throm-
bin can be found on many different cellular types, includ-
ing platelets, endothelial cells, fibroblasts, leukocytes, and
neurons. Most of these cellular events require the proteo-
lytic activity of thrombin (137). It has been known for
decades that thrombin can induce endothelial injury to
blood vessels (138).

The predecessor of thrombin is prothrombin which
circulates in the plasma with a half-life of 2.5 days and
has a concentration of 1.4 w.M as an inactive zymogen of
MW 72kDa (105). Thrombin can be formed by two
pathways, one is the contact pathway of coagulation,
consisting of plasma proteins activated by negatively
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FIGURE 3.14 Antithrombotic intervention. Distinct modes are shown
for coumarins (vitamin K antagonists), heparin and related substances,
heparin fragments, direct thrombin inhibitors (e.g., Argatroban, hiru-
dins, and Bilvalirudin), aspirin and related compounds, platelet II;,/III,
inhibitors, and polymerization inhibitors. Coagulation factors are design-
ated by Roman numerals. ATIII, antithrombin III; F1.2, prothrombin
fragment 1.2; PL, phospholipids; AR, acitvated receptor(s) on cells;
TEPI, tissue factor pathway inhibitor; TF, tissue factor; APC, activated
protein C; tPA, tissue plasminogen activator; uPA, urokinase plasmino-
gen activator [reproduced with permission from Fenton, J. W., Ofosu,
F. A., Brezniak, D. V., and Hassouna, H. I. (1998). Thrombin and
antithrombotics. Semin. Thrombosis Hemostasis 24, 87-156].

charged surfaces, and the other is initiated when calcium
and phospholipid-rich extra vascular tissue protein
extracts come in contact with plasma. The expression of
a-thrombin is contributed to by many protein factors.
The generation of thrombin is the core reaction of both
normal hemostasis and thrombosis. Thrombin can be
produced in under 5 min and can activate numerous of
its own precursor coagulation proteins. a-Thrombin is
derived from the carboxy terminal of the prothrombin

molecule and consists of two disulphide chains, A and B.
The normal inhibition of thrombin in the plasma is due to
antithrombin III, a protease inhibitor, and «-macrogo-
bulin. In circulating plasma there is an adequate concen-
tration of antithrombin III to suppress any thrombin.

2. Other Functions

Thrombin triggers platelet aggregation, secretion, and
formation of thromboxane A, as well as smooth muscle
contraction (139). It also causes proliferation of fibro-
blasts, chemotaxis of monocytes, and mitogenesis of cer-
tain other cells. In the circulation it is rapidly bound to
high-affinity binding sites on endothelial cells and causes
them to release plasminogen activator, platelet-activating
factor, ET, prostacyclin, and EDRF. It may produce
these effects in a biphasic fashion. Generally at higher
concentrations than those used for relaxation, thrombin
causes concentration-dependent, slowly developing, sus-
tained contraction and this has been shown in a variety of
arteries and veins from different species. The thrombin-
induced contractions are not dependent on the presence of
endothelium. It is resistant to repeated washouts. The
contraction responses to thrombin can be inhibited by
both hirudin and synthetic thrombin inhibitors such as
a-NAPAP. By using various blockers it has been shown
that PG, catecholamines, ACh, and histamine are not
involved in the thrombin-induced contraction. The
thrombin effect, however, does depend on extracellular
Ca’t concentration. The thrombin-induced contractions
are dependent on the enzyme being catalytically active.
Thrombin-induced contractions of several vessels from
different species have also been inhibited by the synthetic
thrombin inhibitors PACK and MD 805. Noncoagulant
forms of thrombin {(B-thrombin, y-thrombin, and nitro-
thrombin) are unable to clot fibrinogen but still produce
contractions. Thrombin-stimulated cellular effects are
receptor mediated, which requires both receptor occu-
pancy and proteolytic activity of the enzyme. The recep-
tors belong to the G protein-coupled family of receptors.
Activation of cell surface thrombin receptors initiates
signal transduction which ultimately mobilizes cytosolic
Ca”*, and protein induces phosphorylation. The receptor-
mediated effector coupling involves guanosine tripho-
sphate-binding regulatory proteins and stimulation of
phospholipase C. Inositol-1,4,5-triphosphate and 1,2-dia-
cylglycerol are produced.

In human plasma the amount of prothrombin suffices
to generate an «-thrombin concentration of about
150 U/ml (139). Cellular binding and inactivation by
plasma protease inhibitors reduce the actual concentra-
tion of thrombin during clotting of whole blood to
approximately 10-20 U/ml. During fibrin clotting and
thrombosis, active thrombin is incorporated into the
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growing clot. It remains active with a long half-life and is
protected from inactivation by antithrombin III. Incorpor-
ated thrombin in its active form can be released gradually
through spontaneous thrombolysis or during the stage of
thrombus organization (139).

At the site of vascular injury thrombin is generated and
participates in the coagulation cascade and also signals
other events related to the development and complica-
tions of atherosclerotic plaques. Thrombin-stimulated
cells may increase production of matrix metalloprotein-
ases. These substances digest collagen and elastin and
may promote cell migration and vascular remodeling
(140). The thrombin-generating potential of apoptotic
VSMCs was even greater than that of inactivated platelets
and similar to that of calcium-ionophore-activated plate-
lets in rat cells. The thrombin-generating capacity is sec-
ondary to phosphatidylserine exposure (141).

Recently, specific thrombin receptor blockers have
been developed. These show greater promise in being
specific inhibitors of thrombin-induced constriction
than substances that act at postreceptor sites such as
inhibitors of phospholipase C and protein kinase C
or calcium antagonists, all of which have nonspecific
effects and inhibit a huge variety of receptor-mediated
processes (139). However, currently thrombin receptor
antagonists lack potency and some are only partial
agonists (142).

3. Vascular Effects

Thrombin is central to hemostasis because it activates
the cascade and induces VSMC contraction (139). It can
stimulate intact endothelium to produce EDRF by the
release of NO and prostacyclin. In the absence of
endothelium the direct effect on VSMC is sustained con-
traction. Thrombin activates a unique receptor, which is a
member of the rhodopsin superfamily with seven trans-
membrane domains and a large extracellular amino-ter-
minal extension. In cultured VSMC thrombin receptor
activator leads to activation of phospholipase C, hydro-
lysis of phosphatidylinositol 4,5-biphosphate, and the
production of two intracellular messengers, IP; and
DAG. IP; releases sarcoplasmic reticular Ca?* stores
and DAG activates PKC.

Thrombin facilitates the induction of ET-1 gene
expression to release 5-HT and a platelet-derived cofactor
from platelets and the recruitment of inflammatory cells.
ET, 5-HT, and platelet-derived growth factor are all
potent vasoconstrictors.

Plasminogen activator inhibitor-1 is the principal inhib-
itor of plasmin formation promoted by tissue plasmino-
gen activators. Thrombin increases plasminogen activator
inhibitor-1 antigen, biological activity, and gene expres-
sion in cultured baboon aortic smooth muscle cells.

Thrombin not only increases plasminogen activator inhib-
itor-1 transcription but also proteolytically cleaves plas-
minogen activator inhibitor-1 from the extracellular
matrix of VSMCs (143). a-Thrombin impairs the expres-
sion of inducible NOS mRNA and protein in VSMC
normally induced by IL-1B. Thrombin regulates the
expression of inducible NOS at a transcriptional level by
proteolytically activating the thrombin receptors in
VSMCs (144).

Under the influence of physical changes such as
hypoxia or receptor-operated stimuli such as thrombin,
endothelial cells produce exclusively ET-1. Most of the
ET is released abluminally toward the VSMCs. The main
vascular effect of ET-1 is a transient minor vasodilation
followed by profound and sustained vasoconstriction as
well as proliferation of VSMCs (145).

4. Animal Experiments

Thrombin as well as thrombin receptor activating pep-
tide can produce sustained contraction of endothelium-
denuded porcine pulmonary arteries. The vasoconstric-
tion is strongly dependent on extracellular calcium. The
PKC inhibitor staurosporine completely inhibits the tonic
contraction phase which is presumed due to the activation
of PKC (146). Trypsin and other serine proteases elevate
(Ca?*)i in cultured rat aortic cells, following which the
cells become nonresponsive to thrombin Ca?* mobiliza-
tion. The amount of Ca?* released by thrombin or trypsin
seems to depend on the morphology of the cell and the
state of the thrombin receptor (147).

Thrombin effects vascular cells by proteolytic activa-
tion of G protein-coupled receptors which are rapidly and
irreversible desensitized. S-HT stimulates the expression
of thrombin receptors on VSMC by activating its recep-
tors, which subsequently activate PKC and also protein
tyrosine kinases. The upregulation of plasma membrane
thrombin receptors by 5-HT released from aggregating
platelets at sites of vascular injury perhaps potentiates
the mitogenic actions of thrombin on the vascular wall
(148). Treatment of quiescent rat aortic smooth muscle
cell with either a-thrombin or thrombin - receptor-derived
agonist peptide causes a pronounced increase in [*H]
thymidine incorporation. Both thrombin and the other
agonist peptide lead to rapid tyrosine phosphorylation of
several proteins (149).

When thrombin is injected into the spinal fluid there is
a marked inflammatory response consisting mainly of
polymorphonuclear cells. Over the same time period, in
dogs the PG F,, and E, levels both increase significantly.
These PGs are known to increase during inflammation.
Shortly after these observations were made, purified
human and bovine thrombin were noted to induce tonic
contractions in isolated canine arteries. Thrombin, as a
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spasmogen, had a slower onset of action than 5-HT or PG
F,, but was more potent. Its tonic contraction was not
terminated by equivalent washing. The contraction was
inhibited by prostacyclin (150). The same investigators
subsequently showed that nimodipine, a calcium channel
blocker, could reduce the contractions induced by throm-
bin as well as blood 5-HT and PG F,, (151). Canine
arterial rings showed dose-dependent contraction to «-
thrombin. The mesenteric and renal artery rings did not
contract but the coronary and basilar ones did following
an initial period of relaxation. The initial basilar artery
relaxation to a-thrombin was blocked by removal of the
endothelium or heating the a-thrombin (152). Human «-
thrombin in physiological concentrations caused rabbit
thoracic aorta to slowly contract. The clotting activities
could be impaired by chemical manipulation without
interfering with the contractile activity. The thrombin-
induced contractions were inhibited by D-600 but not by
atropine, phentolamine, or indomethacin. The aortic pre-
parations with intact endothelium relaxed in the presence
of very low concentrations of a-thrombin prior to con-
tracting in response to higher concentrations.

The contractile responses in canine arteries to throm-
bin, uridine triphosphate, 5-HT, and KCl were all inhib-
ited by antithrombin IH. ay-Macroglobulin also inhibited
the contractile response to thrombin, KCI1, and 5-HT.
The serine protease kallikrein selectively blocked the
thrombin-induced contraction (153).

Rabbit aorta was contracted by human plasma
exposed to thromboplastin Ca?*. The spasm developed
slowly and persisted after washout. The agonist produced
contraction lasted less than 3 min and its duration
paralleled that of thrombin in plasma. Human «-throm-
bin also caused a similar contraction of this preparation
which was not inhibited by phenoxybenzamine, atropine,
or angiotension inhibitor but was blocked by hirudin.
Heparin caused partial relaxation (154). In canine cereb-
ral arteries thrombin caused slight and transient relaxa-
tion followed by dose-dependent, persistent contraction.
Treatment with MD 805 (a synthetic inhibitor) attenuated
this contractile response in a dose-dependent fashion. The
thrombin-induced contraction did not occur in Ca**-free
media. The calcium antagonist verapamil attenuated the
contractile response of basilar artery to thrombin and
KCI (155). The effect of bovine thrombin on rabbit aortic
ring preparations was studied, and it was shown that the
contractions increased when the endothelium was
removed and that the contractions were dependent on
Ca®" in the bath. Two specific thrombin inhibitors were
found to be potent inhibitors of thrombin-induced con-
traction but this required higher concentrations than
those for these inhibitors to inhibit fibrinogen clotting.
The thrombin-induced effect was not mediated by PG,

catecholamines, ACh, histamine, or 5-HT (156). Rabbit
aortic rings denuded of endothelium were reversibly con-
tracted by both thrombin and trypsin. Such contractions
were reduced to 30% of control after removal of extra-
cellular Ca%* and to 70% of control by the Ca?* channel
blocker nifedipine. Precontraction by a maximally effec-
tive concentration of thrombin prevented a second con-
traction to subsequent thrombin applications (157).
Rabbit arterial rings contracted by 5-HT could be relaxed
by the endogenous plasma glycoprotein antithrombin III.
Additionally, animals sacrificed on day 3 post-SAH
showed less VSP if they had received a 2-hr intracisternal
infusion of antithrombin III (158). In guinea pig coronary
artery thrombin had a dual action on thromboxane A,-
induced contractions—an initial relaxation followed by
contraction. In endothelium-denuded tissues thrombin
enhanced the thromboxane Aj-induced contraction with-
out any preceding relaxation. Studies of the membrane
potential of the artery showed that both thrombin and ET
consistently depolarized the membrane (159). Bovine car-
otid arteries were contracted on exposure to thrombin.
The contraction induced by thrombin was similar to that
produced by ET. In the presence of 1.5nmol/liter Ca®*
there were similar contractions at the 107® and 10~7 mol/
liter doses of both agonists. Median effective dose of both
agonists was 8 x 1078 mol/liter. The thrombins induced
contractions were completely relaxed with the addition
of the adenylate cyclase activator forskolin (10 pmol/
liter) or the guanylate cyclase activator sodium nitroprus-
side (10 wmoi/iter). Following thrombin stimulation there
was an increase in tyrosine phosphorylation of a 44-kDa
protein corresponding to the mitogen-activated protein
kinase and this peaked after 1 min of thrombin stimula-
tion. Prothrombin in blood is able to generate thrombin
concentrations of 130-160 U/ml (160).

5. Effects on Brain

Thrombin can produce brain injury by direct brain cell
toxicity. Intracerebral injection of thrombin produced
focal motor seizures in all animals. Seizures could be
prevented by a thrombin inhibitor added to the thrombin.
Thrombin injection increased local water content, Nat
and CI~ ion content, and it reduced K* content (161).
Thrombin has been shown to contribute to the formation
of brain edema following ICH using a rat model. Throm-
bin induces BBB disruption as well as death of paren-
chymal cells without affecting rCBF and vasoreactivity.
These workers previously showed that the degree of
conversion of prothrombin to thrombin in a clot corre-
lates with the amount of brain edema around the hema-
toma. Brain edema following ICH can be attenuated by
thrombin-specific inhibitors. Whole blood produces more
edema than either plasma or RBCs alone (162).
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6. Human Studies

Prothrombin is converted to thrombin over 2-7hr
depending on the cellular makeup of clot. Thrombin
binds to fibrin and is protected from inactivation while
in the clot matrix and is released slowly from the hema-
toma during fibrinolysis. Thrombin is released from intra-
cranial clot in humans over a period of 2 weeks after the
hemorrhage (163).

Human basilar arteries obtained within 24 hr of death
from non-SAH cases were studied in response to KCI, 5-
HT, PG, D,, PGF»,, and plasmin. Thrombin reduced the
basal tone in these human arterial segments and inhibited
the contractions elicited by KC1, PGF,a, and plasmin.
The relaxant effect of thrombin was dependent on intact
endothelium and showed tachyphylaxis. Antithrombin III
also reduced the basal tone in the arteries and inhibited in
a concentration-dependent manner the contractile
responses to KC1, 5-HT, and the two PGs. Unlike throm-
bin, there was no tachyphylaxis to this vasorelaxant effect
nor was it dependent on intact endothelium. In these
vessels, therefore, the contractile response to thrombin
was not observed. The doses of thrombin used were 1
and 10 U/ml (164). When thrombin causes the formation
of fibrin from fibrinogen, fibrinopeptide A is released.
The concentration of this peptide is therefore considered
to reflect the activity of thrombin. Levels of fibrinopep-
tide A were studied in plasma and CSF of 25 patients
post-SAH. The levels were extremely high on days 0 and 1
but decreased rapidly by days 2-4 and continued to fall
progressively. There were no significant changes in the
levels in plasma. This finding demonstrated that the co-
agulation system in the subarachnoid space was strongly
activated immediately following SAH (116).

Thrombin-antithrombin complex was examined
sequentially in CSF and blood of 10 patients with severe
SAH (diffuse thick SAH on CT scans). Severe diffuse
VSP, defined as a >70% reduction in diameter over 2cm
in length, developed in 6 of the 10 cases. Half of these
cases showed neurologic deficits as well. The thrombin-
antithrombin complexes fell from close to 1000 ng/ml on
Days 2-5 post-SAH to extremely low levels over the next
2 weeks. The blood levels showed a similar decrease, but
they were at a much lower level than in the CSF (165).

Fibrinopeptide A levels were measured in blood and
CSF from patients following SAH. Fibrinopeptide A
levels in CSF of SAH patients averaged 81.6 pg/ml com-
pared to 20.3 pg/ml for controls. This was a highly sig-
nificant difference. Unfortunately, the concentrations at
the time period post-SAH were not given. There was a
demonstrable association between outcome as measured 3
months post-SAH and the CSF fibrinopeptide A level
(166).

Tissue factor occurs in the brain and is the primary
initiator of the coagulation cascade which activates
thrombin. Using the thrombin-antithrombin III complex
as a molecular marker of thrombin formation, tissue fac-
tor was studied in 19 patients with SAH and compared to
14 control patients who were undergoing myelography
and 5 patients who were having craniotomy for causes
other than SAH. The CSF level of tissue factor and that of
the thrombin-antithrombin III complex were consider-
ably elevated in SAH patients compared to controls and
were most elevated in the first few days following SAH.
The levels were higher in poor-grade neurological patients
and those having the most blood on the CT scan. Patients
subsequently developing cerebral infarction due to VSP
had levels greater than those who did not develop cerebral
infarction in the first 4 days. Patients with severe disabil-
ities or worse had higher levels than those with only
moderate disability or better. The same was true for tissue
factor. It was concluded that CSF levels of tissue factor
and thrombin-antithrombin III in the early stages after
SAH could predict the severity of brain injury and the
subsequent likelihood of cerebral infarction from VSP
(108).

Fifty patients were studied post-SAH with sampling of
CSF (Fig. 3.15). Tissue thrombin-antithrombin II com-
plex was markedly elevated when CSF was collected daily
through cisternal catheters for a period of 2 weeks.
Patients with the thickest subarachnoid clots had the
highest values and there was a tendency for patients with
poor outcomes to have higher values. Values were highest
in the first 2 days and progressively fell and leveled off by
days 9 or 10. The levels in patients who developed VSP
were higher, particularly between days 6-8, but these
differences did not achieve statistical significance. In the
same study, levels of active plasminogen activator inhib-
itor and the complex of this inhibitor with tissue plasmi-
nogen activator tended to increase progressively, peaking
between days 6 and 11; the levels were higher in patients
with VSP and some of these differences achieved statist-
ical significance. Plasminogen activator inhibitor-1 levels
were less than 20 ng/mli (167). Thirty-six patients had CSF
fibrinopeptide A levels measured in CSF. Initial CT was
done after <12 hr and surgery carried out in <48 hr. The
mean fibrinopeptide A level for CT grade 3 patients was
182 ng/ml vs 36 ng/ml for CT grade 2 patients. Patients
were ranked by rate of blood clearance on CT. The faster
clearance cases had levels of 79ng/ml, whereas the slow
clearers averaged 466 ng/ml. The slow clearers had a sig-
nificantly higher rate of infarction (168).

7. Cell-Free Plasma Clots

In experiments using cats (169), long-lasting cell-free
plasma clot did not induce chronic VSP. Similarly,
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FIGURE 3.15 Sequential changes of the CSF levels of (A) thrombin-antithrombin III complex, (B) active
plasminogen activator inhibitor I, and (C) tissue plasminogen activator-plasminogen activator inhibitor I
complex. Closed circles indicate mean values in patients with symptomatic VSP (n = 17 on days 0-2, n = 24
from days 3-5 to days 12-14, and n = 12 after day 15); open circles indicate the mean values in patients without
VSP (n = 21 on days 0-2, n = 26 from days 3-5 to days 12-14, and n = 14 after day 15). Vertical bars indicate
standard error of the mean; ~ p < 0.01 [reproduced with permission from Ikeda, K., Asakura, H., Futami, K.,
and Yamashita, J. (1997). Coagulative and fibrinolytic activation in cerebrospinal fluid and plasma after

subarachnoid hemorrhage. Neurosurgery 41, 344-350].

platelet-rich plasma provoked no VSP at 72hr in a
dog model (170). Would high concentrations of thrombin
have been in contact with the arteries? If so, this would be
important negative evidence with respect to thrombin
being a significant factor in the etiology of VSP.

Human blood contains enough Hb in RBCs to gener-
ate concentrations of up to 2.3 mM upon cell lysis. Smal-
ler concentrations of free hemoglobin can prolong
clotting times in fresh human plasma (171).
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I. Introduction

Millions of years of evolutionary changes developed to
ensure against death of the organism by exsanguination
from blood vessel trauma. Extremity or truncal arteries
which constrict in response to abluminal blood are per-
forming a homeostatic life-preserving function. Within
the relatively closed subarachnoid space, however, pro-
longed vessel constriction can have catastrophic con-
sequences for the brain, which is more sensitive to
ischemia than tissues such as skeletal muscle or the
abdominal organs. If sufficient blood is deposited during
the active bleeding following aneurysmal rupture it will
form actual clot around the basal arteries. A desperate
race ensues in which the white cells seek to engulf and
remove the red ones before the latter lyse and spill their
deadly contents in close proximity to the vascular smooth
muscle cells of the conducting arteries. As the level of
spasmogens builds over days, the smooth muscle cells
progressively constrict to the point that the lumen is dan-
gerously reduced and the cells in the vessel wall are
damaged by an unremitting squeeze (Fig. 4.1). Of the
hundreds, perhaps thousands, of potential spasmogens
produced in the normally bland subarachnoid fluid, the
one in overwhelmingly greatest concentration is hemoglo-
bin. The interaction between brain, clot, and damaged
vessel wall as well as the process of inflammation and
repair can produce many potential spasmogens (Fig.
4.2). The time course of its breakdown and removal, and
the nature of its by-products, suggests that it may meet the
criteria for the main cause of vasospasm (Table 4.1). The
brain is potentially damaged by the acute ischemia result-
ing from intracranial pressure elevation at the time of
rupture, by anoxia due to cardiorespiratory failure, by
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Intima: flattened endothelial cells vacuolated endothelium near normal caliber fibrotic, thickened
tight junctions loss of tight junctions, corrugated necrosis, some fibrosis
IEL: smooth, not fragmented corrugated
corrugated corrugated
Media: spindle shaped smooth muscle cells contracted adventitial cellular infiltrate foamy
smooth muscle cells markedly thickened, vacuoles, regenerating smooth
some necrosis muscle cells

FIGURE 4.1 Graph of the time course of angiographic and symptomatic vasospasm and pathological changes in
arteries. Angiographic vasospasm is maximal 7 days after a single SAH, whereas symptoms from vasospasm
(symptomatic vasospasm) have their most frequent onset at 8 days. Pathological changes in the cerebral arteries
over time are shown at the bottom. Initially, there is contraction of the smooth muscle cell. During the second week
after SAH, there is some necrosis of smooth muscle and endothelial cells and possibly fibrosis of the arterial wall and
infiltration with inflammatory cells. Weeks after SAH, there is fibrosis in the tunica media and adventitia and varying
degrees of endothelial proliferation. IEL [reproduced with permission from Weir, B., Macdonald, R. L., and
Stoodley, M. (1999). Etiology of vasospasm. Acta Neurochir.72,27-46. Copyright © Springer-Verlag GmbH & Co.].

SAH
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I” brain damage f/’/';:/

inflammatory
cells

final common
pathway of ischemia

FIGURE 4.2 Diagram of the possible interactions between subarachnoid blood clot, the arterial wall, and the
brain that may be important in the pathogenesis of cerebral vasospasm. Most research has focused on the clot —
arterial wall interaction, which is probably the most important. Other interactions have not been investigated,
such as the brain and arterial wall affecting the subarachnoid clot so as to promote its breakdown or reactions in it
that then cause vasospasm. The effect of the arterial wall on the clot is also not known. ICH, intracerebral
hemorrhage; SAH, subarachnoid hemorrhage; ICP, intracranial pressure [reproduced with permission from Weir,
B., Macdonald, R. L., and Stoodley, M. (1999). Etiology of vasospasm. Acta Neurochir. 72, 27-46. Copyright ©
Springer-Verlag GmbH & Co.].
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TABLE 4.1 Criteria for a Spasmogen That Could Cause
Vasospasm”

Present in blood clot

Released in progressively increasing amounts for 5-10 days then in
diminishing amounts over 7-14 days

Able to penetrate to the vascular smooth muscle layer and possibly
endothelium

Vasoactive, causes sustained and >50% reductions in arterial diameter

Present in subarachnoid space or periarterial region in concentrations
that are adequate to cause severe contraction

Causes smooth muscle necrosis and possibly endothelial cell damage,
contractions associated with decreased arterial contractility and
compliance after prolonged exposure

Contractions not readily reversed by known receptor antagonists

Not present in subarachnoid space in other conditions that alter the
cerebrospinal fluid such as neoplastic or inflammatory meningitis

Vasospasm does not occur if it is removed from the subarachnoid blood
clot or its action is blocked prior to vasospasm

aReproduced with permission from Weir, B., Stoodley, M., and
Macdonald, R. (1999). Etiology of cerebral vasospasm. Acta Neurochir
72, 27-42. Copyright © Springer-Verlag GmbH & Co.

surgical retraction, venous sacrifice, and temporary vessel
clipping, by endovascular vessel damage, by iatrogenic
systemic insults such as hypotension—all in addition to
the “second” stroke resulting from vasospastic ischemia.
As the foreign cells and their debris are finally mopped up
after days to weeks, the cerebral arteries gradually and
irregularly dilate back to normal dimensions. During the
period of vasospasm, however, cerebral infarction is a
serious risk and a complex interplay of factors determines
whether this process becomes lethal. It can also tip the
scales against survival by adding to the burden imposed
by the other pathologic sequelae of aneurysmal rupture
(Table 4.2).

Il. The Subarachnoid Space, Pia-arachnoid,
Arachnoid Villi, and Cerebrospinal Fluid

A. Subarachnoid Space and Pia-arachnoid

The leptomeninges form a complete investment for the
brain and spinal cord. The arachnoid and pia mater are
connected by dentate ligaments in the spinal canal and
numerous trabeculae in the cranial subarachnoid space.
They comprise the leptomeninges and are relatively avas-
cular. The arachnoid membrane in man is formed by two
layers of cells (Fig. 4.3). Basement membrane separates
the superficial dark cells (electron dense) from the col-
lagen fibers of the inner layer of the arachnoid membrane
which occurs among elongated cells similar to fibroblasts.

TABLE 4.2 Pathological Sequelae of Aneurysmal Rupture

Acute

Hemorrhage
Subarachnoid
Subdural
Intracerebral
Intraventricular
Intra-aneurysmal
Secondary brain stem hemorrhages

Brain herniation
Subfalcine
Transtentorial
Foramen magnum

Acute hydrocephalus
Acute brain swelling

Aneurysmal/arterial thrombosis and/or embolism

Chronic
Aneurysmal rebleeding

Cerebral edema

Cerebral infarction
Vasospasm
Local pressure from intracerebral hematoma
Arterial compressions from cerebral herniations
Decreased cerebral perfusion due to systemic hypotension
Intracranial hypertension, hypovolemia, hyponatremia,
and hypoxia
Hemorrhage into ischemic infarct

Chronic hydrocephalus

Macrophages are observed within the subarachnoid space
(Fig. 4.4). Sometimes the arachnoid and pia mater are in
contiguity, in which case the subarachnoid space is not in
evidence. In humans the outer arachnoid cells have long
interweaving processes containing numerous vacuoles.
Desmosomes are frequent between the cells (1). The
dural arachnoid junctions are apparently tight collage-
nous dural areas in continuous contact with the outer
border layer of the arachnoid, whose cells show periodic
tight junctions occluding the intercellular space (2). As
blood vessels enter or leave the brain or spinal cord the
pia invaginates into the nervous system to form the outer
surface of the perivascular space. The perivascular space
of Virchow-Robin extends from the subarachnoid space
to a variable depth within the brain. The subarachnoid
space is filled with almost protein-free cerebrospinal fluid
(CSF). The barrier between blood and CSF is due to
special permeability characteristics of brain endothelial
cells, the choroid plexus, and the arachnoid membrane.
The CSF space protrudes into the dural venous sinuses in
the arachnoid villi and granulations (pacchionian bodies)
which are outpouchings containing CSF and consisting of
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FIGURE 4.3 Typical organization of the dura-arachnoid interface
layer (IL). Between the network of arachnoid trabecules (4T') traversing
the subarachnoid space (SA) and the transitional zone (TR) of the dense
collagenous tissue of the dura mater (D) appear two tightly apposed cell
layers, the arachnoid barrier layer (4 B), and the dural border layer (D B).
No “subdural space” exists anywhere between dura and arachnoid.
Connective tissue fibers are completely absent from the interface layer.
The interdigitating tiers of cells of the arachnoid barrier layer are
attached by series of desmosomes and intermediate, gap, and tight junc-
tions. The intercellular spaces between the flattened dural border cells are
enlarged, and there are fewer cellular attachments [reproduced with
permission from Schachenmayr, M. D., and Friede, R. L. (1978). The
origin of subdural neomembranes, 1. Fine structure of the dura-ara-
chnoid interface in man. Am. J. Pathol. 92, 53-68].

specialized arachnoidal cells and the endothelium lining
the invaginated venous channels (Fig. 4.5). The arachnoid
villus is generally considered to be the major route of CSF
absorption into the bloodstream. An arachnoid villus is
not grossly visible. Clusters of arachnoid villi are known
as arachnoid granulations or pacchionian bodies (Fig.
4.6). These are projections of arachnoidal cells into or
through the dura into the venous sinuses or their intra-
dural extensions which are known as lacunae laterales.
While pictures exist of apparent open pores between the
interior of the villi and the intravascular space, most

FIGURE 4.4 The arachnoid cells bordering the subarachnoid space
(SAS) present an interrupted layer of basement membrane (arrow) on
their interior aspect. Macrophages (M ), collagen fibers (C), and gran-
ular material lie in the subarachnoid space [reproduced with permission
from Lopes, C. A., and Mair, W. G. (1974). Ultrastructure of the
arachnoid membrane in man. Acta Neuropathol. 28, 167-173).

authorities believe that CSF is mainly transported by a
dynamic transendothelial process which involves mobile
vacuoles (3). The cells of the arachnoidal villus membrane
have multiple vacuoles that permit vesicular transport
(Fig. 4.7). Some of these vacuoles have both basal and
apical openings and constitute a system of transcellular
channels or pores. Intact red blood cells (RBCs) have
been seen within some vacuoles, which accounts for
the reported transfer of isotopically labeled RBCs from
the CSF to the blood in some animals (4). Arachnoid villi
are also associated with some intraspinal veins.

The CSF space consists of two systems of hollow cav-
ities which intercommunicate—the subarachnoid space
and the ventricular system. The former is lined by
mesenchymal tissues—pial cells on the surface of the
brain and arachnoid cells abutting the most inner layer
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FIGURE 4.5 SSS, superior sagittal sinus; CV, cortical vein; C, intradural channels; AG, arachnoidal granula-
tions; MA, meningeal artery, MV, meningeal vein [reproduced with permission from Fox, R. J., Walji, A. H.,
Mielke, B., Petruk, K. C., and Aronyk, K. E. (1996). Anatomic details of intradural channels in the parasagittal
dura: A possible pathway for flow of cerebrospinal fluid. Neurosurgery 39, 84-91].

of the dura matter. The ventricular wall is lined by neuro-
ectodermal tissue—ependymal cells and choroidal cells.
The arachnoid was established as a membrane separ-
able from the pia matter in the middle of the seventeenth
century by the Dutch anantomist Blaes; the term ara-
chnoid was derived from the Greek word meaning spider’s
web. In 1829, Saint-Ange injected colored fluids and
showed a communication between the subarachnoid
space and the ventricles. In 1842, Magendie proved that
the CSF was contained in the subarachnoid space, that it
circulated, and that it was under a positive pressure (5).
In 1875, a classic text appeared with exquisite illustra-
tions of the subarachnoid space and its structures. Key
and Retzius (6) described in detail the subarachnoid cis-
terns of the brain and named seven major ones (Fig. 4.8).
Another admirable study of the subarachnoid space
was achieved by injections performed by Locke and Naff-
ziger. They illustrated the large Sylvian subarachnoid cis-
terns which are of so much clinical importance in SAH
and VSP (Fig. 4.9). In addition, they showed the close

contiguity between the cisterna lamina terminalis and the
anterior third ventricle as well as the crural cistern and
the temporal horn of the lateral ventricles that are locus
minoris resisentiae for the rupture of subarachnoid blood
into the ventricular system (5). Using pneumography as
well as subarachnoid injections, in 1959 Liliequist pub-
lished a detailed roentgenologic study of the subarachnoid
cisterns. He illustrated the sheath of subarachnoid tissue
stretching between the temporal lobes and oculomotor
nerves which is one boundary of the interpeduncular
cistern and which membrane subsequently bears his
name (7).

In 1978, Schachenmayr and Friede published a detailed
description of the external layer of the arachnoid. They
termed this the arachnoid barrier layer, which is charac-
terized by numerous tight junctions that presumably pre-
vent the egress of CSF. This outermost arachnoid layer is
intimately bound to the innermost cellular layer of the
dura. The outer arachnoid and the inner dural cellular
layers are actually more tightly bound to each other than
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FIGURE 4.6 Scanning electron micrograph of a vertical section
through granulations. The core is complete on the left but there is
avulsion of the granulation core in the center. The arachnoid cap of
the granulation and its area of attachment (cap) have been exposed. A
bisected core on the right shows the internal system of channels. The
sagittal sinus is seen above and the dura below [reproduced with permis-
sion from Upton, M. L., and Weller, R. O. (1985). The morphology of
cerebrospinal fluid drainage pathways in human arachnoid granulations.
J. Neurosurg. 63, 867-875].

are the inner dural cellular layer and the collagenous dura.
They believed that a true subdural space does not exist
and that subdural masses develop within the dural border
layer whose cells do not have tight junctions or significant
collagenous tissue. This inner dural layer of cells is also
characterized by large extracellular cisterns separated by
thin cytoplasmic bridges. The arachnoid barrier layer is
structurally different from the dural border layer because
the arachnoid cells have a system of tight junctions. Both
the dural and the arachnoid border layers show a com-
plete absence of connective tissue fibers. The arachnoid
barrier cells were usually, but not always, more electron
lucent than the darker dural border cells. The trabeculae
traversing the subarachnoid space are anchored to the
inner side of the arachnoid cell layer by a variety of

pedicles that have numerous desmosomal, intermediate,
and gap junctions at the opposing cell membranes. Other
trabeculae fold button-shaped contact faces between short
cytoplasmic protrusions of barrier cells and long-
stretched extension of arachnoid cells contacted only by
short desmosomal segments. The inner layer of the ara-
chnoid barrier layer is covered by an almost complete
basement lamina (8,9).

Animal studies have been consistent with human obser-
vations that the subarachnoid space could be accurately
categorized as the cleared out portion of a general con-
nective tissue space. Free cells are abundant on all lepto-
meningeal spaces. These presumably could be the
precursors of some of the macrophages responsible for
cleaning up the subarachnoid clot. In some animal studies
apparent circular fenestrations are evident on the pial side
of the arachnoid (10). Free cells in the subarachnoid space
have been demonstrated to be macrophages by various
authors (11-13). The possibility that various fiber struc-
tures or chordae that traverse the subarachnoid space and
envelop or attach to arteries of passage could be involve in
VSP was hypothesized by Arutiunov (14).

The contemporary concept of the subarachnoid
cisterns was to a large extent shaped by the microsur-
gical observations by Gazi Yasargil. His fashion of
performing intracranial operations by moving methodi-
cally from one cistern to another has shaped current
practice. He noted that the basal cisterns were only sepa-
rated from one another by trabeculated porous walls
with various sized openings and that there is considerable
variation. Apertures between cisterns can be plugged or
obliterated after SAH. There are characteristic condensa-
tions of the arachnoid over the proximal Al and Ml
arteries between the carotid and the lamina terminalis
cisterns and the carotid and Sylvian cisterns, respectively
(15).

The cisterns that are fairly characteristic and large
enough to be engorged with substantial amounts of clot
include the carotid (internal carotid artery), lamina termi-
nalis (anterior cerebral artery and anterior communicat-
ing artery), corpus callosum (distal anterior cerebral
artery), Sylvian (middle cerebral), crural (anterior choroi-
dal artery), and interpeduncular (basilar artery) (16).

B. Arachnoid Villi

1. Human Studies

Human arachnoid villi (microscopic) and arachnoidal
granulations (grossly visible) are generally accepted as the
principal means by which CSF drains from the subarach-
noid space to the interior of the dural venous sinuses. At
the base of the villi a thin neck of arachnoidal tissue
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FIGURE 4.7 Electron micrograph showing the arachnoid cell layer of the apical portion. The arachnoid cell
layer consists of an electron-lucent outer zone (O) and an electron-dense inner zone (I) [reproduced with
permission from Kida, S., Yamashima, T., Kubota, T., Ito, H., and Yamamoto, S. (1988). A light and
electron microscopic and immunohistochemical study of human arachnoid villi. J. Neurosurg. 69, 429-435].

projects through an aperture in the dural lining of the
venous sinus and expands to form a core of collagenous
trabeculae and interwoven channels. At the apex a cap of
arachnoidal cells about 150 wm thick surrounds the col-
lagenous core. Channels within the core extend through
the cap to reach the subendothelial region of the granula-
tion. The channels within the granulations are lined by
compacted collagen and can contain macrophages. The
channels are in continuity with the subarachnoid space.
The cap of the granulation is attached to the endothelium
over an area 300 um in diameter; the rest of the granula-
tion core is separated from the endothelium by a subdural
space and a fibrous dural copula (17). Whether or not the
endothelium of the venous channel is intact is uncertain.
Factor VIII stains in one study failed to confirm the
complete investment by endothelial cells of the cap of
the arachnoidal granulation. Instead, the arachnoid cell
was thought to abut directly upon the lumen of the venous
sinuses or the lacunae laterales. The arachnoid cell layer
was focally thickened to form cap cell clusters. These
arachnoid cells stain positively with vimentin (18). There
are extensive blunt outpouchings from the dural venous
sinuses into the dura that are termed lacunae laterales.

Arachnoidal granulations interdigitate with these out-
pouchings (19). An electron microscopic study of human
arachnoid villi obtained at surgery demonstrated micro-
pinocytic vesicles, giant intracellular vacuoles, and tubu-
lar-like, endothelium-lined structures (20). Illustration of
an apparent gap between endothelial cells was not con-
vincing. In a human study of arachnoidal granulations
they were found to be engorged with blood following
trauma and SAH from aneurysms. Actual passage of
RBCs through the vascular endothelium was not docu-
mented. The degree of engorgement of the different
lobules of the pacchionian granulations was variable in
both time and extent (21).

In the nineteenth century various dyes were injected
into the subarachnoid space of cadavers under pressure
and were subsequently found in the cores of pacchionian
granulations. These bodies were found not to exist in
infants or in nonhumans (6). Weed (1914) showed that
they were essentially exaggerated forms of the structures
seen in the dural sinuses of all animals and infants. They
were invasions of the dura by arachnoid but on a macro-
scopic scale. He noted that the arachnoidal villus is
an interlacing cord continuing the outer arachnoid
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FIGURE 4.8 Basal cisterns illustrated by Key and Retzuis in 1875
[from Key, A., and Retzius, G. (1875). Studien in der anatomie des
nervensystems und des bindegewebes. P. 4. Norstedt & Soner, p. 220.
Stockholm)].

membrane into the dura. The villus is surrounded by a
web-like sleeve of cerebral vein on its way to the dural
channels. The villus is a myxomatous structure that is
capped on all sides by a mesothelial cover of arachnoidal
cells so that cerebrospinal fluid in the lumen of the villus is
separated from the blood in the sinus by this layer of cells
(22).

When an arachnoid villus was frozen in situ in a living
monkey there appeared to be an open tubular structure in
the villus. When formalin was injected under high pres-
sure into the subarachnoid space, however, no openings
of valves was demonstrated (23). In 1968 and 1971, Shabo
and Maxwell considered that these large channels were
artifactual. By electron microscopy the endothelial layer
of the villus is intact and the interendothelial clefts are
sealed by tight junctions that prevent the passage of pro-
tein through them (24-26). In 1972, Shabo and Brightman
showed that horseradish peroxidase does not usually
penetrate interendothelial clefts and there are no large
channels that would permit the passage of particulate
matter (27).

In 1968, Tripathi found that giant vacuoles would form
within the endothelial cells lining the canal through which
aqueous fluid drained from the eye (28). In subsequent
studies Tripathi and Tripathi performed electron micro-
scopic studies of the meninges in relation to the arachnoid

villi and found that at irregular intervals there were trans-
dural openings up to 100um in diameter leading to trans-
dural channels of a smaller caliber serving to connect
the subdural space with the lumen of the sinus or its
lacunae (29). It has been suggested that a unique feature
of the mesothelial cells lining the arachnoid villi and
granulations is the presence of uni- or multilocular giant
vacuoles. Electron microscopy showed that mesothelial
lining cells of the arachnoid adjacent to the superior
sagittal sinus contain many giant vacuoles. Vacuoles are
invaginations from the basal aspect of the cell surface
which is in direct communication with the subarachnoid
space. Some vacuoles also have openings into the sub-
dural space, thus constituting a potential transcellular
channel. It was suggested that vacuoles are stages in the
formation of a dynamic system of transcellular channels
or pores which allow the bulk outflow of CSF across the
mesothelial border (30).

In the spinal column the arachnoid invades the dura in
relation to the spinal epidural veins similarly as it does in
the pacchionian granulations of the superior sagittal sinus
3.

The meninges in nervous tissues are not provided with
lymphatic channels in the sense of endothelium-coated
tube. Dyes introduced into the subarachnoid space that
are subsequently found in lymph nodes must have escaped
into the surrounding connective tissue, such as the epi-
dural tissue of the spinal cord, by pathways such as the
trunks of the spinal nerves. The subarachnoid space is
continuous with the space around the connective tissue
sheath of the olfactory, optic, and acoustic nerves. This
may be a potential meeting point of the subarachnoid
space and the lymphatic system. Colloidal material
injected into the subarachnoid space has been found in
nasal mucosa and thoracic lymphatics. When dye-plasma
protein complex is injected into the subarachnoid space,
within 30 min half is found in the cervical lymph and half
in the circulation (32).

Human studies of arachnoid villi post-SAH have
shown them to be packed with RBCs (Fig. 4.10). Viewed
from the inside of the venous sinuses, some granulations
are apparently distended with blood (Fig. 4.11), whereas
immediately adjacent ones may not be. The appearance is
that of an intact surface, not a porous one.

2. Animal Studies

Arachnoidal granulations increase with age in humans
and are not present in many animals which have only
arachnoidal villi, not gross granulations. Dyes infused
into the subarachnoid space localize in the arachnoid
villi (33,34). The villi do not have true one-way valves,
but the movement through them of fluid and perhaps
particles such as RBCs or their fragments probably occurs



1f. THE SUBARACHNOID SPACE, PIA-ARACHNOID, ARACHNOID VILLI

95

FIGURE 4.9 Lateral view of cast of the cerebral ventricles and cerebral subarachnoid space. (The cerebrosagittal
channel was broken from this cast in the process of cleaning.) The lateral ventricles, foramen of Monro, third
ventricle, aqueduct, and fourth ventricle are seen; the lateral cerebrocortical channels are seen at both E’s, the
occipital subchannels at both L’s, and a portion of the right internal channel at H. F, origin of the cerebrosagittal

channel; G, lateral cerebellocortical channel.

by pinocytosis or vesicular transport and energy-requiring
processes such as phagocytosis and cell degradation. The
injection of RBCs or carbon particles into the subarach-
noid space in advance of saline injections blocks the flow
of saline into the subarachnoid space (4). In most studies
there is an intact tight layer of endothelial cells over the
surface of the arachnoidal villi that tends to prevent the
passage of intact RBCs from the subarachnoid space to
the systemic circulation (25). In dogs an injection of RBCs
into the cisterna magna without induction of elevated
intracranial pressure (ICP) was followed by the demon-
stration of RBCs within the arachnoid wvilli. They
appeared to be progressively engulfed by phagocytes
within the villi, and the villi came to contain fine debris
resulting from RBC degeneration. There is no convincing
direct evidence that any passageway exists through the
endothelium of the villus. Some experiments using tagged
RBCs in dogs suggested that there can be immediate
passage of labeled cells out of the subarachnoid space.
This may have partly been due to extrasubarachnoid

injection, passage of RBCs through lymphatics present
in animals, or other unknown mechanisms (32,35,36).
Tripathi found evidence for the existence of a cyclic pro-
cess of vascuolization within the cytoplasm of endothelial
cells. He interpreted the vacuoles as a system of transcel-
lular channels large enough to allow the passage of pro-
teins and particulate matter across the endothelium (30).
In an isolated flux chamber, Welch and Pollay found that
intact monkey RBCs (7.5 pum) could pass through the
arachnoid villus as did polystyrene microspheres under
6.4 um (37). In dogs some of the injected RBCs appeared
to move out of the subarachnoid space along the olfactory
nerve filaments because a large collection of cells were
found in the nasal mucosa and in the lymphatic pathways
of the nose. It is very unlikely that this system works in
humans. In animals the egress of RBCs was increased by
the head-down position (38). Simmonds found that 12%
of injected RBCs could be recovered in the general
circulation after 16 hr. Ligation of cervical lympatics did
not significantly affect the rate of absorption. With
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FIGURE 4.10 Electron micrograph of a specimen with subarachnoid hemorrhage. The extra-
cellular cisterns of the arachnoid cell layer are packed with red blood cells extending from the
cranial subarachnoid space. Dark cells are RBCs, and clear cells are nuclei of arachnoid cells
[reproduced with permission from Kida, S., Yamashima, T., Kubota, T., Ito, H., and Yama-
moto, S. (1988). A light and electron microscopic and immunohistochemical study of human
arachnoid villi. J. Neurosurg. 69, 429-435).

breakdown of the blood-brain barrier (BBB) in inflam-
mation there is a tendency for those substances in CSF
that are in excess over those in plasma (Mg?* and CI™) to
decrease, whereas the concentrations of those that are less
in CSF (phosphorous, K*, and protein) will increase (39).

In an electron microscopic study in dogs the arachnoid
villi were found to be distended with the RBCs for a few
days after SAH but then began to degenerate. Ten days
post-SAH remarkable phagocytosis and micropinocytosis
were observed. Thirty days post-SAH, increased cellular-

ity in the arachnoid villi developed and the intracellular
spaces became very narrow. Ninety days later the ara-
chnoid villi demonstrated many cytoplasmic filaments
and hemidesmosome-like structures in the arachnoid
cells as well as narrowed intracellular space and increased
cellularity. Microfibrils increased and structures resem-
bling basal lamina were observed in the stroma (40).
Blood injected into the subarachnoid space of dogs
disappears in 1 or 2 weeks. The fibrosis and thickening
of the arachnoid membrane appears in 1-3 weeks and
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FIGURE 4.11 (Left) Case 1: Internal aspect of superior sagittal sinus showing blood-filled arachnoid villi (black)
protruding into the lumen. (Right): Closer view of a distended villus. Crossing fibers are of collagenous dural
origins. Note tiny diverticulae {reproduced with permission from Ellington, E., and Margolis, G. (1969). Block of
arachnoid villus by subarachnoid hemorrhage. J. Neurosurg. 30].

then returns to normal in months in instances of rapid
recovery. There are cases in which fibrosis persists for a
long time and becomes chronic (41).

C. Cerebrospinal Fluid

1. Production

The bulk of CSF is formed within the ventricular sys-
tem. At least 80% is produced from the choroid plexus.
CSF is formed at the rate of about 20 ml/hr or 500 ml/day.
CSF is an ultrafiltrate of plasma produced by the passage
of fluid through non-tight-junctional, choroidal capillary
endothelium by hydrostatic pressure and which is sub-
sequently transformed into a secretion (CSF) by active
metabolic processes within the choroidal epithelium (3).

2. Absorption

CSF absorption depends upon bulk flow, passive diffu-
sion, facilitated diffusion, and active transport of specific
solutes. The rate of CSF absorption is pressure dependent
and relatively linear in the physiological pressure range.
The site of CSF absorption may be via the arachnoid
villus, via the lymphatic system, via the brain, or via the
choroid plexus.

Weed’s concept of the pressures governing absorption
of CSF was that the forces tending to draw fluid into the

dural sinuses were (i) the difference between the higher
pressure in the subarachnoid space and the lower venous
pressure and (ii) the colloid osmotic pressure resulting
from a higher protein content in the venous blood than
in the subarachnoid space (42). Davson et al. found that
resistance to flow from CSF to blood was not affected by
the colloid osmotic pressure of an artificial CSF infused
into the ventriculosubarachnoid system. Therefore, they
concluded that the drainage channels allow an unrest-
ricted passage of proteins through their pores. Regional
increases in resistance could be provoked by introducing
whole blood, kaolin, or colloidal graphite particles into
the ventricles (43).

Injection of different marker substances into the sub-
arachnoid space led to the idea that such substances can
leave the cranium through the lymphatic system. Marker
substances have been detected in the mucosa of the peri-
nasal sinuses, cranial nerve sheaths, and cervical lymph
nodes following subarachnoid injection. It is not clearly
established that extensive lymphatic drainage of CSF
occurs in man. It has been proposed that CSF might be
absorbed by capillaries of the brain. In certain cases of
CSF blockage there is undoubted development of periven-
tricular lucency as seen on imaging studies. This might
mean only that the brain is acting as a conduit for CSF to
pass from the ventricles to the subarachnoid space rather
than acting as a true absorbing site. The possibility that
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the choroid plexus might not only act as the producing
site for CSF but also act as an absorbing site has also
been proposed. There is evidence that this might occur
under the pathologic condition of intraventricular hyper-
tension.

There is little evidence that direct absorption through
the arachnoid membrane occurs. When the arachnoid is
disrupted at high pressures there can be passage of tracers
through it. This is not likely to be an important physio-
logical mechanism. Circulating RBCs are a marker of
CSF flow. The bulk of RBCs escaping at the time of
aneurysmal rupture are in the basal cisterns. Over the
course of several days as the density of blood in the
basal cistern diminishes there is often an increase in den-
sity over the sylvian fissures, and a progressive migration
superiorly over the cortex may be seen in sequential CT
scans. The most common site of blockage of CSF path-
ways by SAH is at the tentorial hiatus and basal cisterns
where arachnoidal fibrosis can occur. Early studies of
post-SAH Hyc by pneumography frequently demon-
strated blockage at this site (44). Blood has been known
to cause subarachnoid fibrosis ever since the classic stu-
dies of Bagley performed in the 1920s (45).

3. Pressure

Normal CSF can range from 30 to 200cm H>O pres-
sure. Merritt and Fremont Smith considered that pressure
on lumbar puncture was definitely normal up to 180cm
H,0 (24 mmHg) and possibly normal up to 20cm H,O
(27 mmHg) (46).

4. Volume

Early anatomically based estimates of the volume of
the adult CSF spaces (lateral ventricular, 25 ml, 11 and IV
ventricular, 5 ml; cranial subarachnoid, 25ml; and spinal
subarachnoid, 75ml) apparently grossly underestimated
the volume of the subarachnoid space (47). The brain
occupies 82-97% of the intracranial volume. Using mag-
netic resonance imaging (MRI)-based computerized seg-
mentation techniques, recent estimates of the mean
volume of the subarachnoid space in 27 to 56-year-old
controls was 89 ml and in 56 to 80-year-old controls was
142ml. The corresponding ventricular volumes were 17
and 27 ml. Cases with aqueductal stenosis had ventricular
CSF volumes of 253ml and extraventricular cranial
volumes of 172ml. For those with Alzhemimer’s disease
the comparable volumes were 55 and 196 ml. The ratio of
extraventricular to ventricular CSF volumes is about 6 in
control cases (48).

In another MRI study of 64 normals with a mean
age of 38 years, total cranial CSF volumes ranged from
57 to 287 ml. Total intracranial CSF volumes increased
more steeply with age than did ventricular or posterior

fossa CSF volumes. Elevation of P,CO; by 17.2mmHg
on average decreased CSF volumes by a mean of
9.2 ml (49).

lll. Cytopathology of Cerebrospinal Fluid and
Subarachnoid Hemorrhage

A. Cellular Responses

Cytological studies should be done as soon as possible
after lumbar puncture to avoid autolysis of cells and
to preserve their morphology. Specimens should be
promptly refrigerated if not immediately examined.
Normal CSF contains no more than five lymphocytes
or mononuclear cellsmm?. Mononuclear phagocytes,
including microglia and perivascular cells, have been
demonstrated to originate from the blood using radio-
active labels (50). Normal CSF contains less than 44 mg/
dl of protein (50). The rapid lysis of RBCs in CSF has not
been well explained (35,51,52). The RBCs are not
destroyed by osmostic forces. Since CSF does not have
the same plasma proteins as blood, this may be a factor in
the destabilization of the RBC membrane.

During the repair and reorganization of damaged lep-
tomeningeal tissue, phagocytes remove cell debris, RBCs,
fibrin, and collagen. Neutrophils as well as monocytes
probably enter the CSF space, attracted by some chemo-
taxic mechanism. The macrophages persist, whereas the
polymorphonuclear cells rapidly disappear. Once the
RBC is ingested by a phagocyte the Hb is broken down
into coarsely, granulated, crystalline granules known as
hemosiderin (Table 4.3). These stain black with the May-
Grunwald-Giemsa stain. Some macrophages appear to be
completely filled with coarse granules of various sizes and
the nucleus may be barely visible as a result (53-62). (Fig.
4.12). Phagocytes containing hematoidin (a yellowish car-
amel crystalline-appearing granule, which does not give
an iron reaction) are found 10-14 days after SAH. Var-
ious white blood cells (WBCs) may also be taken up by
the macrophages in the subarachnoid space. The presence
of polymorphonuclear leukocytes in the CSF is always
pathological.

It is not certain what happens to the RBCs following
SAH (35,63,64). In experimental situations some appear
in the lymphatic drainage of the head (38,65) or are
apparently absorbed directly into the blood (4,36,66). It
has also been proposed that RBCs remain in the CSF
until they are completely destroyed by hemolysis (67) or
phagocytosis (68) (Fig. 4.13). Perhaps several of these
processes are active following human SAH.

In a recent case of ours in which a lumbar puncture was
performed within a few hours of ictus, the RBC/WBC
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TABLE 4.3 Characteristic Histopathological Features of Blood Breakdown Products”

Substance Characteristics Perls’ reaction Iron

Hemoglobin Orange-red to orange-brown round granules, much variation in size and may form Negative Fe?*
spherules, immunohistochemical stain available

Methemoglobin Oxidation product of hemoglobin with similar morphologic features Negative Fe**

Hematin Degradation product of methemoglobin after removal of the globin moiety Negative Fe**

Biliverdin (green) Cleavage of the pophyrin ring of heme results in biliverdin: amorphous, green- Negative —
brown to black granules or sheaves of crystals, Gmelin test positive

Bilirubin (yellow) Amorphous, green-brown to black granules or sheaves of crystals, Gmelin test Negative —
positive

Hematoidin Formed under hypoxic conditions through aggregation of bilirubin, brown Negative —

rhombic crystals or amorphous burrs, Gmelin test positive

Ferritin Not identifiable on light microscopy, immunohistochemical stain available May be slightly positive Fe’t
(apoferritin and iron)

Hemosiderin Intracellular, golden-yellow to brown granular or crystalline pigment, irregular in Positive Fe**
size and shape (concentrated, polymerized ferritin)

Acid hematin “Formalin pigment” brown-black fine needle-like crystals, birefringence, Gmelin Negative —
test positive (artifact of acid and hemoglobin)

4 Reprinted from Surv. Opthalmol., Vol. 42, Spraul, C. W., and Grossnitilaus, H. E., Vitreous hemorrhage, 3-30, Copyright 1997, with permission
from Elsevier Science.

FIGURE 4.12 Erythrophages and siderophages (macrophages). Illustrated are macrophages with isolated fine
and coarse siderin granules, the breakdown products of RBCs within the macrophage [reproduced with permis-
sion from Oehmichen, M. (1976). Cerebrospinal fluid cytology. In An Introduction and Atlas. Thieme, Stuttgart].
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FIGURE 4.13 Phagocytosis of RBCs by mononuclear phagocytes in various stages. (a) attachment, (b and c)
protrusion of cytoplasmic processes and the final covering of the RBCs, (d) ingestion, and (e) beginning digestion
[reproduced with permission from Oehmichen, M. (1976). Cerebrospinal fluid cytology. In An Introduction and

Atlas. Thieme, Stuttgart].

ratio varied between the collection tubes from 633/1 to
295/1. The RBC/WBC ratio in the peripheral blood at the
time was 388/1.

The acute phase of cellular response to SAH is charac-
terized by an elevated proportion of neutrophilic WBC
(67-72). The polymorphonuclear cells appear within a
few hours (73-75), occasionally within a couple of hours
(76), and reach a maximum proportion within 24 hr. The
numbers usually fall off after about 1 day (77). The WBC
level may reach 300 cells/mm? (53). One-third to two-thirds
of WBC:s are neutrophils (71,72), with the remainder being
monocyte-phagocytes. During the second 24-hr period,
neutrophils become less abundant and there is an absolute
and relative increase in macrophages. During this time and
in the days following, the RBCs begin to adhere to the
surface of the phagocytes (65). RBCs within phagocytes
may be seen as early as the first couple of hours following
SAH (54-57) but are usually seen later in the first 24 hr
(58). Lymphocytes and plasma cells may be observed on
the second day. These were seen in 16% of 186 CSF speci-
mens examined in one series (54,56). Eosinophilic granu-
locytes have also been noted (54,56,59,60).

The acute phase after SAH is followed by an increasing
outpouring of mononuclear phagocytes (macrophages)

and some round cells (53,61,74). Macrophages with con-
tained RBCs are usually seen for 2-4 weeks (52). Such
cells have been first observed on the third (78), fourth
(57,70,79), fifth day (58,80) after SAH. Sometimes chor-
oid plexus cells are seen with engulfed RBCs (62). The
phase of repair can last for weeks to months, and during
this period there is a relative increase in the proportion of
mononuclear phagocytes with an otherwise normal cell
count. Macrophages with contained RBCs have been
observed even after several months (58,81-84).

B. Red Blood Cell Clearance

1. Human Studies

Aneurysmal rupture results in the outpouring of RBCs
and protein-rich blood into the colorless, parvocellular,
and low-protein CSF. Depending on the rate and the
amount of bleeding, clotting sometimes occurs mainly in
the basal subarachnoid system Scanning electron micro-
graphs of clot that has been in the subarachnoid space for
days show RBCs trapped in a fibrin network (Fig. 4.14).
The fibrin lattice of the clot has the appearance of a
honeycomb (Fig. 4.15). Some of the RBCs after a week
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FIGURE 4.14 Fibrin network with enmeshed RBCs which have lost their normal discoid appearance.

FIGURE 4.15 Honeycomb-like appearance of fibrin meshwork with RBCs in various stages of disintegration.
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remain surrounded by the fibrin, others have presumably
disintegrated or been phagocytozed. Within the first
instants the pressure within the CSF as well as its chemical
composition change. Since the CSF is relatively easily
sampled, many studies have been conducted on its chang-
ing composition in an effort to understand the pathogen-
esis of cerebral VSP and ischemic infarction.

The number of RBCs in the lumbar CSF is an imper-
fect reflection of the volume of blood coagulated in the
basal cisterns.The rate of clearing of RBCs from CSF is
variable and can range from 6 to 30 days. The clearance
rate is reduced in older patients and certain systemic dis-
ease states. The enzymes necessary for the degradation of
heme compounds such as hemeoxygenase are present in
the macrophages of the arachnoid and choroid plexus
(85). Hemolysis of RBCs begins within a few hours post-
SAH. Early studies suggested that maximal hemolysis
occurs on about the fifth day (67).

In a study of clearance rates, the CSF of a 16-year-old
patient with an initial lumbar CSF count of 17,000/ml
became clear (less than 100 cells/ml) in 6 days. In a 59-
year-old patient with an initial cell count of 26,000/ml, it
took 30 days for the fluid to become clear. In those
patients whose fluid was clear by about 9 days, the
xanthochromia index (total absorption properties of
CSF from 400 to 615um area under the absorption
curve), Hb, bilirubin, CSF protein, and WBCs were all
highest on days 2 or 3. For patients clearing more slowly
(by 19-22 days) the same indexes tend to be maximal
around days 7-9 (51). In an in vitro study in which
human RBCs were mixed with human CSF and incubated
in vivo, the RBCs that initially were about 15,000 cells/ml
had disappeared by 2.5 days after incubation. Crenation
of the RBCs was evident within the first hour. The num-
ber of ghost cells progressively increased from 10hr
onward. Xanthochromia was present within 4 hr after
the onset of mixing. Development of color progressed
slowly at first but increased markedly after 12-24 hr incu-
bation and was completed within 2-2.5 days. The color
was due to Hb, and bilirubin was not present.

In five patients studied with daily lumbar puncture,
initial RBC counts ranged from 22,000 to 680,000/ml.
The fluid became clear between 5 and 6 days after the
ictus. Evaluations of the blood actually removed by lum-
bar puncture compared to the estimates based on initial
counts of RBCs demonstrated the futility of lumbar punc-
ture as a means of removing a substantial amount of
subarachnoid blood. In dogs complete drainage of the
entire volume of CSF 1 hr postcisternal injection of 2¢c’s
of homogenous blood resulted in recovery of only 30% of
the injected RBCs (86).

Forty-seven CSF samples were analyzed for cells with
iron content. Such cells, first detected at 1 week post-

SAH, increased to 8.5% of total nucleated cells at 4-6
weeks and subsequently decreased to 1% by 15-17
weeks. All 27 samples obtained 2-9 weeks post-SAH
showed iron positivity. Of 37 samples obtained within 17
weeks, the false-negative rate was 8.1% (87).

Lumbar puncture from 66 patients with hemorrhagic
infarction and 16 with lobar hematoma demonstrated a
transient increase in WBCs in the CSF in 70% of patients,
and the peak occurred 3 or 4 days after onset. Those
patients showed a WBC count greater than 10/ml. Half
the patients had a pleocytosis greater than 100/ml. In
contradistinction, in pale infarcts the maximum response
was usually only 10-20 WBC/ml between days 4 and
14 (88).

Hemolysis can result from the intracellular release of
lysosomal enzymes by macrophages or it can be caused by
autohemolysis. If glucose and oxygen fall below minimal
concentrations in vitro, RBC autohemolysis occurs. The
dissolution of RBCs usually is an intracellular process
secondary to engulfment by macrophages. RBCs need to
be covered by opsonins in order to be ingested by macro-
phages (89). Denatured Hb bonds to the internal mem-
brane of the disintegrating RBCs to form a Heinz body.
This is believed to be composed of precipitated globin,
porphyrins, ferritin, and nucleic acid (90). Ferric iron
(Fe**) is liberated during the catabolism of Hb. This
occurs within the macrophage, and it is stored as ferritin
or hemosiderin. Extracellular iron binds to proteins such
as lactoferrin and transferrin (91). No correlation was
found between the number of RBCs in CSF collected by
lumbar puncture and the amount or extent of blood
detected by CT (92). Erythrophages containing iron are
found 4 days after spontaneous or traumatic subarach-
noid hemorrhage and can persist for up to 120 days. These
findings were based on samples obtained from 105
patients (93).

2. Animal Studies

Macrophages were demonstrated to derive from the
lining cells in the subarachnoid cavity in response to
stimulus of particulate matter in an early classic study
(74). Sprong’s earlier demonstration of the inefficacy of
repeated lumbar punctures as a means of removing RBCs
was confirmed by Meredith (94).

Various fluids were injected into the cisternal magna of
dogs and the lethal doses for 50% of the animals were
calculated to be the following: plasma, 12 ml/kg; hepari-
nized whole blood, 5.75ml/kg, unaltered whole blood,
1.9ml/kg, washed RBCs 5.75ml/kg, and reconstituted
Hb, 3.0ml/kg body weight. Radioactive labeled proteins
appeared within the systemic circulation within minutes of
injection, and-labeled RBCs also appeared within min-
utes. In the first 8hr, 12% of the radioactivity was
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estimated to be in the systemic circulation. It is unlikely
that this mechanism is operative in humans (95).

IV. Arterial Changes in Vasospasm

A. Systemic Arterial Response to Injury

The most common injury to human blood vessels is
caused by arterial hypertension (Table 4.4). This results in
a stereotypic response consisting of thickening of the
arterial media due to smooth muscle cell proliferation
(96,97). Similar changes occur in animals (98, 99). Acute
severe hypertension can induce edema in the vessel wall,
with resultant fragmentation of the elastica and myone-
crosis. The latter is a signal for subsequent proliferation
(96,98,99). The endothelial layer may also be damaged,
resulting in permeability changes or actual sloughing of
the endothelium (99,100).

Arterial injury resulting in platelet deposition may
cause the diffusion of platelet-derived growth factor into
the vessel wall to stimulate smooth muscle cell division
(101,102). Other substances released from aggregated pla-
telets include adenine nucleotides, 5-HT and Ca?* (103).
The etiological link between endothelial damage and
smooth muscle proliferation in systemic arteries has been
demonstrated in a variety of animal arterial injury models

(104-107). In the acute phase of endothelial injury arteries
may show intense vasoconstriction (106,108). The prolif-
erative response in the media can occur within several
days (104,106). Increased protein synthesis is demon-
strable in the arterial media for several months
(104,107). The new smooth muscle cells can migrate
through the elastica into the subintimal region and nar-
row the vessel lumen (104,106). Exposure of the suben-
dothelium for days may be required for the initiation of
cell proliferation.

Smooth muscle cells can exist in a contractile mode or
in a synthetic state (109). A phenotypic change may occur
in tissue culture in which contractile smooth muscle cells
lose their myofilaments, increase their collagen produc-
tion, and alter the actin content (102,110). Systemic
arteries can mount a vigorous repair response to a variety
of injuries. These responses can be associated with chronic
vasoconstriction. The vasoconstriction can result from the
inhibition of normal regulatory tone mechanisms. This
presumably occurs in atherosclerosis and hypertension
(111).

B. Morphometry of Vasospasm

Controversy has surrounded the question of whether
the reduction of lumen seen in angiographic VSP is due to

TABLE 4.4 Changes in Arterial Morphology Related to Various Pathologic Conditions”

SAH (human autopsy) SAH (animal) Hypertension Arteriosclerosis Endothelial damage

Intima

Thickening/edema + + -+ (acute) + +

Endothelial morphology + + — — +

“Myointimal” cells + + — T +

Corrugation + + 4 — +

Altered permeability — + + + +
Media

Thickening/edema + + + + +

Necrosis + + — - _

Vacuoles ? + — — _

Proliferation ? + + -+ +

Fibrosis (late) + -+ + 4 +
Adventitia

Inflammation + - ? —

Axonal changes + - _ _

e Reproduced with permission from Mayberg, M. R., Okada, T., and Bark, D.H. (1990). Morphologic changes in cerebral arteries after

subarachnoid hemorrhage. Neurosurg. Clin. North. Am. 1, 417-432.
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simple vasoconstriction of the medial smooth muscle or
whether some form of arterial injury results in edema of
the vessel wall or a proliferation of elements within the
wall which by virtue of increased mass would reduce the
lumen. Most studies have concluded that there is no sig-
nificant increase in area of the vessel wall, at least in the
first week or so following the onset of VSP, which could
account for the observed reduction in lumen. There is no
doubt that structural changes do occur (myonecrosis in
the media and subendothelial cellular infiltration on the
luminal side of the elastica) (112). An early study of the
morphology of vasoconstriction used mesenteric arteries
of dogs prepared by an instant freezing method. In con-
trast to formalin-fixed specimens, the walls were thin in
relation to the vessel lumen. Endothelial cells were flat
and the intima was not convoluted. Smooth muscle cells
were long and thin, with nuclei 10 times longer than their
width. Pharmacologically induced constriction caused a
significant reduction in external diameter and lumen with
an increase in the ratio of wall thickness diameter from
1:30 to 1:3. After constriction the intima became a densely
packed series of irregular convolutions and the flat
endothelial cells became progressively columnar. Nuclei
appeared to perch on the top of convolutions. The largest
increase in wall thickness occurred in the media. Defor-
mation of the shortened smooth muscle cells was least
adjacent to the internal elastic lamina (113).

Porcine middle cerebral artery (MCA) exposed to
blood for 10 days showed a 56% reduction in luminal
cross-sectional area and an increase in radial wall thick-
ness of 75%, with only a minimal increase in cross-
sectional area of 13%. Stereological analysis revealed
that the volume density of individual components of the
arterial wall were unchanged following the exposure to
blood. There was a 44% reduction in smooth muscle cell
immunoreactive actin, with a concurrent increase in
collagen in the extracellular matrix (112).

In rabbits, induced SAH caused a significant biphasic
constriction of the basilar artery without any changes in
the cross-sectional area of the media. The relative amount
of smooth muscle cell decreased significantly in the late
stage of hemorrhage (114). There was a highly linear
correlation between morphometric and angiographic
determinations of the degree of VSP. The morphometric
approach documented far greater relative constriction in
the major cerebral arteries than in smaller arteries under
chronic hypertension.

C. Pathology of Arteries in Vasospasm

1. Human Studies

Postmortem angiograms revealed that vessels showing
spasm remained constricted for at least 36 hr following

death, although relaxation would occur 2 days following
(115). John Hunter observed that placental arteries would
constrict for a couple of days after separation from the
body. Since histological examination of these spastic ves-
sels did not show any obvious change except for a possible
instance of fragmentation of elastica, it was assumed that
spasm was a functional constriction and not a wall infil-
tration or swelling (116). Crompton described morpho-
logical changes at autopsy in human cerebral arteries
following fatal SAH. Changes included edema, medial
necrosis and fibrosis, and adventitial inflammatory infilt-
rates. These autopsies were performed 2-20 weeks after
SAH and the illustrations were of small arteries some-
times showing complete autolysis.

Histological changes in the intradural arteries of 12
patients dying between 1 day and 15 months post-SAH
were documented. In all patients surviving more than 4
weeks (with one exception surviving 4 days) the lumens of
the intracranial arteries were narrowed by subendothelial
granulation tissue which thickened the intima. In 58% of
cases vessels near the site of rupture were involved. Less
frequently, vessels remote from the site of hemorrhage
were also involved. Changes were restricted to vessels in
the subarachnoid space. Intimal thickening was propor-
tional to the amount of subarachnoid blood. Only 2 of 3
cases showing diffuse VSP between days 6 and 9 post-
SAH had subendothelial proliferation shown at autopsy
performed between 2 weeks and 4 months. The case with-
out these changes was autopsied earliest—at 2 weeks. One
case had no angiographic VSP at | month but had intimal
cellular proliferation at 4 months. Another case was said
to show severe angiographic narrowing at 9 months with
appropriate pathologic changes at 12 months. This was
obviously not the usual VSP post-SAH. Another case
showed no angiographic narrowing on day 1 post-SAH,
but intimal changes were observed at autopsy on day 4. It
is surprising that such a reaction could develop in only a
few days. Hemosiderin was demonstrated in a perivascu-
lar distribution in 86% of vessels showing intimal prolif-
eration but only 57% of those vessels not showing this
change. The intimal thickening was greatest at vessels
supplying infarcted areas. There was no apparent involve-
ment of other layers of the vessel wall, including the media
and the intact internal elastic membrane. There was con-
siderable variation even between vessels in the same vicin-
ity. Because 3 of the 4 patients with the most marked
subendothelial proliferation survived more than 3
months, it was suggested that the changes might be pro-
gressive and permanent (117).

The arteries of 6 patients with angiographically demon-
strated VSP were studied histologically. In patients dying
within a day of onset from VSP, contraction of the medial
smooth muscle was the main cause of lumenal narrowing.
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In those dying between 1 and 2 weeks of onset, the arterial
wall demonstrated reduction in luminal size with medial
thickening, corrugation of the internal elastic lamina, inti-
mal edema due to endothelial injury, and thrombus for-
mation. In patients dying more than 2 weeks after the
onset of VSP, there were necrosis and a reduction in
numbers of smooth muscle cells. One case showed pro-
gressive angiographic narrowing for more than 2 weeks;
the arterial wall showed lumenal stenosis with cellulofi-
brous thickening of the intima and organization of throm-
bus (118). Seventeen cases with radiological and
pathological evidence and 3 with only pathological evid-
ence of VSP were studied postmortem. In 12 dying within
3 weeks of SAH, the most significant change was necrosis
of the tunica media (Fig. 4.16). In 8 cases dying later,
there was marked concentric intimal thickening by sub-
endothelial fibrosis (Figs. 4.17 and 4.18). Focal and asym-
metrical intimal changes can be observed in control
material as well as post-SAH. These changes have been
associated with degenerative arterial disease. Concentric
arterial thickening may a specific sequela to SAH but it
can resemble Heubner’s arteritis (119).

Based on a series of 44 patients known to have angio-
graphic VSP, the following observations were made. In
patients dying between 4 and 12 days, marked irregularity
of the elastica, cloudy swelling of muscle cells, and medial
thickening were present. In those dying between 10 and 25
days, myonecrosis, macrophagic infiltration in the media,
and deposition of acid mucopolysaccharides were
described; plasma cells, lymphocytes, and hemosiderin
deposits were seen in the adventitia. In those dying
between 20 and 57 days, subendothelial thickening, atro-
phy of the elastica, atrophy and fibrosis of the media, and
a slight increase in collagen fibers in the adventitia were
seen. After at least 49 days, remission of thickening in the
intima and occasional muscular regeneration in the media
were observed (120).

In a series of 28 cases, pathologic changes and angio-
graphic VSP were considered to have occurred concur-
rently in 64% of SAH patients undergoing angiography.
The principal pathologic change in the vessels was sub-
intimal cellular proliferation, made up predominantly of
interposition of smooth muscle cells and fibroblasts
between the internal elastic membrane and the endothelial
layer. These changes were apparently limited to the
involved major cerebral vessels and seldom extended
beyond primary branches. Intramural vascular hemor-
rhage and subsequent hemosiderin pigmentation were
also noted in the vessels with severe subintimal prolifera-
tion. However, intimal proliferation without medial
necrosis was suggested to be a nonspecific feature of
vascular injury produced by a wide variety of factors. In
comparison, angiographic constriction seen following the

FIGURE 4.16 Photomicrograph of transverse section of the right mid-
dle cerebral artery. The lumen of the artery is above. The tunica intima
(1) is swollen and the tunica elastica irregular and probably abnormal.
The tunica media (m) is disorganized, with necrosis of smooth muscle
cells and the presence of “plump” cells [reproduced with permission from
Hughes, J. T., and Schianchi, P. M. (1978). Cerebral artery spasm: A
histological study at necropsy of the blood vessels in cases of subarach-
noid hemorrhage. J. Neurosurg. 48, 515-525].

second week of SAH was almost always related to mor-
phological thickening of the arterial wall. Medial necrosis
and diffuse rather than focal constriction seemed to be
more frequently associated with severe vessel pathology.
These arterial changes appear to be greatest in those cases
having survived the longest post-SAH (121). Sixteen
patients dying of SAH who had angiographic VSP
showed signs of cerebral arterial intimal thickening,
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FIGURE 4.17 Both anterior cerebral arteries (arrows) show thinning
and fibrosis of the media but marked enlargement of the intima by a
subintimal proliferation of connective tissue. Note the bilateral infarc-
tion (i) of the cingulate gyri [reproduced with permission from Hughes,
T. J., and Schianchi, P. M. (1978). Cerebral arterial spasm. A histological
study at necroscopy of the blood vessels in cases of subarachnoid hemor-
rhage. J. Neurosurg. 48, 515-525].

necrosis of the media, and leukocytic infiltration of the
adventitia. Glycosaminoglycan histochemical evaluation
was performed but the SAH arteries did not seem to differ
from those obtained from presumed normal controls
(122). Scanning electron microscopy of the vascular lumi-
nal surface of narrowed human arteries in SAH cases
showed the occasional absence of endothelial cells and
crisscrossing fibrin nets. These specimens had been
removed postmortem and had been irrigated with saline

FIGURE 4.18 Photomicrograph of a transverse section of the anterior
cerebral artery. The tunica media is atrophied and fibrotic. The tunica
elastica is irregular and in one place broken. The tunica intima is elevated
above a thick concentric layer of fibrosis [reproduced with permission
from Hughes, T. J., and Schianchi, P. M. (1978). Cerebral arterial spasm.
A histological study at necroscopy of the blood vessels in cases of
subarachnoid hemorrhage. J. Neurosurg. 48, 515-525].

prior to fixation; as a result, and because of the fact that
control series also showed some fibrils and loss of
endothelial cells, the observations are open to question
(123). Mast cells in the arteries of 7 patients with aneur-
ysmal SAH were found. Using the same techniques, they
were not observed in arteries of patients dying from
trauma (124). Some human cases have shown medial
thinning with necrosis of smooth muscle cells associated
with scattered eosinophilic cellular debris in the outer
media (125).

Autopsies were performed on 45 cases dying from
ruptured aneurysms. All showed SAH, 33% showed
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intraventricular hemorrhage (IVH), 20% showed intra-
cranial hemorrhage (ICH), and 13% showed IVH and
ICH. Infarction (encephalomalacia), the primary cause
of death, was present in 80%; as a contributing cause it
was present in the other 20%. The time of death post-SAH
was as follows: days 2-10, 62%; days 11-24, 27%; and
days 25-50, 11%. Reduction in the diameter of arteries
was present in all the patients dying in the early phase, but
was of varying degrees ranging from moderate narrowing
to apparent complete obliteration of the lumen and con-
tiguity of the intima. On some parts of the surface of the
interior wall, hemorrhages were noted between the inter-
nal elastica and the media. Smooth muscle cells tended to
show twisted nuclei, indistinguishable cell borders, and
condensation of the cytoplasm. Clots were noted around
the arteries. By days 11-24 post-SAH, the periarterial
clots were beginning to lyse. The smooth muscle cells of
the media showed dystrophic changes including perinuc-
lear halos and edema. Patients dying in the late phase
showed sclerosis of the media (126).

Using Gomori’s reticulin stain, a dense network of
fibers surrounding smooth muscle cells was uniformly
distributed in the media of “normal” patients as opposed
to 35 patients who died of aneurysmal rupture, whose
arteries showed fewer reticular fibers in the inner media
(127).

The arteries of four patients who died from VSP were
compared with those of two who died without VSP. The
former patients showed many white, fibrinous micro-
thrombi in ischemic and infarcted areas served by angio-
graphically spastic arteries. These regions corresponded
to low-density areas observed on CT scans. The cases
dying without VSP showed only negligible thrombi. The
distribution of microthrombi was significantly greater in
regions clinically identified as having been ischemic (128).

2. Animal Studies

The model that we and our colleagues at the University
of Alberta developed of clot application directly to surgic-
ally exposed basal arteries has provided interesting views
of spastic arteries. The decrease in lumen with apparent
wall thickening is dramatic (Fig. 4.19-4.21). The flat
endothelial surface of normal vessels becomes corrugated
and the longitudinal folds, parallel to the direction of
blood flow, contained blood elements despite perfusion
fixation (Fig. 4.22). In cross section, the endothelial folds
frequently showed progressive damage to the endothelial
cells and apparent regions of edema under the apices of
the folds (Fig. 4.23). The smooth muscle cells undergo a
variety of changes, including that of shape and develop-
ment of Iytic changes. All degrees of smooth muscle
damage were documented (Fig. 4.24). Such changes in
the dog have been recorded by others (Fig. 4.25).

When viewed by scanning electron microscope, pre-
parations of vessel wall in which intercellular material
has been removed demonstrate apparent connections
between vascular smooth muscle cells (Fig. 4.26). The
normally smooth, elongate vascular smooth muscle cells
(Fig. 4.27), when contracted by various vasoconstrictors
including hemolysate, have an accordian-like spiral of
ridges in their surfaces, at right angles to the long axis of
the cells (Fig. 4.28).

It has been hypothesized that blockage of potential
drainage or nourishing networks in the vessel wall by
RBC debris might be a factor in the genesis of VSP.
Scanning electron micrographs of adventitial surface of
normal vessels are consistent with such apertures (Figs.
4.29 and 4.30).

In a porcine model, MCA exposed to blood or heme-
containing blood fractions for 10 days showed apparent
thickening of the vessel walls (112,129). Endothelial cells
can show a progression of changes, including swelling,
intracellular vacuoles and subendothelial blisters, prolif-
erating myointimai cells migrating through the disrupted
elastica into the subintima, and frank denudation of
endothelium (112,130-141).

Brain parenchymal vessels were studied in cats sub-
jected to SAH. Cortical tissues were frozen in situ and
morphometric analysis demonstrated that SAH induced
parenchymal vasoconstriction (142). VSP of the basilar
artery occurred following the direct injection of vasopres-
sin. Microcorrosion vascular casts of polyester clearly
demonstrated numerous longitudinal foldings and
endothelial cellular impressions (143). Stereological mor-
phometry on the intraparenchymal capillary network and
microgravimetry were performed in a rabbit SAH model.
The volume and surface densities of capillaries were sig-
nificantly reduced; the maximum and the minimum inter-
capillary distances were significantly increased on days 1
or 2 after SAH. Concurrently, the specific gravity was
significantly decreased. It was suggested that the forma-
tion of brain edema in the period 1 or 2 days following
SAH might be associated with impaired capillary perfu-
sion and reduced capillary blood volume (144). The sulcal
arterioles of the cervical spinal cord of rats subjected to
trauma showed evidence of VSP up to 24 hr postinjury.
Arteriolar morphology showed a large decrease in smooth
muscle cell length and increases in width. Arteriolar cross-
sectional area decreased concurrently. The endothelium of
the sulcal arteries developed microvilli (145). Perfusion-
fixed specimens of intraparenchymal arterioles in dogs
subjected to SAH were investigated by arterial injections
of polyester resin. These corrosion casts showed tapered
narrowing with endothelial folding after SAH. The width
of the arteriole significantly decreased 3-7 days post-
SAH. The significant decrease of internal diameter of
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FIGURE 4.19 Scanning electron micrograph of vessel in spasm (top) which was encased in clot for 7 days and
contralateral MCA (bottom) which was not.
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FIGURE 4.20 Representative scanning electron micrographs of the MCA of a monkey treated
with nimodipine (6 mg/kg po 8hr). (A) MCA clot side. (B) Nonclot side [reproduced with
permission from Nosko, M., Weir, B., Krueger, C., Cook, D., Norris, S., Overton, T., and
Boisvert, D. (1985). Nimodipine and chronic vasospasm in monkeys: Part 1. Neurosurgery 16,

129-135].

arterioles was associated with a significant increase in wall
thickness, at any depth, from the brain surface 3 and 7
days post-SAH (146).

A corrosion cast technique was used to evaluate hemo-
lysate-induced VSP in rats using three-dimensional analy-
sis. The acute (10 min post-SAH) phase was studied. The
basilar artery showed apparent VSP over its entire length
and corrugations were observed on the inner surface.
Endothelial cell nuclei were distorted. The inner basilar

artery diameter was 38% contracted in a hemolysate-
injected group compared to that in a saline-injected con-
trol group (147).

D. Changes in Arterial Innervation

There is a rich plexus of adrenergic, cholinergic,
and peptidergic axons originating from the superior cer-
vical ganglion which exist around the cerebral arteries.
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FIGURE 4.21 Scanning electron micrographs of the right MCA (clot
side) from a monkey not receiving intrathecal rt-PA. Severe VSP with
intraluminal thrombosis is present. (Top) The subarachnoid clot, which
has separated from the vessel adventitia during fixation. FL, frontal lobe;
TL, tempolobe [reproduced with permission from Findlay M., Weir, B.,
Gordon, P., Grace, M., and Baugham, R. (1989). Safety and efficacy of
intrathecal thrombolytic therapy in a primate model of cerebral vasos-
pasm. Neurosurgery 24, 491-498].

Following SAH, the catecholamine-induced fluorescence
is usually reduced for at least a month (148,149). Ultra-
structural changes are evident in the perivascular axons
after SAH (150). All types of nerves are probably equally
damaged since there is a marked reduction in catechola-
mines, ACh, vasoactive intestinal polypeptide (VIP), and
substance P (SP) (149,151). Axonal degeneration occurs
after exposure to whole blood, RBCs, or Hb (112,129).
After SAH there may be a transient increase in op and 3,
adrenergic receptor sites (148,152). It has been speculated

that a type of denervation supersensitivity might exist
after VSP, but there is no direct convincing evidence.
NE (131,138,153) and 5-HT (153-155) have been impli-
cated in morphologic changes after SAH. The bulk of
recent evidence, however, has indicated that vessels in
VSP become progressively refractory to both vasocon-
strictor and vasodilator agonists (156). Destruction of
the posterior hypothalamus of dogs decreases the perivas-
cular adrenergic nerve plexus fluorescence. It takes up to 7
days for immunohistochemical recovery. The amount of
acetylcholinesterase was not diminished by this lesion
(157). In another study in hypothalamic lesions in dogs,
degeneration of both adrenergic and cholinergic nerves
was observed (158).

E. Arterial Wall Barrier Disruptions

1. Animal Studies

In a rabbit SAH model the presence of perivascular
blood disrupted the normal blood arterial wall barrier at
48 hr. This was demonstrated by the leakage of horserad-
ish peroxidase into the subendothelial space (159). Other
workers have shown that the endothelial integrity was
maintained at 10 days post-SAH and at that point there
was no passage of tracers (112). Also, in the rabbit dis-
ruption of the arterial wall barrier was observed after
experimental SAH. There was a markedly increased trans-
fer of staining through the vessels embedded in cisternal
clots. This staining extended toward the core of the brain
stem on the first day after SAH (144).

Horseradish peroxidase injected iv in dogs does not
normally penetrate the arterial endothelium to stain the
vessel wall; however, this occurs following SAH or
increased ICP from subarachnoid saline injection. The
mechanism may be the opening of interendothelial junc-
tions. This could account for abnormal post-contrast
enhancement on CT scans {(159).

In the primate clot application model when chronic
VSP was reliably produced, the injection of horseradish
peroxidase by the arterial route did not stain the arterial
wall. When it was injected into the subarachnoid space it
permeated the vessel wall from the adventitial side, appar-
ently passing through adventitial pores (160).

F. The Functional Significance of Morphologic
Changes

1. Human Studies

Mayberg concluded that the hypothesis that luminal
narrowing is caused by an increased mass of the vessel
wall (due to myointimal proliferation) is probably not
valid. He considered that histologic changes in the arteries
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FIGURE 4.22 (Top) Electron micrograph of the luminal surface of a monkey MCA which is not in spasm. The
nuclei do not line up in any particular axis. The surface is flat. (Bottom) Despite perfusion fixation, this MCA,
which was surrounded by clot for 7 days, has RBCs and leukocytes trapped in the interstices of longitudinal folds
caused by VSP that are parallel to the long axis of blood flow.
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FIGURE 4.23 Transmission electron micrographs of cross sections of the lumenal sur-
face of monkey MCA. (Top left) Normal endothelial cells and internal elastica. Note the
tight junction. (Bottom left) With more marked folding, edematous regions appear under
the apices as though the muscle layer is pulling off the abluminal side of the elastica.
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FIGURE 4.23 (Continued)

(Top right) MCA exposed to clot shows some corregation of elastica and multiple cell types in the
endothelial layer. (Bottom right) Same with degenerating smooth muscle cells.
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FIGURE 4.24 Transmission electron microscopy of smooth muscle cells. (Upper left) Normal smooth
muscle, (Upper right) contracted nucleus of media muscle cells, (Center left) vacuolization and marked
fibrosis of lamina muscularis, (Center right) vacuolization and fibrosis of the media, (Lower left) smooth
muscle cell with pyknotic nucleus and intracytoplasmic vacuoles (Lower right) smooth muscle cell with
condensed lysosomes [reproduced with permission from Espinosa, F., Weir, B., Shnitka, T., Overton, T.,
and Boisvert, D. (1984). A randomized placebo-controlled double-blind trial of nimodipine after SAH in
monkeys. Part 2: Pathological findings. J. Neurosurg. 60, 1176-1185].
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FIGURE 4.25 Electron microscopy. (Upper left) Basilar artery 1 month after SAH. An abnormal smooth
muscle cell (SM) with low-density cytoplasm and a clear membrane is seen. In its vicinity various kinds of
dense or amorphous materials (CD), which are considered to be cell debris, are seen. A basement membrane
(BM) is seen to surround them all. In the interstitial space there are abundant dense particles. (Upper right)
Basilar artery 4 months after SAH. There is considerable cell debris (CD) surrounded by basement membranes,
and the smooth muscle cell population in the media is reduced. (Lower left) Basilar artery 7 months after SAH.
Smooth muscle cells (SM) containing numerous lysosome-like dense bodies (asterik) are seen. (Lower right)
Basilar artery, 24 months after SAH, has normal elastic lamina (EL) and smooth-muscle cell (SM). No abnormal
finding is observed [reproduced with permission from Tanabe, Y., Sakata, K., Yamada, H., Ito, T., and Takada,
M. (1978). Cerebral vasospasm and ultrastructural changes in cerebral arterial wall. An experimental study. J.

Neurosurg. 49, 229-238].

after chronic exposure to blood might reflect pathologic
processes that act to maintain arterial narrowing. The
endothelial barrier might be disrupted with exposure of
the arterial smooth muscle to serum constituents instead
of the usual ultrafiltrate of plasma. The complex meta-
bolic interaction between endothelium and smooth muscle
contraction might also be disrupted with impairment of
usual secretion of potent vasodilators such as prostacyclin
and adenosine (112).

Contractile responsiveness of small vessels to NE and
K* was found in vessels removed from patients within
48 hr of SAH. These segments showed spontaneous rhyth-
mic increases in tone. Such changes, however, were also
found in arteries removed from non-SAH cases. The
heightened agonist responsiveness was thought to result
from exposure to agents that damage the blood vessel
wall, resulting in partial depolarization of endothelial
and smooth muscle cells. It should be noted that these

were very small vessels and that this was not the time
during which chronic VSP is present (161).

2. Animal Studies

Hemorrhage caused by puncture of the ICA in mon-
keys resulted in large, prolonged, and spontaneous
increases in muscle tone when the vessels were studied in
vitro. There was also a marked reduction in the ability of
the vessel wall to contract, a reduction in constrictor and
dilator nerve influences on vascular tone, and some
increased sensitivity to 5-HT (156).

In a rabbit model of chronic VSP in which the basilar
arteries were studied between 1 and 9 days, the initial
phase of VSP was reversible by intraarterial papaver-
ine. The second phase exhibited an increasing component
of narrowing that was papaverine insensitive. Increas-
ing basilar artery stiffness occurred over 9 days as
the contractility decreased (162). Penetrating arterial
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FIGURE 4.26 Scanning electron photomicrograph of anterior cerebral artery from a monkey given intrathecal
injections of oxyhemoglobin. There are multiple intercellular contacts visible between smooth muscle cells
(arrows). Mild folding of the cell membrane is seen (scale bar = 10 um) [reproduced with permission from
Macdonald, R. L., Weir, B., Chen, M. and Grace, M. (1991). Scanning electron microscopy of normal and
vasospastic monkey cerebrovascular smooth muscle cells. Neurosurgery 29, 544-550].

microvessels from rabbits 3 days after SAH showed no
significant differences in spontaneous tone or reactivity to
a number of vasoactive stimuli, including Ca?*, serotonin,
and ACh compared to controls. In contrast, the basilar
artery after SAH showed an attenuation of the relaxing
effect of ACh following 5-HT-induced contraction and of
ATP after KCl-induced basilar artery contraction (163).
The basilar artery also showed increased contractions to
the vasoconstrictor agonists.

G. Blood-Brain Barrier

The concept of a BBB grew from the fact that certain
dyes that stain systemic organs if given iv fail to stain the
brain. It was also noted that certain dyes if injected intra-
cisternally would stain the brain even though they failed
to do so after iv administration. The barriers to transport
are specific to given molecules. The barrier depends on
morphological constraints, biochemical characteristics of

the solute, and transport systems within choroidal epithe-
lium and cerebrocapillary endothelium. The structural
basis of the BBB is the modified type of endothelium of
the blood vessels. The capillary endothelial cells have tight
junctions and a very low permeability to hydrophilic
nonelectrolytes on the end of specific membrane carrier
molecules (50).

The physical basis of the BBB is the closely apposed
margins of vascular endothelial cells. The BBB is not a
single hurdle to all substances but varies with the size and
nature of the compound. There is also a blood ventricular
(CSF) barrier around the choroid plexus vessels that is
formed by tight junctions of the choroidal epithelium. On
the brain subarachnoid space surface, the interface
between brain tissue and CSF is a fine avascular mem-
brane overlying tightly packed layers of cytoplasmic pro-
cesses of astrocytes. Early studies in which dyes were
introduced under pressure into the CSF showed penetra-
tion of the leptomeninges and ependyma with staining of
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FIGURE 4.27 Scanning electron micrographs of uncontracted monkey vascular smooth muscle
cells after removal of adventitial connective tissue by hydrolysis with HCI.

the brain to a depth of several millimeters: These findings
were probably spurious and resulted from toxic damage
to the brain subarachnoid space barrier.

Studies of the BBB following hypoxia or ischemia
have indicated that it becomes more permeable to large
molecules such as radiographic contrast material and
Evans blue dye (164). There may be a selective increase
in the transport of small molecules, such as horserad-
ish peroxidases, after short periods of ischemia that
antedate the later general increase in permeability which
indicates only advanced necrotic changes in blood ves-
sels.

Substrates can penetrate the brain by dialysis, ultrafil-
tration, osmosis, Donnan’s equilibrium, electric charges,
lipid solubility, special tissue affinity, or metabolic activ-
ity. The movement of a substance into a brain cell ulti-
mately requires penetration of the plasma membrane,
which is a bimolecular lipid layer with an inner and
outer absorbed protein layer. The equilibration of the
brain with labeled Na*™, K¥, or Cl~ injected into the
plasma is slow. The movement of CO, across the BBB
has a profound and complex effect on the acid-based
balance since it moves much more rapidly than both H*
and HCOj3. Any change in P,CO; is rapidly reflected in
the brain and CSF by a corresponding change in pH,
whereas metabolic alterations in blood acid-base com-
ponents will be reflected only slowly in the brain.

Ventilatory responses to acid—base disturbances are con-
trolled in part by the concentrations of H* and HCO;3 in
the CSF which do not directly reflect levels in the blood.

1. Human Studies

In a study of augmented CT scans in 80 patients after
SAH, abnormal enhancement was seen in 26 cases in
regions bordering the subarachnoid spaces. Such
enhancement was associated with a deteriorated clinical
condition, VSP, and poor outcome. It was suggested that
the abnormal enhancement was parenchymal and resulted
from a breakdown of the BBB (165). This can occur early
after SAH. The pathological contrast is most obvious in
the cortex and near the subarachnoid spaces but probably
occurred throughout the brain (165-167).

Twenty-six patients with SAH were investigated
with 68-Ga-EDTA and position emission tomography
(PET) to evaluate the presence of a BBB disturbance.
Only 1 patient showed such a disruption. A patient with
abnormal PET examinations showed an accumulation
of the 68-Ga-EDTA dye at the site of the aneurysm.
The only patient with an apparent disruption of the
BBB showed an increased accumulation in the parietal
region supplied by one of the MCAs. No abnormal
accumulation of tracer occurred in or close to the sub-
arachnoid space in these SAH patients using this tech-
nique (168).
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FIGURE 4.28 (Top) Scanning electron micrograph of monkey basilar artery contracted in vitro with prosta-
glandin F,,. Note marked folding of the cell membranes. (Bottom) Following exposure to oxyhemoglobin cells
become shorter and the membrane surfaces develop ridges or convolutions [reproduced with permission from
Macdonald, R. L., Weir, B., Chen, M., and Grace, M. (1991). Scanning electron microscopy of normal and
vasospastic monkey cerebrovascular smooth muscle cells. Neurosurgery 29, 544-550].
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FIGURE 4.29 Scanning electron micrograph shows apparent stomas
on the surface of the adventitia.

2. Animal Studies

SAH was induced in rats by injecting autologous blood
into the cortical subarachnoid spaces. SAH alone caused
significant extravasation of dye, whereas sham operation
did not. Spontaneously hypertensive strains of rats
showed a greater increase in Evans blue extravasation
than did normal animals (169). Following cortical subar-
achnoid space blood injections, brain edema developed in
the acute stage (170). In 20 rats having intracisternal
injection of blood and 10 control animals it was found
that intraarterial injection of dehydrocholate resulted in
BBB disruption in both groups. The extent of disruption,
however, was significantly greater in the control group
than in the SAH group. The animals with the lowest
pre-SAH mean arterial blood pressure (MABP) demon-
strated the greatest resistance to experimental BBB dis-
ruption (171). SAH caused a six fold increase in Evans
blue extravasation in a rat model. The capillary perme-
ability to this tracer was normalized by pretreatment with
a 21-aminosteroid (172). In a model, the novel anti-
ischemic compound Bimoclomol, which is used against
peripheral vascular complications of diabetes mellitus,
was found to reduce the extravasation of Evans blue dye
into the cerebral tissue of rats with SAH (173). The
BBB changes were evaluated by means of the
quantitative ['*Cla-aminoisobutyric technique. The ani-
mals were studied on the second day post-SAH.
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FIGURE 4.30 Scanning electron micrographs at different magnifica-
tions showing paired stomas that have the appearance of tunnel-like
structures on the surface of the adventitia [reproduced with permission
from Espinosa, F., Weir, B., and Shnitka, T. (1986). Electron
microscopy of simian cerebral arteries after subarachnoid hemorrhage
and after the injection of horseradish peroxidase. Neurosurgery 19,
935-945].

There was an increased passage of the tracer across the
BBB into the brain (174).

In a series of cats subjected to SAH, Evans blue dye
was injected intravenously. One hour post-SAH there
were discrete spots of fluorescence relating to individual
parenchymal vessels, appearing bilaterally in the cerebral
cortex and to a lesser extent in the white matter. Four
hours later the extravasations and the tissue staining
became more widespread and confluent. Changes were
predominant on the side of the punctured vessels, presum-
ably the site of the most blood. In a different feline series
of SAH, the permeability of the BBB to Evans blue pro-
tein appeared to be maintained by rendering the animals
hypertensive by the intracarotid injection of mercuric
chloride (175).
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V. Changes in Composition of Cerebrospinal
Fluid, Blood, and Adjacent Tissues

A. Cerebrospinal Fluid

The composition of cerebrospinal fluid is given in
Table 4.5.

1. Hemoglobin

Hb is usually evident in the supernatant CSF within the
first 4-10 hr after SAH. The pink color is usually maximal
within the first 2448 hr and then gradually fades. Bilir-
ubin is detected later than Hb, first appearing 9-15hr
after bleeding, and it imparts a yellowish color. It is pre-
sent for up to 2 weeks following SAH (50). Spectrophoto-
metric investigations of CSF show that oxyHb is situated
in the absorption curve with a distinct maximum at
415nm, methHb has a corresponding peak at 406 nm,
and the bilirubin curve shows a single broad absorption
band with a maximum at 455 nm when the solution con-
tains albumin (176).

Total Hb was determined in 85 CSF samples from
aneurysm patients. No significant correlation could be
observed between VSP and the amount of Hb. VSP
was seen in 39% of those containing oxyHb and 64% of
those containing oxyHb and methHb. The relatively
high frequency of VSP in the presence of methHb was
attributed to the larger amounts of Hb and blood clots in
the subarachnoid space (177). In a similar study in 15
patients post-SAH the median Hb concentration was
19.5mg%. Increased Hb concentrations could be found
up to 26 days after the initial SAH. Two patients reached
normal Hb values rapidly, ! within 3 days and the other
within 6 days (178). Eighty-one specimens from 31 cases
with SAH and intraventricular hemorrhage (IVH) showed
Hb in the CSF beginning about 2hr post-SAH and
starting to decrease in the second week. Methb was not

TABLE 4.5 Composition of Cerebrospinal Fluid and Serum”

Cerebrospinal

fluid Serum
Osmolarity (mOsm/liter) 295 295
Water content (%) 99 93
Sodium (mEg/liter) 138.0 138.0
Potassium (mEg/liter) 2.8 4.5
Calcium (mEg/liter) 2.1 4.8
Magnesium (mEq/liter) 2.3 1.7
Chloride (mEg/liter) 119.0 102.0
Bicarbonate (mEq/liter) 22.0 24.0°
CO; tension (mmHg) 47.0 41.0°

pH 7.33 7.41°

Oxygen (mmHg) 43.0 104.0°

Glucose (mg/dl) 60.0 90.0

Lactate (mEq/liter) 1.6 107

Pyruvate (mEqg/liter) 0.08 0.1 lb

Lactate:pyruvate ratio 26.0 17.6°

Fructose (mg/dl) 4.0 2.0

Polylols (nmol/dl) 34 L5

Mpyoinositol (mg/dl) 2.6 1.0

Total protein (mg/dl) 350 7.0
Prealbumin (%) 4 Trace
Albumin (%) 65 60
Alpha,, globulin (%) 4 5
Alpha,, globulin (%) 8 9
Beta globulin (beta,+ tau) (%) 12 12
Gamma globulin (%) 7 14
I1gG (mg/dl) 1.2 987
IgA (mg/dl) 0.2 175
IgM (mg/dl) 0.06 70
Kappa:lambda ratio 1.0 1.0
Beta-trace protein (mg/dl) 2.0 >0.4
Fibronectin 3.0 pg/ml 300 g/ml

Total free amino acids (mol/dl) 80.9 228.0

Ammonia glutamine (g/dl) 24.0 37.0°

Urea (mmol/dl) 4.7 5.4

Creatinine (mg/dl) 1.2 1.8

Uric acid (mg/dl) 0.25 5.50

Putrescine (pmol/ml) 184.0

Spermidine (pmol/ml) 150.0

Total lipids (mg/d}) 1.5 750.0
Free cholesterol (mg/dl) 0.4 180.0
Cholesterol esters (mg/dl) 0.3 126

cAMP (nmol/liter) 20.0

c¢GMP (nmol/liter) 0.68

Homovanillic acid (g/ml) 60.0

5-Hydroxyindoleacetid acid (g/ml) 0.04

Norepinephrine (pg/ml) 200 350.0

3-Methoxy-4-hydroxyphenylglycol (mg/ml) 15.0

Acetylcholine (mg/dl} 1.8

Choline (nmol/ml) 2.5

PGF;, (pg/ml) 92.0

Insulin (mol/ml}) 37 36.0

Gastrin (pmol/liter) 34

Cholecystokinin (pmol/liter) 14.0

Beta endorphin (pmol/liter) 145.0 10.0

Phosphorus (mg/dl) 1.6 4.0

Iron 1.5 g/dl 15.0 mg/dl

% Major brain metabolite of norepinephrine. Reproduced with
permission from Fishman, R. A. (1992). In Cerebrospinal Fluid in
Diseases of the Nervous System, 2nd ed., Table 8-1, Saunders, Phila-
delphia.

b Arterial blood.
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found after SAH but was found in subdural hematoma
fluid (179).

Within 1 week post-SAH, images from T1-weighted
magnetic resonance imaging (MRI) start to show blood
products. It has been suggested that metHb formation
with T1 signal shortening partly accounts for the increas-
ing intensity of the CSF (180).

2. Pigments

Xanthochromia is a descriptive concept and refers to a
yellowish or pinkish discoloration of the spinal fluid
which can be present in (i) jaundice in which total bilir-
ubin levels exceed 10-15mg/dl, (ii) protein concentrations
in CSF greater than 150mg/dl, (iii) hypercarotenemia,
and (iv) rifampin intake (181). It is present within 4 hr
after onset of SAH and increases for a few days. It begins
to decrease after 6-10 days (46,182). The Van den Berg
reaction is negative in fluids made xanthochromic in vitro,
whereas it is positive in the CSF of patients. The fact that
bilirubin is produced from hemolyzed RBCs is strong
evidence that the destruction of the RBCs takes place
within the lining of the subarachnoid space or within
clot. CSF is normally as clear as water. At least 1 ml of
CSF is required to be spun down to make a judgment that
the supernatant is clear. Supernatant fluid may remain
clear for up to 12hr after SAH despite the presence of
RBCs in the CSF (183).

Serial studies of xanthochromia were performed on
CSF from 15 patients post-SAH without evidence of
rebleeding. The index rose in some patients up until the
17" day. It was concluded that because the proportion of
oxyHb or the absolute concentration of Hb fluctuated,
the diagnosis of rebleeding based on CSF examination
could only be made by observing an increase in xantho-
chromia but not Hb, if previous samples had shown a
decrease. Five of 6 patients with CT-demonstrated
rebleeding showed increased xanthochromia as evidence
of rebleeding (184). The conversion.of reduced Hb to
methHb is possible in vifro and in vivo. However, the
conversion of heme compounds to bile pigments requires
specific intracellular conditions of temperature, concen-
tration, and pH and the presence of both O, and an
appropriate reducing system (179). Bilirubin begins to
appear 3 or 4 days post-SAH and increases in the second
week. In in vitro experiments the xanthochromia which is
due to Hb and not bilirubin begins about 4 hr postincuba-
tion (64).

3. Proteins, Peptides, and Amino Acids

The CSF contains some proteins but concentration is
very much less than that in plasma; CSF can be regarded
as essentially a protein-free fluid in physiological circum-
stances. Various authorities give a range for an upper

limit of lumbar human CSF protein of between 25 and
59 mg/100 ml. Protein concentration in the lumbar CSF is
higher than cisternal or ventricular CSF concentration
(185). The proportion of prealbumin decreases despite
the fact that the total concentration of protein rises on
going from the ventricles to the lumbar sac. The normal
CSF proteins include orosomomucoid, a;-antichymo-
trypsin, haptoglobin, ceruloplasmin, o;-antitrypsin, -
trace protein, az-macroglobulin, prealbumin, albumin,
v-globulin, IgA, transferrin, hemopexin, C'3-complement,
IgG, and v-trace protein (186). Protein concentrations in
CSF tend to increase with age. In seven series the percent-
ages of protein fractions ranged as follows: total protein,
21-40 mg/100 ml; prealbumins, 4.3-6.8 %; albumin, 54.5—
63.7%; a;-globulin, 3.4-6.1%,; a,-globulin, 4.9-6.7%; B-
globulin, 8.5-9.7%; 1-globulin, 5.3-6.1%; and ~y-globulin,
8.3-11.6% (186). In one group of 10 patients with SAH,
prealbumin was significantly lower than that in other
conditions or controls (187). In another study of SAH,
the B,-microglobulin level was elevated (188). Oligoclonal
Ig bands were found in the serum and CSF of 16% of 83
patients with SAH. These were more common in SAH
than cerebral ischemia. In serum, the bands were less
common than in the CSF of these SAH patients (189).

The concentrations of amino acids in CSF of normal
subjects from four series showed that those present in
greatest concentrations are threonine, alanine, serine,
and arginine. In contrast, in plasma the most common
acids are alanine, glycine, valine, proline, and lysine (186).
The only amino acid with a CSF concentration approach-
ing or exceeding that of its plasma concentration is gluta-
mine (186).

In 247 CSF samples from cases with cerebral hemor-
rhage of all types, only 34 had less than 45mg/dl of
protein, and 140 had greater than 100 mg/dl. The average
was 270 mg/dl. Normal concentrations of proteins in CSF
(mg/liter) were as follows: albumin, 155; prealbumin, 17.3;
transferrin, 14.4; ceruloplasmin, 12.3; a;-macroglobulin,
2; IgA, 1.3; and IgG, fibrinogen, IgM, and B-lipoprotein,
<1 (190). In 254 patients diagnosed with intracranial
bleeding, the CSF total protein was associated with
death if concentrations exceeded 3000 mg/100 mi (191).

The levels of the two calcium-binding proteins, S-100
and calmodulin, which are highly concentrated in the
CSF, were elevated in the earliest postoperative CSF
samples in SAH patients. Patients in poorer grades
showed higher levels of S-100. The prognosis correlated
with the S-100 protein levels. There was a lack of correla-
tion between the calmodulin levels and the preoperative
grade or outcome. S-100 is considered to be a nervous
system-specific protein, localized in the glia and Schwann
cells, and is utilized as an immunohistochemical marker
for brain tumors. Calmodulin is an activator of cyclic
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nucleotide phophodiesterase. It appears to be a chief
mediator of Ca’* effects on various cellular processes
(192).

Astroprotein is immunologically identical to glial
fibrillary acidic protein. Levels in CSF are markedly
increased in acute cases of ICH and slightly to mod-
erately increased in acute cases of SAH and cerebral
infarction. Levels relate to the general neurological state
of patients (193).

The intracellular neuronal protein MAP-tau was
measured in the CSF of 12 SAH patients. Levels were
elevated about 10,000-fold compared to controls (mean
= 56 ng/ml). The patient’s current clinical condition was
highly correlated with levels in 82 study patients.
Patients without VSP showed a steady decline in this
protein during hospitalization. VSP patients showed
initial levels of 66 ng/ml, during VSP they showed levels
of 198 ng/ml, and post-VSP they showed levels of 24 ng/ml
(194).

CSF and plasma levels of the 52-amino acid peptide
adrenomedullin were measured in 13 SAH patients.
Levels significantly increased in the CSF of 6 patients
with transient ischemia symptoms and in 3 cases
with permanent ischemic deficits. Peak values for all of
the permanent deficit group were >100 fmol/ml. Patients
with ischemic symptoms had lower plasma levels than did
patients without (195).

4. Complement and Inflammatory Factors

The complement pathway is a nonspecific immune
defense mechanism. Anaphylatoxins C3, and C4, increase
vascular permeability and exacerbate inflammation. CSF
from 29 SAH patients was examined. The C3, normal
level in CSF was 165 ng/ml. In severe VSP cases the level
was 2500 ng/ml on day 1 dropping to 750 ng/ml by day 7.
For cases with mild VSP the day 1 level was 1000 ng/ml,
again falling to about 700 ng/ml by day 7. CSF C4, nor-
mal level was 166 ng/ml. In severe VSP, it was 1400 ng/ml
on day 1, falling to 500 ng/ml on day 7. For milder cases it
was 1100 ng/ml on day 1 and 490 ng/ml on day 7. The CSF
SC5b-9 (membrane attack complex) was found to have a
normal value of 0.19 ng/ml. The day 1 level in severe VSP
cases was 3700 ng/ml, decreasing to 500ng/ml by day 7.
For milder cases it was 1100 ng/ml on day 1 and 300 ng/ml
on day 7. It was hypothesized that the plasma protein
cascades initiated by SAH might include complement
activation (196). In another study, CSF C3a and C4a
levels in the first 2 days post-SAH were significantly
higher in patients with delayed ischemic deficit (DID)
than in those who did not subsequently develop this com-
plication of VSP (197).

A mixture of CSF and blood was incubated at body
temperature for 7 days. Cl4-binding immunoglobulin was

detected. This protein is considered to activate the com-
plement system with the production of such vasoconstric-
tors as C3, and CS5, (198). The central nervous system
(CNY) is relatively isolated from circulating immune fac-
tors such as complement. In 15 patients following SAH,
the terminal complement complex (TCC) concentration
on days 0-2 was higher in CSF (210 ng/ml) than in plasma
(63 ng/ml), but none was present in the CSF of controls or
patients with ischemic strokes. By the 7 to 10-day interval
TCC was absent from the CSF. Complement activation
may initiate inflammation and aggravate brain damage
(199).

5. Platelet-Activating Factor

Platelet-activating factor is a lipid autocoid that was
originally recognized as a chemical mediator released
from the antigen-stimulated basophils. It is produced by
a variety of inflammatory cells, platelets, and vascular
endothelium following chemical or immunological stimu-
lation. Platelet-activating factor has a wide spectrum of
activities, including stimulating platelets and WBCs,
enhancing vascular permeability and causing vasocon-
striction. Twenty-one patients post-SAH had serial sam-
ples of CSF obtained from continuous ventricular or
systemic drainage. Six patients had cerebral infarction
and 15 did not. The platelet-activating factor concentra-
tions between days 5 and 9 were greater in patients with
cerebral infarction from VSP than in those without. The
concentration is regulated by platelet-activating factor
acetylhydrolase, an enzyme normally present in serum.
The activity of this enzyme gradually decreased following
SAH and then increased as a mirror image to the platelet-
activating factor concentration. The enzymatic activity
was less in the patients with cerebral infarction than in
those without. The activity of this enzyme increased in a
temperature-dependent manner (200).

6. Neopterin

Neopterin is a substance produced by macrophages in
response to the synthesis by T cells of y-interferon. CSF
samples from 14 patients post-SAH showed large varia-
tions in levels. The mean contro! CSF neopterin level was
1.3nM. In the SAH group the new CSF neopterin values
were higher in patients with clinical symptoms of DID
compared to patients without such deficits (21.9 wvs
9.3nM). No strong correlation was found between levels
and clinical outcome, ischemia, or detectable blood on the
CT scan (201).

7. Bradykinin

Bradykinin CSF concentrations in 21 patients post-
SAH showed values of 135 pg/ml on day 0, 38 pg/ml on
day 1, 23 pg/ml on day 2,17 pg/ml on day 3, 16 pg/ml on



V. CHANGES IN COMPOSITION OF CEREBROSPINAL FLUID, BLOOD

123

day 4, and 15 pg/ml on day 5. The control CSF showed
concentrations averaging 8 pg/ml. Patients with IVH did
not show high levels of bradykinin (BK). It is thought that
activation of the Hageman factor would require contact
with collagen bundles in the trabeculae of the subarach-
noid space, which would be the case in SAH but not IVH
(202). In 25 patients, BK levels were examined within 3
days post-SAH and the concentrations on the days 0-1,
days 2-4, days 5-7 periods and later were 122.7, 38.6,
22.7, and 17.1 pg/ml. Plasma BK levels post-SAH were
higher than in the control groups but showed no change
over time (203).

8. Interleukin

Interleukins (IL) are immunomodulators that regulate
cellular events within the immune system. Localized brain
immune responses lead to increased levels of the immu-
nomodulator “cytokines.” Serum and CSF samples of 12
patients were analyzed for IL-6, soluble IL-2R, and solu-
ble CD8 levels to establish whether immunactivation
occurred following SAH. The levels of IL-6 dramatically
increased and soluble IL-R moderately increased in the
CSF in 11 of 12 patients. Slightly elevated levels of soluble
CDS were seen in 6 patients. The IL-6 levels peaked at day
6. The increases in IL-6, soluble IL-2R, and soluble CD8
levels in CSF were not paralleled by increased values in
serum, so it was assumed that they were being synthesized
in the subarachnoid space. Also, transfer of IL-6 via the
BBB was unlikely since there was a negative correlation
between serum and CSF levels. These findings were inter-
preted as reflecting a severe inflammatory effect on the
CNS (204).

Cisteinyl-leukotrienes were elevated in CSF shortly
after ictus. Levels were significantly higher in patients
who subsequently developed VSP assessed by trans-
cranial Doppler ultrasonography (TCD). Normalization
of Doppler values was accompanied by decreasing levels
of CSF cisteinyl-leukotrienes (205).

IL-IRa mean levels were significantly higher in poor-
grade SAH patients on admission than in good-grade
ones (318 vs 82pg/ml). Levels increased during episodes
of DID and postoperatively. Levels of this interleukin and
TNF-a increased significantly on days 4-10 in patients
who ultimately had a poor outcome. Both of these com-
pounds are known to induce fever, malaise, leukocytosis,
and NO synthesis and to mediate ischemic brain injury
(206).

9. Adhesion Molecules

Adhesion molecules are involved in WBC adherence to
the endothelium and subsequent diapedesis and migration
into SAH clot. CSF from 17 patients post-SAH was com-
pared to that of 16 controls. Concentrations of soluble

adhesion molecules which facilitate the passage of WBCs
across the vascular endothelium were assessed. Levels of
soluble forms of E-selectin, ICAM-1, and VCAM-1 were
all elevated in CSF of patients post-SAH compared to
controls. After the initial ictus, levels fell over time. The
levels of E-selectin were highest in patients who later
developed VSP (207).

10. Enzymes
Creatine Phosphokinase

Creatine phosphokinase (CPK) in CSF from 30
patients post-SAH showed increases but no diagnostic
specificity. The increases seemed to be proportional to
the degree of cerebral destruction (infarction, ICH, and
IVH). VSP without infarction did not increase the levels
of CPK (208). A large number of samples of CSF from
patients with neurologic disease showed lactose dehydro-
genase levels of 8.41U/liter. There was no relationship
between enzyme levels in CSF and its protein or cell
content. CPK levels in normal CSF were 0-2.1ng/ml,
whereas in patients with acute cerebrovascular accidents
the levels were 6.5-14.0 ng/ml. The presence of CPK in the
CSF was not specific for any disease. In general, there
were raised levels after any kind of acute stroke. In bac-
terial meningitis lactate and glutathione levels are
increased. Enzyme levels in the CSF of controls were as
follows: enolase, 0.72; aldolase, 0.37; pyruvate kinase,
1.47, LDH, 7.90; and CPK, 1.9IU/liter (186). CPK
levels were measured in 35 CSF specimens from 30
patients post-SAH. Levels of the enzyme were increased
where there had been brain destruction such as Hyc,
infarction, or parenchymal hemorrhage. VSP without
infarction did not raise CSF CPK levels (208). Levels of
LDH, CPK, and of CPK isoenzymes were examined in
148 CSF samples. There was a tendency for increased
enzyme levels in patients with ICH. There was no correla-
tion between total CPK activity in the serum and the CSF
(209).

Phospholipase

Phosphoinositide-specific phospholipase activities in
CSF post-SAH were significantly higher than control
CSF. The preoperative clinical grade correlated with
the PLC activity in the CSF on day 3. Phospholi-
pase (PLC) activity was closely correlated with the act-
ivity of neuron-specific enolase, which reflected the
degree of brain damage. PLC enzymes were sub-
classified as PLC-B, PLC-8, and PLC-8. It was
hypothesized that the enzymes were released into the
CSF by brain tissue damaged at the ictus and that the
degree of activity reflected the extent of brain damage
(210).
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Superoxide Dismutase

In the cisterna magna levels of superoxide dismutase
(SOD) were obtained in aneurysm cases. Control levels
were 12.99 U/ml, which were higher than that in 26
patients operated days 1 and 3 post-SAH (4.44 U/ml) and
that in 40 patients treated by delayed surgery (7.64 U/ml).
In 13 patients presenting with DID from VSP, SOD levels
were 12.23 compared to 5.43 U/ml in 27 cases without
VSP. The SOD levels are thought to decrease post-SAH
because of impaired synthesis. Subsequent elevated SOD
levels might reflect cerebral ischemia (211).

Catalase and Glutathione

Lipid peroxides increased in CSF during the first 4
days post-SAH in 25 patients treated by surgery within
72 hr post-SAH. Those with symptomatic VSP had a
greater increase in peroxides than those that did not
have it. Symptomatic VSP was associated with a marked
decrease in SOD activities on days 3 and 4 followed by a
gradual increase, whereas patients without VSP showed
little change. Catalase, on the other hand, increased on
days 3 and 4 in patients who developed symptomatic VSP
and gradually increased thereafter. The gluthathione per-
oxidase levels did not change (212).

Heme Oxygenase

In 23 cases of ruptured aneurysms the CSF levels of
heme oxygenase in the CSF increased (213).

11. Glucose

There is normally a gradient between higher ventricular
glucose levels and lumbar sac CSF glucose levels (116 to
88) (186). SAH is sometimes associated with a decrease in
CSF glucose presumably since it is metabolized by RBCs.
Merritt and Fremont-Smith found that 7 of 199 cases of
SAH had CSF glucose levels of under 30 mg/dl (46). The
lowest glucose levels usually occur about 4-8 days post-
SAH (214). The lumbar CSF glucose concentration is
normally 60-70% of blood glucose concentration. Of 33
patients with nontraumatic SAH, 70% developed CSF
glucose levels of less than 40mg/100ml and a CSF-
blood glucose ratio of less than 0.5. The patients with
the lowest glucose levels and lowest CSF-blood glucose
ratio (27 mg/100 m] and 0.21, respectively) had their initial
lumbar punctures preformed on average 5.4 days post-
SAH when the RBCs were 182,000/ml. Patients with nor-
mal initial findings (85mg/100ml and 0.61) had their
initial lumbar punctures preformed 1.2 days post-SAH
when the RBCs were 480,000/ml. In the literature
reviewed by Vincent, 11 of 71 patients had CSF glucose
levels less than 40 mg/100 ml and findings that suggested a
nadir in glucose about 1 week post-SAH (215).

12, Electrolytes
Sodium

Concentrations of various solutes in plasma and (CSF)
in normals are as follows: K™, 4.63 (2.86); Mg, 1.61 (2.23);
Ca®t, 4.70 (2.28); HCOs, 26.8 (23.3); osmolality, 289
(289); and pCO; (mmHg), 41.1 (50.5) (186). In primates
the Kt concentration is considerably higher in plasma
than in lumbar CSF, which in turn is higher than the
cortical concentration. Ca*" also has a higher plasma
concentration than CSF, which is just slightly less than
the cortical concentration. Mg“, on the other hand, has a
slightly lower plasma concentration than CSF and the
cortical concentration is higher than CSF (186). CSF
and serum have identical osmolarities and sodium content
in under normal circumstances, (Table 4.1). In 24 patients
with SAH, Na* levels in CSF averaged 142 mEq/liter
compared to plasma at 138 mEq/liter (190).

Potassium

In a series of 24 patients having repeated CSF electro-
lyte sampling, the most consistent change was a decrease
in Kt concentration over the first 5-10 days post-SAH.
The lowest values ranged from 2.6 to 1.8 mEq/liter which
represented an almost 40% decrease in the concentration
of K*. Patients who were drowsy or confused had lower
K* levels than patients who were fully alert. No patient
was fully conscious or alert following SAH with a K*
value less than 2.4 mEq/liter. In instances of ICH or
IVH, the relationship between K* and consciousness
was absent. The decrease in CSF K* could be due to
(i) impairment of the blood—CSF barrier in the presence
of a decreasing plasma K* level, (ii) an increase in blood
pH or its decrease in CSF, (iii) impairment in the mechan-
ism for controlling CSF K* resulting from pial or epen-
dymal damage, or (iv) an increase in sugar metabolism by
RBCs in the subarachnoid space. CSF Na* and CI™
changes only occurred in association with variations in
plasma concentrations and did not occur independently of
them; however, the relative stability of CSF Na*t and CI™
was reduced after SAH although not after ischemic stroke
(190).

Presumably there is an efficient removal mechanism for
K* since, despite the fact that the interior of RBCs con-
tains high concentrations, the CSF level post-SAH has
been observed to decrease from 2.7-3.9 to 2.1 mEq/liter
at 5-10 days. If cerebral infarction occurs, the CSF K*
can increase to 4 or S mEq/liter and this increases rapidly
following death (190).

Magnesium

In 14 cases post-SAH the serum Mg?* was observed to
decrease and the CSF Ca®" level was found to increase
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from days 3 to 9 (216). In 15 SAH patients, 8 developed
VSP. They had a slight but significant decrease in CSF
Mg®* between days 6 and 8, but no changes were noted in
serum Mg?* or Ca®* (217).

13. Gases
487

The pO, of the CSF is less than that of blood. Lumbar
CSF pO, averaged 43 £ 10.8 mmHg compared to normal
arterial pO,. Jugular venous blood oxygen tension was
usually greater than CSF oxygen tension. There were no
significant differences between lumbar and cisternal fluid
p0O,, although it has been reported that cisternal pO; is
6mmHg greater than lumbar CSF pO, (218). In ventil-
ated rabbits subject to hypoxia the CSF pO, was usually
higher than blood P,CO,. This difference was attributed
to the Bohr effect that increases the pO, in the blood of
the choroid plexus capillaries as a result of its acidification
(219). Measurements of P,O;, and CSF pO; during opera-
tion and for several days thereafter showed a consistently
lower CSF pO, than P,CO,. The difference was in the 50—
100 mmHg range (220). In patients with a decreased level
of consciousness, VSP, and markedly bloody CSF, the
CSF pO, was significantly decreased and did not return
to normal even with normalization of the P,O,. CSF pO,
varied between 44.1 mmHg in alert patients to 32.5mmHg
in comatose ones following aneurysmal rupture (221).
CSF p0O,/P,0; was 0.50 in controls, 0.50 in SAH cases
without VSP, and 0.27 in cases with VSP (222). Normal
means of brain cerebral interstitial gas values in humans
measured at operation and postoperatively were as fol-
lows; pO,, 33mmHg; pCO,, 48 mmHg; pH, 7.19 (223).

pH, pCO», and Lactate

Normal values for pH in plasma range from 7.422 to
7.397, CSF 7.311-7.439; pCO; plasma 35.4-41.1 mmHg,
CSF 45.0-50.5mmHg; HCO; plasma 22.6-26.3mmHg,
CSF 22.5-24.8 mmHg (186). Values for arterial blood,
cisternal CSF, and lumbar CSF are as follows: pH,
7.397, 7.346, and 7.325; P,CO,, 40.5, 46.5, and 49.1
mmHg; and HCO; 24.3, 24.7, and 24.9 mmHg. CSF has
a higher pCO; and a lower pH than blood serum. Lumbar
CSF is more acidic and has a higher P,CO; and a slightly
lower HCO3 than either arterial blood or cisternal CSF
(224). The CSF pO, changes quickly in response to
hypoxemia. Reducing cerebral perfusion pressure reduces
both brain tissue and CSF pO;,, but in the reperfusion
state after complete ischemia the CSF pO; can be restored
to normal while the brain tissue pO, may remain low or
progressively decrease (225). When brain surface pH was
directly measured in dogs subjected to respiratory arrest,
the changes in cisternal CSF pH grossly underestimated

the surface acidosis. CSF analysis may therefore provide
unreliable information about the severity of brain-acid
base changes. During respiratory arrest the changes in
the venous blood acid-base variables are a better indica-
tor of the severity of the metabolic aberrations than the
cisternal CSF (226).

In a case of traumatic SAH, arterial blood was at a
consistently higher pH than CSF. Simultaneously, the
pCO, of arterial blood was lower than the CSF pCOs.
HCO; was higher in blood than in CSF. The patient was
not on a respirator and was consistently hyperventilating.
The hydrogen ion (H") concentration of CSF is increased
and the bicarbonate concentration is reduced in the pre-
sence of SAH. The decrease in pH is associated with
increased lactate concentration. This is presumed to
derive from glycolysis in the shed RBCs. The mean values
for normal and SAH patients, respectively, were as fol-
lows: CSF pH; 7.326 and 7.239; arterial pH, 7.409 and
7.469; CSF bicarbonate, 25.1 and 16.7 mEq/liter; arterial
bicarbonate, 24.8 and 24.1 mEq/liter. The HCO; concen-
tration, pH, and pCO; of hemorrhagic CSF were all
slightly reduced. The lactate concentration was increased
almost eightfold. Acid-base imbalance in CSF persisted
for almost 6 days after a single SAH. Lactic acid genera-
tion 1is considered the cause of the CSF acidosis, glucose is
almost quantitatively converted to lactic acid by the RBC
enzyme systems.

Nineteen patients studied within the first 24 hr after
SAH infarction showed a higher lactate level in the SAH
group compared to ischemic strokes (4.88 vs 2.78 pmol/
ml) (227). Seven patients with ruptured aneurysms
showed both a blood and CSF acidosis, whereas in uncon-
scious patients pH was in the 7.2 range, but with neuro-
logic recovery plasma pH increased to 7.4 and CSF pH to
7.3 (220).

One hundred and two patients with acute ischemic
strokes were also noted to have increased lactate and
pyruvate concentrations in CSF for the first 12 days.
Corresponding decreased HCO;3 levels occurred in CSF.
Respiratory alkalosis and hypoxemia were common.
Jugular venous O, levels were frequently above normal
(228). In an effort to treat CSF acidosis six patients post-
SAH had intracarotid injection of 7% sodium bicarbonate
solution. The treatment was believed to result in improve-
ment in level of consciousness. In two patients angio-
grams performed on patients with known VSP showed
no dilation 15-30 min after the intracarotid HCO; injec-
tion (229).

Twenty-four patients post-SAH were divided accord-
ing to the pH of their hemorrhagic CSF. Of those whose
lowest pH was greater than 7.30, 5 of 10 remained fully
conscious. Of those with pH level below 7.30, only 1 of 14
remained conscious. The group with higher CSF pH had
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lower lactic acid (3.97 vs 5.47 mmol/liter) than the more
acidotic, poor-grade patients. Glucose was higher in the
good-grade patients with more normal CSF pH (57 vs
50.2 mg%). No correlation was found between single lum-
bar CSF hematocrit levels and CSF pH. CSF pH was
considered to be a useful indicator of the neurologic con-
dition: The more acidic it was the more likely the patient
was to be comatose. HCOj less than 20 mEq/liter, or CSF
lactic acid concentration greater than 5 mmol/liter during
the first 48 hr post-SAH, was associated with an adverse
prognosis particularly if the CSF pH was less than 7.30 at
any time post-SAH. Falling CSF pH was attributed to
(i) change in blood acid-base values, (ii) release of acid
metabolites from infarcted cerebral tissue, and (iii) an
increase in CSF lactic acid concentration. Increased
lactic acid in CSF was attributed to increased production
from glucose metabolism of the RBCs in the CSF and
systemic hyperventilation. Increased CSF lactic acid
concentrations were not always accompanied by signific-
ant increases in ventilation. Mortality was 79% in
those patients with a pH less than 7.30 compared with
only 20% in those who did not have a decrease in
CSF (190).

In 52 patients with ruptured aneurysms the CSF lactate
levels were as follows: clear CSF, 2.32 mmol/liter; xantho-
chromic CSF, 2.66 mmol/liter; and hemorrhagic CSF,
2.77mmol/liter. In 16 patients with no VSP and an aver-
age ICP of 11.8mmHg, the lactate acid level was
2.23mmol/liter. In 19 patients with VSP and a higher
ICP (24.55mmHg) the lactate levels were increased to
2.85mmol/liter. Patients with lactate levels greater than
3.5mmol/liter were considered to have a poor prognosis
(230).

Monitoring of CSF lactate concentrations and lacta-
te:pyruvate ratios was performed daily in 20 patients from
days 1 to 12 post-SAH. All patients tended to have a high
CSF lactate concentration on day [. Patients who never
developed symptomatic VSP had a progressive decrease in
lactate concentration and a normalization of the lactate:-
pyruvate ratio. Patients who developed symptomatic VSP
showed an initial decrease in lactate but a secondary
increase on days 5-7 which correlated well with the
onset of VSP. The delayed increase in CSF lactate of
this group was accompanied by an increase in the CSF
pyruvate level and the CSF lactate:pyruvate ratio (231).

14. Biogenic Amines

5-HT

Several neurotransmitters are known as biogenic
amines. These are derived from amino acids by several

modifications. The aromatic amino acid tyrosine is con-
verted in the hypothalamus and the adrenal medulla to

dopamine, in peripheral nerve endings to NE, and in brain
to melanin and pigment. Tryptophan is converted in the
brain to 5-HT and in the pineal gland to melatonin. The
major catecholamines are dopamine, NE, and Epi, which
are derived from tyrosine synthesized by chromafin cells
in the CNS and the adrenal. Tyrosine hydroxylase con-
verts tyrosine to DOPA, DOPA decarboxylase converts
DOPA to dopamine, and dopamine hydroxylase con-
verts dopamine to NE. Catecholamines have half-lives
between 15 and 30 sec and are rapidly metabolized. Cate-
chol-O-methyltransferase, a cytosolic enzyme and mono-
amine oxidase, a mitochondrial enzyme, catalyze the
oxidative deamination of monoamines. The end product
of dopamine degradation is homovanilic acid (HVA),
whereas that of NE and Epi degradation is vanillylman-
delic acid. 5-HT is found in brain cells, platelets, and
elsewhere. It is sythesized and stored in the brain. 5-HT
synthesis involves the hydroxylation of tryptophan fol-
lowed by decarboxylation. In addition to being a regula-
tor of sleep, temperature, and blood pressure, 5-HT is also
a powerful constrictor of vascular smooth muscle. Levels
of HVA in normals in the ventricular CSF are 0.466 ng/
mi; in cisternal CSF, 0.185 pg/ml; and in lumbar CSF,
0.053 pg/ml (186).

5-HT levels in ventricular CSF collected between days
2 and 15 post-SAH ranged between <2 and 5 nmoV/liter.
There was no difference between these levels and those
found in controls. 5-HT concentrations did not correlate
with the severity of angiographic VSP or with CSF pres-
sure or grade. Cisternal CSF collected during operation
on two patients who developed severe postoperative
VSP, which was contaminated by fresh blood, showed 5-
HT concentrations >25nmol/liter. Voldby and colleagues
suggested that 5-HT did not play a major role in sustained
delayed VSP but that fresh platelets might be a source of
sufficient 5-HT to initiate VSP (232).

Blood and tissue from the region of ruptured aneur-
ysms were obtained at surgery. Assays for 5S-HT showed
values ranging between 0 and 88 ng/g in four patients who
had VSP but none was detected in six other patients with
ruptured aneurysms. One patient showing no 5-HT was
operated 12 days post-SAH, whereas the other three
patients with VSP and 5-HT were operated on day 3
post-SAH (233).

Catecholamines

The amine levels in plasma levels of 35 cases post-
SAH were studied. Twenty-two cases showed no VSP
and had CSF NE levels of 0.154 ug/liter and Epi levels
of 0.045 w/liter. In 7 cases with focal VSP NE levels
were increased to 0.341 pg/liter. Six cases showed intense
VSP and the NE in the CSF was very significantly raised
above normal (0.764 pg/liter). The CSF levels of NE
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patients were independent of plasma levels. Epi and 5-
HIAA levels were not significantly increased in these
patients (234). During general surgical operations both
Epi and NE are increased in the plasma and attain much
higher levels than the corresponding level in the CSF
(235).

Postsurgery levels of Epi and NE were increased in the
plasma of SAH patients compared to normals. Patients
with focal ischemic deficits had significantly higher levels
of Epi in the cisternal and ventricular CSF at the time of
surgery than patients who did not have these deficits. In
focal ischemic deficit cases this Epi level was 0.85 nm/liter
in cisternal CSF and NE was 1.66 nm/liter. In patients
with no ischemic deficits the corresponding levels were
0.12 and 1.50 nmv/liter. The CSF levels of Epi tended to
fall progressively from the day of SAH. For days 0-4, the
level was 0.46 nm/liter, for days 5-14 it was 0.36 nm/liter,
and for days 15-19 it was 0.18 nm/liter. NE levels at the
same time intervals were 1.06, 1.16, and 0.66 nm/liter
(236).

Twelve patients were operated within 3 days post-SAH
prior to the development of VSP and had continuous
cisternal or ventricular sampling for NE. Its concentra-
tion increased in all CSF samples concurrently with the
appearance of VSP. The cisternal CSF of patients with
VSP contained significantly higher NE (0.246 ng/ml) com-
pared to those without VSP (0.075ng/ml). This was a
highly significant difference. The concentration was still
considered too low to produce significant local vasocon-
striction and it was concluded that the elevated catecho-
lamine level might be due to the release of NE into the
CSF from various brain sources (237). Intravenous ther-
apy with NE to raise the blood pressure was found to be
associated with extremely elevated concentrations of 4-
methoxy-hydroxyphenyglycol (MHGP), the primary
metabolite of NE, in the CSF of patients with SAH. The
concentration of MHPG in CSF correlated significantly
with MHPG in plasma and NE in plasma. The concen-
trations of NE, Epi, and dopamine in CSF did not corre-
late with their respective concentrations in plasma. It was
suggested that exogenously infused NE might be quickly
transformed into MHPG, which could rapidly penetrate
the BBB and accumulate in CSF in excessively high con-
centrations that might have vasoconstrictor effects. The
highest MHPG level recorded in CSF was 70.5ng/ml
(238). Dopamine-f-hydroxylase activity in CSF showed
no relationship to VSP (239).

15, Prostaglandins

One of the first studies of PGF,, concentrations mea-
sured by radioimmunoassay failed to show a correlation
between CSF values and the appearance of VSP. CSF
PGF,, values were as follows: normal control, 37.7 pg/

ml; non-SAH neurological disease controls, 195.9 pg/ml;
nonaneurysmal SAH, 406.3 pg/ml; and aneurysmal SAH,
655.5 pg/ml. Although a correlation between PGF;, and
VSP was not evident, very few samples were obtained
days 1-12 post-SAH (240). In one case with VSP, the
PGF;, level was 720ng/ml in the CSF (241). The level of
prostaglandin was elevated in most SAH patients at some
time in the course of their illness in one series. The eleva-
tion of PGF,, in lumbar CSF is considered to reflect an
impairment of transport out of the CSF compartment due
to the SAH. Evidence for this was considered to be the
early appearance of PGF,, in the jugular vein after it was
injected into the cisterna magna of dogs. Control PGF,,
in lumbar CSF samples was 73 pg/ml in 5 cases. The high-
est levels in 6 patients ranged between 1257 and 7583 pg/
ml; all these patients had neurological deficits. One SAH
case with minimal deficit had a level of only 116 pg/ml.
Prostaglandins, by causing hypertension, fever, cerebral
edema, and VSP, may contribute generally to the symp-
toms of SAH. These vasoactive lipids are synthesized in
platelets, brain, and cerebral vessels. The synthesis of
prostaglandins is increased by thrombin, catecholamines,
5-HT, and BK, all of which are released at the time of
SAH. Serial studies have shown that prostaglandin levels
can vary from day to day in the same patient (242). Fifty-
four controls had PGF,, of 67 pg/ml (range, 25-150 pg/
ml). Significant increases occurred in different CNS dis-
eases with extremely high values being found in patients
with stroke and SAH when the samples were collected
shortly after the attack began. Patients with transient
ischemic attacks had average levels of only 170 pg/ml
(range, 35-355 pg/ml) (243).

Prostaglandin production by RBCs incubated in
human CSF at body temperature increased over 48 hr
and then began to decrease. Levels were higher in bloody
specimens (approximately 300,000 RBCs/ml CSF) com-
pared to clear CSF. Mean values of PG in lumbar
CSF collected from 5 patients post-SAH were as
follows: PGF,,, 1548 pmol/liter; PGE,, 1651 pmol/liter;
6-keto-PGFy,, 1924 pmol/liter; and TXB,, 103 pmol/liter.
The biological significance of changes in prostaglandin
levels was questioned since these would be dependent on
the method of dissection of the arteries, different in vitro
conditions of incubation, and different analytical proce-
dures. Different-sized vessels or the presence of VSP
might also affect PG production (244). In 32 cases of
SAH, CSF was assayed by bioassay for PGE; levels and
correlation with VSP was sought but not found; the high-
est level was from a patient who died. Two cases post-
SAH were monitored by serial lumbar puncture for levels
of PGD, and 6-keto-PGF),, the stable metabolite of
prostacyclin PGI;. In one case with VSP, PGD; had a
concentration with a characteristic peak apparently
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related to VSP. The synthesis of 6-keto-PGFi,, on the
other hand, appeared to be inhibited after the hemo-
rrhage. The patients without radiologic evidence of VSP
showed a steady state for these PG metabolites. Cisternal
PGD, in the presence of VSP was twice the highest lum-
bar concentration, whereas the 6-keto-PGF;, was very
low (245). TXB; and 6-keto-PGF;, were monitored in
CSF in patients post-SAH. The mean TXB, levels in
cases with VSP was 610 pg/ml and in cases without was
78 pg/ml. The mean value of CSF 6-keto-PGF, in cases
with VSP was 1152 pg/ml and in cases without 65 pg/ml.
Sequential measurements in 5 cases with VSP and 5 cases
without were performed. The values of these prostaglan-
dins in the CSF were elevated in the early stage of SAH in
cases with subsequent VSP and the levels decreased gra-
dually. In cases without VSP the levels in CSF were con-
sistently low. In one case with VSP, the cisternal CSF had
higher TXB; and 6-keto-PGF;, than ventricular CSF
(246).

In 12 patients elevated levels of TXB, and 6-keto-
PGF,, were found in CSF post-SAH. The initial TXB;
level was thought to correlate with the amount of SAH on
the CT scan. Further increases were thought to correlate
with ischemic deterioration. The CSF TXB; levels ranged
between 26 and 9832 pg/mi (247).

In five patients post-SAH, indwelling lumbar spinal
catheters were used to sample CSF daily. PGF,, was
highly correlated with the development of and fluctua-
tions with clinical VSP, with angiographic findings, with
neurologic grade on admission, and with outcome. The
same study found that tryptophan content increased mar-
ginally in association with clinical and angiographic VSP.
Unlike these substances, the 5-HT level was highest early
in the hospital course and not later during VSP (248).
Raised PG levels in CSF are of uncertain significance.
Raised levels could be due to delayed clearance associated
with Hyc or abnormalities of the BBB. The more likely
explanation of raised levels of prostanoids is increased
synthesis. In 39 patients with SAH, CSF levels were exam-
ined. CSF levels (pg/ml) from SAH and controls, respect-
ively, were as follows: PGE;, 39 and 13; TXB,, 72 and 11;
6-keto-PGF 4, 61 and 16. These were all significant differ-
ences. This large study used contemporary techniques and
performed a statistical analysis of a large body of clinical
and radiologic data. In contrast to the foregoing, no sig-
nificant correlation was found between the level of
each prostaglandin measured and the following variables:
clinical grade on admission, amount of SAH on CT
scan, occurrence of ischemic deterioration, low-density
changes on CT scan, the presence of VSP on angio-
graphy or clinical outcome, and the incidence of ischemia
as a cause of death or disability at 3 months post-
SAH (249).

16. Leukotrienes

Leukotrienes are products of arachidonic acid meta-
bolism via the lipoxygenase pathway. There are synthe-
sized in gray matter and blood vessels. Their production is
enhanced in ischemic conditions and experimental SAH.
Lumbar and cisternal CSF levels of leukotriene C4 were
assayed in 48 patients post-SAH. Twelve patients
had symptomatic and radiologic VSP. CSF levels were
significantly higher in SAH than control cases. Cisternal
CSF levels were higher than lumbar levels (250).

17. Acetylcholine

Fifty-eight CSF samples were obtained from 23
patients for 21 days post-SAH. CSF ACh levels in normal
controls averaged 35.8 pmol/ml and were significantly
higher than those in SAH patients (9.9 pmol/ml). Low
levels of ACh have been associated with impairment in
learning and memory. ACh is destroyed by the enzyme
butyrylcholinesterase, which is 5-200 times higher in
concentration in plasma than CSF. Contamination
of CSF by this enzyme might contribute to the reduc-
tion in acetylcholine levels in CSF. However, a measure-
ment of CSF butyrylcholinesterase showed a return to
normal control levels within 1 week post-SAH, where-
as the low ACh levels post-SAH persisted for at least 3
weeks (251).

18. Phospholipids

Phospholipids are found in normal CSF and include
lysolecithin, sphingomyelin, lecithin, and phosphotidy-
lethanolamine. In the CSF the saturated fatty acids dom-
inate (186).

19. Neuropeptides

Cerebral blood vessels are supplied by vasodilatory
perivascular nerves and parasympathetic and sensory
nerves. In the parasympathetic nerves VIP coexists with
ACh. These fibers have origin in the sphenopalatine and
otic ganglia and in small nerve cell clusters in the base of
the brain. VIP may be an important vasodilator. The
sensory fibers store at least three peptides: tachykinins
(SP and neurokinin A) and calcitonin gene-related peptide
(CGRP). These fibers mainly originate in the trigeminal
ganglion.

CGRP concentrations were measured in patients fol-
lowing strokes. The CSF levels with ischemic vascular
diseases averaged 152pg/ml, which is not significantly
different from the control level of 45 pg/ml. In hemorrha-
gic cerebrovascular diseases the level was significantly
higher (3965 pg/ml) (252). CGRP, SP, VIP, and neuropep-
tide Y (NPY) were analyzed in CSF in the postoperative
course in 14 patients who had SAH. The CSF VIP-like
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immunoreactivity (LI) was lower in SAH than in controls.
The CGRP-LI level was measurable in CSF post-SAH
but not in control CSF; in individual patients with
marked vasoconstriction increased levels of CGRP-LI
(up to 14 pmol/liter) and NPY-LI (up to 232 pmol/liter)
were observed (253).

The ‘“‘trigeminocerebrovascular” system can be acti-
vated by perivascular administration of various vasocon-
strictors. Both NE and NPY are strong vasoconstrictors.
Lumbar CSF VIP levels were low in patients undergoing
aneurysm surgery. The same authors observed a circadian
pattern of CSF VIP concentration variations (254). In 14
patients post-SAH concentrations of CGRP and pituitary
polypeptide 7B2 were not significantly different from
those of controls. ANP was significantly lower. Serial
determinations showed an increase in NPY concentra-
tions 6-11 days post-SAH, although the mean levels
were not higher than those in controls. The secondary
rise in NPY might indicate that this vasoconstrictor had
a role in VSP (255). The NPY concentration in human
CSF from a variety of hemorrhagic strokes was 4148 &
397 pg/ml, which was significantly higher than the control
level of 1083 + 245 pg/ml. The NPY concentration in CSF
in patients following ischemic strokes was not signifi-
cantly different from the level in controls (256).

Hemorphins are peptides with opioid activity that are
enzymatically released from Hb. Following hemorrhagic
stroke the peptide LVV-hemorphin-7 was recovered in
high amounts (115-300 pmol/ml) but was not present in
control CSF (257).

20. Free Radicals and Lipid Peroxides

Free radicals may be detected by electron spin reson-
ance spectroscopy and chemiluminescence or by reacting
them with spin traps to form stable hydroxylation pro-
ducts. Other methods detect the products of free radical
reactions such as lipid peroxide, malondialdehyde, conju-
gated dienes, and hydrocarbons or on the consumption of
scavengers. Indirect methods such as detection of malon-
dialdehyde by thiobarbituric acid reactions are fraught
with imprecision.

Electron spin resonance was used to observe the phasic
changes of oxyHb during the course of autooxidation.
The characteristic changes of electron spin resonance sig-
nals of ferric protein compound from high to low spin
corresponded to the changes from oxyHb to superoxide
metHb, metHb, and hemichrome during the incubation of
blood. These changes were observed in CSF from patients
who suffered from VSP post-SAH (258). OxyHb in its
autooxidation to metHb produces active species of oxy-
gen (O,-+, H,0,, OH®, '0,). These free radicals in turn
may generate toxic reactions such as peroxidation of poly-
unsaturated fatty acids in the biomembrane of the adja-

cent cells. The peroxide content of lumbar CSF was
assessed in 25 patients post-SAH; the values in patients

. with VSP were higher than those without. A statistically

significant difference between VSP and non-VSP groups
was evident in the time periods days 1-3 and days 7-9
post-SAH (259). Normal controls showed no evidence of
hydroperoxy eicosatetraenoic acids and hydroxy eicosate-
traenoic acids in CSF. In SAH patients such peaks were
recognized during the occurrence of VSP. In 10 SAH
patients, semiquantitative analysis of 5-hydroxy eicosate-
traenoic acid correlated closely with the occurrence of
VSP (260). CSF was sampled from 10 patients who had
VSP; one of the compounds appearing on day 7 post-SAH
was identified as 5-hydroxy eicosatetraenoic acid. It was
concluded that the peroxides of arachidonic acid are pre-
sent in the CSF following SAH and that they correlate
with the occurrence of VSP (261). Twenty-five patients
treated with early surgery post-SAH had CSF examined
for lipid peroxide concentrations and the activities of
SOD, catalase, and glutathione peroxidase (GSH-a).
The concentration of lipid peroxides increased during
the first 4 days post-SAH in patients who developed
symptomatic VSP. Patients with VSP had a marked
decrease in SOD activities on days 3 and 4 followed by a
more gradual decrease, whereas patients without VSP
showed little change. There was a significant difference
in catalase activity which was the reverse of the SOD
acitivity. GSH-a showed no change. There was a close
correlation between the increased lipid peroxide concen-
trations and the decrease in SOD activity in the CSF. The
determination of lipid peroxide concentration was esti-
mated using malondialdehyde (262). Many diseases
involve increased free radical production. Probably all
tissue damage results in lipid peroxidation, so it is difficult
to determine if an increase in peroxidation is the cause or
the result of tissue damage. Free radicals damage not only
lipids but also nucleic acids and proteins.

In four studies involving 90 patients, CSF was assayed
for thiobarbituric-reactive substances and higher levels
were found in those patients developing VSP (212,259,
263-266). Most investigations reported little thiobarbitu-
ric acid-reactive substance in the first few days after SAH,
although there was one report of the highest values being
found on days 1-3 (259,264-266). It has been suggested
that there is an inverse relationship between polyunsatu-
rated fatty acid content of CSF and the thiobarbiturate
substance concentration (265). Lipid peroxidation pro-
ducts were studied in 16 patients post-SAH. Their levels
were significantly elevated in SAH. The lipid peroxidation
products were twice as high in patients with an unfavor-
able outcome as those with a favorable course. It was
claimed that administration of antioxidants such as «-
tocopherol and ascorbic acid inhibited the elevated lipid
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peroxidation products as manifest by a decrease in the
content of CSF malonyl dialdehyde (267).

21. Growth Factors

Nerve growth factor was found in some brain-injured
patients soon after injury. It was also detected post-
SAH (268). In a patient post-SAH, nerve growth factor
levels in CSF were below the level of detection. Nerve
growth factor was found to increase in CSF transiently
following craniotomies. This may reflect neurotrophic
activities involved in the regeneration of neural net-
works (269).

Transforming growth factor (TGF-B1) is a multifunc-
tional polypeptide controlling the production of extracel-
lular matrix protein. In 24 patients post-SAH its level
rapidly decreased from the onset of SAH. The level in 13
patients showing ventricular dilatation with periventricu-
lar low density on CT scan was 1.07 ng/ml on days 12-14;
this was significantly higher than the 0.52ng/ml in
patients without ventricular dilatation, which suggested
that it might play a role in generating communicating Hyc
(270).

No significant increase occurred in the CSF of dogs in
platelet-derived growth factor after experimental SAH
271).

22. Antidiuretic and Natriuretic Factors

Antidiuretic hormone (ADH) was measured in CSF of
42 patients post-SAH. Increased concentrations were pre-
sent in 10 patients, 8 of whom had bled from an anterior
communicating artery (A Com A) aneurysm. In 3 patients
high blood levels were associated with hyponatremia. Five
patients had increased ADH concentrations in the pre-
sence of normal plasma values and all showed severe
disturbances of consciousness (272).

Twenty-six patients post-SAH had plasma and CSF
natriuretic factors/peptides (ANF/ANPs) measured. The
ANF/ANP concentration in human CSF is one or two
orders lower than that in the plasma and there was no
significant correlation between the levels in the CSF
and the plasma levels. After SAH in patients with raised
ICP there was an increase in concentration in the CSF but
the plasma concentration did not change (273). Four
patients with moderate to severe SAH had higher mean
CSF ANF values (17.7 pg/ml) compared to 5 patients with
minimal SAH (0.6 pg/ml) or 9 control subjects (3.7 pg/ml)
(274).

ANF factors were highest in patients with ICH fol-
lowed by those with obstructive Hyc and SAH (19, 13,
and 8 pg/ml, respectively). Concentration was less than
4pg/ml in controls. Levels were higher in patients on
fluid restriction. Since the CSF concentration did not
correlate with ICP, CSF Na' or osmolality, serum Na*

or hemodynamics, it was concluded the CSF ANF con-
centration is a nonspecific indicator of brain injury (275).

23. cAMP

The normal levels of cAMP in CSF are 15-30 mmol/
liter. Blood levels increase in ischemia and decrease in
coma (50). The degree of clevation of CSF cAMP
appeared to correlate with the degree of hypertension in
the patients and the size and time of destruction of cere-
bral cells in ischemia (276).

24. Acids

8-Aminobutyric Acid

CSF levels of GABA increase in ischemia. The normal
level is about 150 pmol/ml (277).

Cholic Acid

A type of cholic acid (7-a-hydroxy-3-oxo-4-choleste-
noic acid) first observed to be elevated in chronic subdural
hematomas was subsequently shown to be significantly
higher in the CSF in aneurysmal SAH patients than
other patients undergoing craniotomy. Since plasma
levels showed no postoperative increase it was assumed
that extra hepatic intracranial production of this cholic
acid occurred after SAH (278).

25. Hemolysate Vasoconstrictors

Using rabbit aortic preparations the CSF from 43
patients with intracranial VSP and 175 control patients
were studied. Sixty-seven percent of the plasma samples
caused significant contraction of the aortic strip. The
responses of the sample of patients with SAH and VSP
were the same as the responses of the control samples.
Only 3% of clear and colorless CSF sampies showed sig-
nificant activity compared to 33% of xanthochromic spe-
cimens (278b).

CSF from 3 patients post-SAH obtained on days 2, 5,
and 7 produced dose-dependent contractions of dog basi-
lar artery ring segments. The CSF was xanthochromic.
The contraction in one case was blocked by phenoxyben-
zamine. Using an indirect method it was considered that
5-HT was present in these samples. CSF samples from 2
patients with VSP, in which the CSF was xanthochromic,
caused dose-dependent contractions in both human
and canine cerebral artery segments (279). Lumbar CSF
from 34 patients post-SAH was used to contract human
basilar artery segments. The vasoconstriction was not
antagonized by 2-bromolysergic acid diethylamide,
methysergide (5-HT antagonist), phentolamine (a-adre-
nergic blocker), mepyramine (antihistamine), and atro-
pine (anti-cholinergic). CSF caused a slow-developing
vasoconstriction as opposed to a rapid constriction
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resulting from exogenous prostaglandins. CSF from
patients augmented the contractile response to 5-HT,
prostaglandins, and to a lesser extent catecholamines.
The CSF from patients also relaxed a few specimens (280).

CSF removed up to 6 weeks post-SAH from 19
patients was assayed biologically. This pattern was not
significantly influenced by surgery. Serial angiography of
the patients showed progressive arterial dilatation as the
vasoconstrictor activity of the CSF was progressively
reduced and the clinical improvement occurred (281).
Serial samples of CSF were obtained from 10 patients
who underwent aneurysm clipping within 0-2 days post-
SAH. No relationship could be demonstrated between
vasconstrictor activity and postoperative CSF samples,
the patients clinical condition, or angiographic VSP.
Using appropriate antagonists it was considered that the
prime vasoconstrictor agent in CSF was not 5-HT, hista-
mine, NE, Epi, ACh, or angiotension II. There was a
correlation between the CSF K* and the vasoactive sub-
stance in CSF, but K* did not account for the vasocon-
strictor activity of CSF (282). CSF from 4 patients post-
SAH caused consistent vasoconstrictor response in
exposed cat cortical pial arterioles. The effect was not
attributable to pH or K*. The vasoconstriction was
more marked in smaller arterioles. Nifedipine applied
topically could reverse the vasoconstriction (283).

Human pial arterioles were obtained at tumor cranio-
tomies. The vessels were exposed to CSF from six patients
6-12 days post-SAH. All the CSF samples induced con-
striction in vessels from one or several donors. Twelve
vessels did not react to any CSF. Although there was a
conspicuous inconsistency in response, the pattern of indi-
vidual vessel responses to different CSF specimens was
more consistent. The vasoconstrictor response from the
CSF of two patients who had a normal level of conscious-
ness was just as pronounced as the responses from coma-
tose patients (284). When small human cerebral arteries
were preincubated with indomethacin, CSF from SAH
patients caused a markedly increased contraction. Also,
contractions induced by NE but not 5-HT were augmen-
ted. Prostacyclin and its metabolite 6-keto-PGF reversed
the contractions induced by CSF as well as NE, 5-HT,
and PGF,,. It was suggested that a reduction in these
dilator arachidonic acid (AA) metabolites might result in
an imbalance between contractile and relaxant forces
acting on the arterial wall leading to VSP (285).

Samples of SAH CSF, subdural hematoma fluid, and
tumor cyst fluid were tested for constriction with canine
arteries and rat stomach fundus. All the samples contain-
ing blood produced contractions. Neither methysergide
(5-HT antagonist) nor indomethacin (inhibitor of PG
synthesis) significantly diminished the contraction due to
blood containing CSF, although the calcium antagonist

D600 successfully antagonized the response in all
groups. The antagonist effect of D600 on the CSF-
induced vasoconstriction was more effective in the cere-
bral artery preparations than on stomach fundus. CSF
from patients with angiographic VSP was significantly
more active than CSF obtained from patients without
VSP (286).

Vasoactive substances were assayed using isolated
human cerebral arteries obtained postmortem and iso-
lated rat stomach fundus. Thirteen patients provided
CSF which was collected an average of 16 days post-
SAH (range, 7-32 days). All of the patients had good or
excellent clinical outcomes. These preparations produced
dose-related contractions in response to 5S-HT. The CSF
produced vasoconstriction equivalent to 40 nmol/liter of
S5-HT. There was a 76% inhibition of the arterial contrac-
tile response resulting from use of the 5-HT antagonist
ketanserin. The fact that most of this CSF was obtained
after the risk of VSP had passed is noteworthy (287). An
analysis of the ghost-free hemolysate of RBCs on exposed
basilar artery of cats was performed. The vasoconstrictor
substance was heat labile, had a MW greater than 20 kDa,
and in gel filtration came out in the same fraction as oxyHb
did. In dog basilar artery strip preparations in vitro
the constrictor activity of the hemolysate was decreased
by aspirin (antiprostaglandin) and by polyphloretin
phosphate (an antiprostaglandin constrictor) (288).

Partially purified hemolysate protein was injected into
the cisterna magna of dogs. This produced basilar artery
VSP which relaxed 4-10 days postinjection. The specimen
contained Hb as well as other compounds (289). Hemo-
lysates of Hb caused contractions of guinea pig basilar
artery in vitro. One response was inhibited by indomethe-
cin and a second was resistant. Thromboxane A, did not
affect the constriction. Removal of the endothelium mod-
ified the vasoconstriction (290). RBC hemolysate caused
significant vasoconstriction in dog basilar artery but only
slight constriction in mesenteric ones. The vasoconstric-
tion was reduced by polyphloretin and aspirin. Cylcoox-
ygenase and Hb stimulate the conversion of AA to
prostaglandin endoperoxides (291).

Bloody human CSF was found to cause in vitro iso-
metric contraction of canine basilar artery strips. The
disulfide bond-reducing agents dithiothreitol (107*A1)
and dithioerythritol (10~*Af) suppressed the contraction
due to bloody CSF by an average of 40 and 61%, respect-
ively. These substances did not alter KCl-induced con-
traction. The sulfhydryl group oxidizing agent 5,5-
dithiobis-(2 nitrobenzoic acid) (107* M), reversed the inhi-
bitory effect of dithioerythritol on the contractile response
of bloody CSF. No significant suppression of any
response resulted from the use of the standard antagonists
methysergide (10~7M), mepyramine (10~7M), phenoxy-
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benzamine (103M), propranolol (1076M), or atropine
(1075M). It seemed therefore that 5-HT, histamine, NE,
and ACh were probably not involved in the vasconstric-
tion resulting from bloody CSF, whereas PG, Hb, and
lipid hydroperoxides might be involved (292).

CSF was obtained from 32 patients post-SAH at a
mean time of 11 days. The CSF was tested on the rat
stomach muscle preparation. The mean constrictor activ-
ity in the 7 cases with severe VSP was 67 nmol/liter PGE;
equivalents, which was 10 times greater than that in the 19
patients in whom VSP was not demonstrated (6.7 nmol/
liter PGE,; equivalent). The patients who died had the
highest concentration of vasoconstrictor material—
73.8 nmol/liter PGE, equivalent compared to 6.8 nmol/
liter for those with good outcomes. Serial lumbar CSF
samples from 1 patient were tested against both rat fundus
and isolated human basilar artery and there was good
agreement between the values for smooth muscle constric-
tor activity between the two preparations (293). CSF was
obtained from 11 patients: 4 had VSP preoperatively and
2 had it postoperatively. In only 1 patient was the VSP
judged to be severe. The vasoconstrictor responses of
canine basilar artery were tested. The magnitude of the
responses did not correlate with the patient’s VSP history.
The maximal response of basilar arteries to xanthochro-
mic CSF varied between 4 and 123% of the K* response.
The concentration of oxyHb in the CSF ranged from
2.76 x 1075 (0.18%) to 53.7 x 107°M (3.46%). MetHb
varied from 0.04 x 107> to 7.18 x 1073M, and deoxyHb
varied from 0.003 x 107°M to 5.41 x 107>M. Total Hb
varied from 3.33 x 1073 to 66.79 x 1073 M. The average
oxyHb concentration was 23.22 x 107°M, whereas the
average total Hb was 31.19 x 107> M. The oxyHb content
averaged 74% of the total. No correlation between total
Hb and the contractile response was evident. The Hb
content was not related to the interval between the bleed
and the collection of the CSF sample. Only 3 of the 11
CSF samples produced a sustained contractile response.
The responses elicited by xanthochromic CSF were vari-
able in comparison to the consistent contractions result-
ing from high K* or 5-HT. The vasodilator protein
antithrombin III (1 U/ml) inhibited the sustained contrac-
tion produced by xanthochromic CSF (294). Pretreatment
of canine arterial ring with human CSF post-SAH
resulted in a dose-dependent inhibition of relaxation
induced by A23187. Hb produced a similar inhibition of
the relaxation. Normal CSF from patients without SAH
did not affect endothelium-dependent relaxation (295).

CSF from 7 patients with and 5 without VSP post-SAH
were obtained between days 2 and 16. Using cultured
vascular smooth muscle cells, an elevation of cytosolic-
free Ca®* occurred which was greater than the response to
control CSF (296). CSF collected on days 7-10 post-SAH

was treated by heating, ultrafiltration, or salting out with
ammonium sulfate. The resulting solutions were tested for
their effect on cytosolic-free Ca®* in cultured vascular
smooth muscle cells. Heated CSF and ultrafiltrated solu-
tions containing substances with MW of less than 10 kDa
caused no significant elevation of cytosolic-free Ca>". The
