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Abstract

Introduction: Vasospasm remains a major 
cause of poor outcome after subarachnoid 
hemorrhage (SAH) following rupture of intra-
cranial aneurysms. The pathogenesis still 
remains misty due to its complexity even 
though a lot of progress has been made in 
understanding various causative mechanisms 
through intense clinical and experimental 
research.

Method: Study carried out by a review of 
English literature on topics related to patho-
genesis and management of post SAH induced 
vasospasm.

Result: Evidence-based information avail-
able points toward multifactorial biochemical 
phenomena instigated by Ferrous Hemoglobin 
which revolve around:

	(a)	 Concept of early brain injury and evidence 
of cortical spreading depression

	(b)	 Effect of ischemia in pre-vasospasm 
period and blood–brain barrier disruption.

	(c)	 Role of Nitric oxide (NO), Endothelin-1 
levels, and oxidative stress on smooth 
muscle cells.

	(d)	 Changes induced by free radical produc-
tion, lipid peroxidation, and alteration of 
ionic channels.

	(e)	 Differential upregulation of genes.

Conclusion: To date the understanding of 
pathophysiology of delayed vasospasm has 
made significant stride for which the role of 
research using animal models cannot be over-
emphasized. The treatment of this complex 
condition still remains vague.
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2.1	 �Introduction

Vasospasm remains a major cause of poor out-
come after subarachnoid hemorrhage (SAH) fol-
lowing rupture of intracranial aneurysms. The 
pathogenesis still remains misty due to its com-
plexity even though a lot of progress has been 
made in understanding various underlying mech-
anisms through intense clinical and experimental 
research. Though statistically 3.4% of population 
harbor incidental aneurysm [1] yet, depending on 
the risk factors, their rate of rupture varies from 
0% to 100% with an annual rupture rate of 
0–6.5% [2]. The risk factors vary from size of 
aneurysm, age of patient, history of smoking, and 
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hypertension to pathophysiology of aneurysm 
formation. In familial aneurysms, however, the 
risk of rupture is threefolds the normal [3]. 
Despite lot of progress in understanding of the 
molecular changes culminating into delayed 
vasospasm, the exact interplay of various patho-
physiological substrates remains an enigma. 
Interestingly, aneurysmal SAH was recognized 
since the time of Hippocrates and the outcome 
remains quite grim even to date [4].

2.2	 �Delayed Cerebral Vasospasm

Though management of aneurysmal SAH 
remains a major neurocritical care issue delayed 
cerebral vasospasm, which occurs usually 
between 3 and 14 days of SAH, remains the most 
elusive challenge [5]. Based on the belief that 
vasospasm is the main culprit for deterioration in 
SAH patients several trials antagonizing the sus-
pected precursors of vasospasm were conducted, 
however, they failed to achieve a good functional 
outcome [6, 7]. Hence the role of vasospasm as 
the sole prognostic factor in clinical outcome 
after SAH remains questionable. On the contrary, 
it now seems evident that the pathological events 
starting at the very onset of SAH, which culmi-
nates into various biochemical changes, need to 
be understood better. Vasospasm and DCI may be 
the extreme manifestation of the same patho-
physiological process rather than isolated 
phenomena. This has led to the concept of “Early 
Brain Injury.”

Most of the management regimes for treat-
ment of vasospasm has been directed toward the 
end result of pathophysiological phenomenon 
rather than treating the causative mechanism. 
Based on it, till now, the main treatment modali-
ties include partial Triple H therapy 
(Hypervolemia, Hemodilution, and 
Hypertension), calcium channel antagonists, 
chemical or mechanical vasodilation. As a result, 
it still remains to be proven whether any of these 
treatment modalities have an evidence-based 
prognostic benefit in a patient with refractory 
vasospasm [8]. The diversity of opinion is 
reflected on the deliberations in 15 international 

conferences dedicated to vasospasm and SAH till 
the year 2019.

The process of vasospasm is far from the mere 
feature of spasm of blood vessels [9] and its isch-
emic consequences [10]. Clinical observation 
and experimental evidence point to the evolution 
of vasospasm as a complex multifactorial phe-
nomenon that may remain subclinical or may 
progress to clinically manifested vasospasm with 
its devastating consequences [11–15]. There are 
various other pathophysiological mechanisms 
implicated in the clinical manifestations after 
SAH apart from vasospasm namely microcircu-
latory dysfunction, ionic disbalance, cortical 
spreading depolarization, micro-thrombosis, and 
inflammation at neuronal cell level [16].

2.3	 �The Pathophysiological 
Changes After SAH

2.3.1	 �Understanding Early Brain 
Injury

The event of SAH initiates a process of transient 
global ischemia which has a consequential bear-
ing on the further pathophysiological events that 
follow. These may be in the form of brief micro-
circulatory arrest, blood–brain barrier disruption, 
microvascular constriction, brain edema [17]. 
The impact of these phenomena weighs heavily 
on the further events which progress in complex 
chain manifesting in the form of cerebral inflam-
mation, dysregulation of blood flow, cortical 
spreading depolarization, microthrombi forma-
tion, and apoptosis [18]. These changes may be 
self-limiting with minimal or no clinical conse-
quence or may progress into severe form leading 
to clinical deterioration with poor prognosis or 
fatal outcome.

2.4	 �What Leads to Vaso 
Constriction?

To date, a wide-ranging biochemical and molecu-
lar mechanisms have been implicated in vaso-
spasm. These processes include mopping up of 
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nitric oxide (NO), high levels of endothelin 1 
(ET-1) activity [19], alteration of ionic channels 
[20], lipid peroxidation, and free radical produc-
tion [21]. These contribute to smooth muscle 
changes through oxidative stress [15] and apop-
tosis of endothelial cells [22]. There is now clear 
identification of upregulation of genes, which can 
point to individual susceptibility [23, 24]. 
Needless to say, the root cause of all these phe-
nomena is triggered off by the release of ferrous 
components from the disintegrated hemoglobin 
released by the ruptured aneurysm in the sub-
arachnoid space.

The role of oxidative stress [25]seems to have 
taken a center stage through its mechanism of 
direct activation of calcium channels and also 
through production of vasoactive molecules. The 
action of reactive oxygen species leads to vaso-
constriction by its action on arachidonic acid 
which in turn leads to release of vasoactive lipids. 
Though the role of bilirubin oxidative products, 
formed as a result of hemoglobin break down, 
has been also considered but its role is not con-
vincing [26] (Fig. 2.1).

2.4.1	 �Endothelin 1 (The 
Physiological Vasoconstrictor)

There are several substrates that contribute to the 
progression of vasospasm. ET-1 is a potent vaso-
constrictor released in vascular wall whose levels 

are detected to be high in CSF following 
SAH. The exact levels, which can induce vaso-
constriction, are still not determined because 
experimental studies need much higher levels 
than what is normally witnessed clinically after 
SAH.  This raises the question of whether ET-1 
needs potentiation by other factors [27, 28]. 
There is also evidence of enhanced ET-1 receptor 
expression and function in experimental animals 
suggesting its activation after SAH [29]. The role 
of Ca+ in the smooth muscle contraction is evi-
dent in acute phase of SAH as influx of Ca+ in the 
cells leads to phosphorylation of myosin light 
chain by stimulation of myosin light chain kinase 
[30]. The sustained contraction of the smooth 
muscles is regulated by the postulated mecha-
nism of RhoA kinase activity which is stimulated 
by ET-1. Rho kinase is formed by ET-1 activation 
of Rho A.  This initiates a cascade of chemical 
changes whereby Rho kinase inhibits myosin 
phosphatase subunit (MYPT1) of myosin light 
chain phosphatase (MLCP) augmenting phos-
phorylation of myosin light chain (MLC) [31]. 
Thus, once triggered the prolonged contraction of 
vascular smooth muscle is sustained by the 
enhanced phosphorylated MLC independent of 
intracellular Ca+ levels [32]. Further studies 
endorsed these postulates whereby the expres-
sion of Rho-associated protein kinase (ROCK), 
MYPT1 subunits, Protein kinase C (PKC), and 
upregulation of ET-1 receptor are demonstrated 
after SAH [33].

Fig. 2.1  Factors contributing to vasospasm
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2.4.2	 �Nitric Oxide (The 
Physiological Vasodilator)

Endothelial nitric oxide is a potent physiological 
vasodilator that maintains a balancing act with 
ET-1 to maintain a steady patency of vessel 
lumen. It is produced by activation of endothelial 
nitric oxide synthase (eNOS). It produces cycli-
cal guanine monophosphate (cGMP) through its 
stimulation effect of guanyl cyclase. The end 
result, which is vascular smooth muscle relax-
ation, is achieved by dephosphorylation of MLC 
through activation of cGMP-dependent protein 
kinases [34]. Following SAH the nascent NO lib-
erated by the endothelium is mopped by hemo-
globin to which it has a very strong affinity 
leading to reduction of local NO concentration 
tilting the balance for other substrates to induce 
vasospasm in an unchallenged situation. 
Furthermore, various molecular cascades of 
events lead to endothelial cell apoptosis reducing 
the NO secreting cell population [35]. There is 
also activation of protein kinase C after SAH 
which has an inhibitory regulation on NOS 
resulting in lower levels of NO [36]. Hence, it is 
derived that in normal situation a steady balance 
between NO and Endothelin-1 plays a vital role 
in maintaining the lumen of cerebral blood 
vessels.

2.4.3	 �Inflammatory Changes 
Leading to Apoptosis

Investigations of cerebral arteries of patients who 
died after SAH and vasospasm revealed apop-
totic changes of vascular endothelial cells [36]. 
The endothelial loss further reduces NO produc-
tion exposing the bare vascular smooth muscles 
to spasmogenic substances like ET-1 to act 
directly. This apoptotic change is in response to a 
molecular cascade of events which is demon-
strated in experimental studies and takes place 
through inflammatory mediators, e.g., tumor 
necrosis factor alfa and interleukin-1beta [37] 
and activated caspase-3 [35, 38].

In addition, release of inflammatory sub-
stances as a reaction to blood in the subarachnoid 

space potentiates spasmogenic effect and brain 
ischemia. Potent among them are thromboxane 
A2, serotonin released from platelets [39, 40], 
and ET-1 released from leucocytes [41]. Elevated 
ICAM-1 (intracellular adhesion molecule 1), 
TNF alfa, CD18 suggests interplay of various 
inflammatory mediators in response to SAH [42–
44]. Studies suggest that there is c-Jun N-terminal 
kinase (JNK) pathway activation after SAH 
which is one of the signalling cassettes of 
mitogen-activated protein kinase (MAPK) path-
ways [45]. JNK is known to play an important 
role in cytokine production, inflammatory 
changes, and also apoptosis.

2.4.4	 �The Ischemic Insult

The very critical event after SAH is a sudden rise 
in the ICP which is dependent on the amount and 
duration of blood released in the subarachnoid 
space. Decreased perfusion of the brain contrib-
utes to global ischemia which has a serious con-
sequence if it does not reverse early. An immediate 
impact on the cerebral blood flow is reflected in 
reduction of brain parenchymal oxygen pressure 
[46]. Though many patients may not survive the 
immediate impact of raised ICP, severe ischemic 
secondary insult in the surviving patients leads to 
blood–brain barrier (BBB) disruption [47] con-
tributing to further brain damage, progressive 
cerebral edema [48] and delayed apoptosis of 
cerebral and vascular cells [22]. Any ischemia in 
the brain lasting for more than a few minutes will 
trigger a cascading chain reaction at the molecu-
lar level due to release of various biochemical 
substrates, which propagates BBB disruption. 
One of the inducible factors is HIF-1 which, 
when excessively activated, overexpresses its tar-
get gene VEGF (vascular endothelial growth fac-
tor) which increases BBB permeability. It also 
overexpresses BNIP3 and Nip3-like proteins, 
which are known mediators of apoptosis [49, 50]. 
Experimental studies using HIF-alpha inhibitors 
show attenuated expression of HIF-alpha with a 
reduction in vasospasm [51]. In addition to apop-
tosis triggered by activated HIF-1alpha and 
BNIP3 [50], elevated levels of pro-apoptotic p53 
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proteins in vasospastic cerebral arteries seem to 
play a role in the phenomenon of induction of 
vasospasm [52–54].

2.4.5	 �Free Oxygen Radicals

Autoxidation of hemoglobin leads to liberation 
of reactive oxygen species (ROS), which play a 
role in arterial narrowing. The use of antioxidants 
demonstrated reversal of its effect on experimen-
tal vasospasm [55, 56]. The effect of ROX on 
bilirubin leads to oxidation products of bilirubin 
which has an inhibiting effect on endothelial 
nitric oxide synthase (NOS) leading to dampen-
ing of physiological vasodilation because of 
reduced production of NO [57]. The role of ROS 
in vasoconstriction is also postulated because of 
its stimulation effect on production of vasocon-
strictor metabolites of arachidonic acid which 
have shown to decrease cerebral blood flow by 
blocking calcium-activated potassium channels 
in experimental animals [58]. The superoxide 
radicals (SOR) produced after SAH from 
NADPH oxidase have an indirect vasoconstric-
tive effect as these SOR combine with NO to pro-
duce peroxynitrite which in turn inhibits eNOS 
[59]. This mechanism is corroborated by reversal 
of vasospasm using NADPH inhibitors experi-
mentally [60].

2.4.6	 �Is Vasospasm All About 
Cerebral Vasculature?

Until recent past, cerebral vasospasm was related 
to constriction changes in cerebral vasculature as 
a result of reactive changes secondary to effect of 
blood and its products released in the subarach-
noid space after SAH. However, the mechanism 
seems to be related to the phenomenon of spread-
ing depression set off by glial cell dysfunction 
(Cortical Spreading Depolarization) which is 
heavily dependent upon the changes secondary to 
pathophysiology of SAH [61–64]. Following the 
event of SAH there is a marked change in the 
milieu of ions in the neuroglial cells resulting in 
a significant increase of extracellular potassium 

with simultaneous decrease of extracellular 
sodium, chloride, and calcium ions due to their 
influx in the cell along with water. This results in 
a state of EEG silence [65–67].

Normally increase in functional activity of 
brain is directly proportional to increase blood 
flow and oxygen uptake, which enhances metab-
olism and glucose uptake [68, 69]. This coupling 
of flow and metabolism is regulated by interac-
tion between astrocytes, neurons, and endothelial 
cells, which is mediated by electrical and chemi-
cal changes in milieu contributed by agents like 
nitric oxide (NO), carbon dioxide, endothelin 1, 
alteration of ionic channels, adenosine, lipid per-
oxidation, and free radical production. The role 
of astrocytes in maintaining the local extracellu-
lar potassium concentration is important as they 
are described as perfect potassium electrodes 
[70], acting as a spatial buffer in local change of 
potassium [71].

Extracellular acidosis and hypercapnia have a 
linear correlation with cerebral vasodilation with 
maximum dilation achievable up to pH 7. This 
acidosis-induced dilation due to high extralumi-
nal H+ concentration is mediated through acti-
vated KATP & KCa’, Even though there is 
contribution of NO in moderate increase in 
extraluminal proton concentration however its 
role becomes ineffective at a lower pH of 7 [72–
75]. The aggravation of cerebral ischemia is aug-
mented by periodic waves of Cortical Spreading 
Depolarization (CSD), which develop as a com-
plex biochemical change secondary to oxyhemo-
globin, ET-1, and K+ ions [76]. The major trigger 
for CSD is changed in ionic milieu which hap-
pens due to inactivation of Na+/K+-ATPase activ-
ity at synaptic membrane level after SAH [77]. 
CSD thus contributes to spasm in distal small 
vessels and cellular necrosis (Fig. 2.2).

2.5	 �Diagnosis of Vasospasm

The diagnosis of vasospasm is best performed 
with a modality that can demonstrate the cerebral 
blood vessels and their caliber. Hence, CT angio-
gram (CTA), MR angiogram (MRA), or Digital 
Subtraction Angiography (DSA) are the options 
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to study the vascular territory involved in 
vasospasm. However, all these modalities are 
appropriate to diagnose spasm in large and 
medium-size intracranial vessels but their utility 
in diagnosis of small vessels vasospasm is very 
limited. Though the diagnostic ability of these 
modalities is good for moderate-to-severe vaso-
spasm but the logistic feasibility of repeating 
these studies precludes them for use in daily 
monitoring of status of vasospasm. DSA pro-
vides a more detailed picture of the status of ves-
sels and the cross circulation but the intraluminal 
maneuvering of catheters and use of contrast 
medium can aggravate vasospasm in a spastic 
vessel [78]. CT perfusion studies are a useful 
substitute and can be helpful in diagnosing the 
imminent ischemia as well as the status of perfu-
sion but the exact degree and distribution of 
spasm in the vasculature would not be apparent 
through this investigation.

Transcranial Doppler Ultrasound (TCD) is 
now being extensively used as a handy modality 
to assess the degree and extent of vasospasm. It 
has the logistic advantage of being noninvasive, 
easy to repeat, available at the bedside, and user 
friendly. The assessment through TCD is not only 
operator dependent but it has bearing on the anat-
omy of cerebral vasculature, exact site of vaso-
spasm, the thickness of temporal bony window, 
viscosity of blood, ICP status, fluctuation of CO2, 
and systemic blood pressure levels. Though it 

does not fulfil all the needed criteria for a detailed 
diagnosis, it gives a fair reading of velocity of 
blood flow in all the major vessels, thus alerts the 
observer on the magnitude of impending or exist-
ing vasospasm. TCD diagnosis of vasospasm in 
the MCA has a sensitivity of 39–94% and speci-
ficity of 85–100% [79]. There are different win-
dows of access to mainly three intracranial 
vessels namely, the most commonly used middle 
cerebral artery (MCA) and anterior cerebral 
artery (ACA) both through the thin temporal 
squama, the basilar artery (BI) through the fora-
men magnum, and the transorbital window for 
the anterior cerebral vessels. TCD monitoring 
should ideally be done on a daily basis and the 
mean velocity of MCA would normally be 
between 80 and 100 cm/s. The respective values 
for mild, moderate, and severe vasospasm of 
MCA are 100–120, 120–200, and >200  cm/s, 
respectively [80].

The Lindegaard ratio of flow velocity between 
MCA and extracranial Internal Carotid Artery 
(ICA), which has got an almost 90% accuracy of 
detecting angiographic vasospasm, is a useful 
method for diagnosis of vasospasm whereby 
vasospasm is established if the ratio of MCA/
ICA is more than 3 and a value of 6 or more indi-
cates very severe vasospasm [81, 82]. A similar 
ratio of flow between BA and extracranial verte-
bral artery (EVA) has been advocated to establish 
vasospasm of BA [83].

Fig. 2.2  Cortical Spreading depolarization
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2.6	 �Management Options 
for Vasospasm

2.6.1	 �Trials on Targeted Substrates

2.6.1.1	 �Lipid Peroxidation Inhibitors
Since lipid peroxidation induced by free radi-
cals has a potent role in inducing vasospasm 
hence its inhibition by a nonglucocorticoid 
21-aminosteroid (Tirilazad mesylate) was tried 
by virtue of its radical scavenging action and 
membrane stabilizing properties. Tirilazad 
mesylate underwent a global multi-centric ran-
domized, double-blind trial with an aim to look 
for improvement in vasospasm and outcome at 
3 months follow up. Though there was a signifi-
cant reduction of vasospasm using 6 mg/kg/day, 
the benefits failed to reach a statistical signifi-
cance even though it showed better efficacy in 
males in contrast to female patients [84].

2.6.2	 �Role of Endothelin-1 
Antagonist

Endothelin-1 an endogenous potent vasocon-
strictor which maintains a balancing act with 
nascent NO, is a potent vasodilator, released by 
the endothelium of cerebral arteries. CSF stud-
ies after SAH demonstrate an increase in ET-1 
levels. There are two types of Endothelin-1 
receptors, Endothelin A (ETA) receptor and 
Endothelin B (ETB) receptor [85]. ETA is 
directly responsible for smooth muscle contrac-
tion and hence a random placebo-controlled 
trial (CONSCIOUS 1) with Endothelin 1A 
antagonist (Clazosentan) was carried out to 
look for relief from ischemia and infarction of 
the brain [6]. Though the trial demonstrated 
significant benefit in terms of angiographic 
vasospasm, it did not show any impact on DCI 
[7]. Subsequently, CONSCIOUS-2 and 
CONSCIOUS-3, Phase III trials were con-
ducted, respectively, for clipped and coiled 
patients with no significant advantage on either 
mortality, morbidity, or long-term functional 
outcome [86].

2.6.3	 �Is There Any Role of Statins?

Due to the unique combination of anti-
inflammatory properties, dampening effect on 
reactive oxygen production, upregulating effect 
on NO synthase, and reduction of excitotoxicity 
the statins were also tried to look for ameliora-
tion of vasospasm and DCI.  Limited studies 
endorse some beneficial effects of statins but 
there was asymptomatic alteration in liver func-
tion noted as a side effect [87]. However, the 
STASH trial (Simvastatin in Aneurysmal 
Subarachnoid Hemorrhage Trial) could not 
establish the use of statins in acute phase of 
treatment of SAH [88].

2.6.4	 �Augmenting NO Activity

2.6.5	 �Sildenafil Citrate

Sildenafil citrate is a phosphodiesterase inhibitor 
which along with NO is known to relax the 
smooth muscles by preventing hydrolysis of 
cyclic guanosine monophosphate (cGMP) and 
inducing smooth muscle relaxation. Its role is 
already established in vertebrobasilar insuffi-
ciency, angina, and erectile dysfunction. 
Experimental studies suggested a beneficial 
effect of intrathecal sildenafil apart from its 
smooth muscle relaxation to produce changes in 
cognitive function [89]. To avoid the logistic 
implication of intrathecal sildenafil therapy, treat-
ment through enteral route was tried on a series 
of patients in a pilot study which claims to show 
benefit in limited number of patients with refrac-
tory vasospasm. However, there were consider-
able side effects of the drug and no controlled 
study has been undertaken to prove its efficacy 
[90].

2.6.5.1	 �Nascent NO Donors
The mopping up of nascent NO released from the 
vascular endothelium by oxyhemoglobin is an 
important biochemical phenomenon that has a 
major implication in the pathophysiology of 
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vasospasm. Hence, any therapy to augment the 
availability of NO would be a logical and effica-
cious way to prevent or reverse vasospasm [91]. 
The main hurdle is the ultra-short life of NO 
which remains active for a very brief period. 
Accordingly, intrathecal instillation of sodium 
nitroprusside as a potent NO donor was carried 
out in a study with very good angiographic evi-
dence of reversal of vasospasm (Fig. 2.3). Though 
the study showed reversal of early vasospasm 
with its prevention in imminent cases, however, 
its role in refractory vasospasm was not estab-
lished [92]. Other nitric oxide donors like NaNO2 
were reported to be useful in animal models [93], 
but its efficacy in humans is yet to be 
established.

2.6.5.2	 �Magnesium Sulfate
Magnesium is long known to be an important cat-
ion, which has a role in various metabolic pro-
cesses. Its role resembling a physiological 
calcium antagonist [94] was intensely studied 
with considerable improvement in DCI and vaso-
spasm in animal studies [95, 96]. Magnesium 
Sulfate (MgSO4) was therefore put through Phase 
I and Phase II trials with potentially encouraging 
results. A subsequent Phase II trial IMASH 

(Intravenous Magnesium Sulfate for Aneurysmal 
Subarachnoid Hemorrhage) was undertaken 
which, however, failed to show any significant 
good outcome at 6  months [97]. A further 
MASH-II (Magnesium in Aneurysmal 
Subarachnoid Hemorrhage II Study) using Mg 
therapy for 20 days after SAH failed to demon-
strate any beneficial effect [98]. The lower CSF 
penetration and the side effects of Mg therapy 
were considered as important reasons for the sub-
optimal response.

2.7	 �Treatment Regime for SAH/
Vasospasm

2.7.1	 �Optimizing Physiological 
Disruption

2.7.1.1	 �Catecholamine Surge 
and Increased Sympathetic 
Activity

SAH is associated with increased catecholamine 
surge, which has a bearing on the prognosis [99, 
100]. This in turn enhances sympathetic activity 
manifested in the form of cardiovascular changes 
recorded in ECG and also neurogenic pulmonary 

a b

Fig. 2.3  (a, b) Treatment of vasospasm using NO donor. 
(a) Pre-treatment and (b) Post-treatment. Reversal of 
vasospasm in a clipped patient with TCD value of 

300  cm/s using intrathecal NO donor (sodium 
Nitroprusside) instillation. Note may be made on the 
effect of therapy on perforators
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edema in severe cases [101]. Hence, close moni-
toring of cardiac and pulmonary function is of 
utmost importance specifically in patients mani-
festing with extracranial sympathetic manifesta-
tions and appropriate remedial measures are to be 
instituted, e.g., positive pressure ventilation for 
neurogenic pulmonary edema.

2.7.1.2	 �Controlling Body Temperature
Fever is a recognized entity in SAH which is 
common in patients with poor grade SAH or 
intraventricular hematomas [102]. For every 
degree Celsius change in body temperature, the 
glucose utilization demand in different areas of 
brain increases by 5 to 10%. Poor outcome has 
been documented with patients of SAH associ-
ated with fever [103]. Contrarily hypothermia 
has a protective effect on brain by reducing the 
rate of metabolism and free radical production, 
maintaining integrity of blood–brain barrier and 
aerobic metabolism and also lowering excitatory 
neurotransmitters release [104, 105]. The role of 
targeted temperature control therapy, therefore, is 
claimed in several studies to have a significantly 
beneficial role in restoring the alteration in brain 
metabolism secondary to SAH [106–108].

2.7.1.3	 �Electrolyte Management
Fluctuation in serum sodium levels is well known 
in SAH with observation of initial rise followed 
by significant fall in the second week [109]. The 
reason for hyponatremia is related to various fac-
tors which include cerebral salt wasting syn-
drome, SIADH, glucocorticoid deficiency. 
Despite hyponatremia being a known cause of 
reduced cerebral function and infarction of the 
brain, its contribution to poor outcomes is not 
clear [110].

Hypernatremia is commonly a manifestation 
of hypothalamic insult and may be associated 
with diabetes insipidus. It has been shown to 
have a poor outcome as per studies available 
[111, 112]. Based on the above observations 
serum sodium level within the normal physiolog-
ical range is ideal even though the exact relation-
ship of sodium imbalance with outcome is not 
fully established.

2.7.1.4	 �Maintaining Cerebral Perfusion
To counter the effects of decreased perfusion 
and poor blood flow secondary to vasospasm 
and DCI the triple H therapy (Hypervolemia, 
Hypertension, and Hemodilution) was in vogue 
with the aim to improve circulatory blood vol-
ume, cerebral perfusion pressure, and reduce the 
viscosity of blood. Low molecular weight dex-
tran, mannitol, and albumin were used for vol-
ume expansion as a routine measure in the past. 
However, there was mounting evidence that 
hypervolemia and hemodilution were not be of 
much benefit [113, 114] with convincing evi-
dence to suggest harmful effects of hemodilu-
tion [115, 116]. Hence induced hypertension, to 
maintain a high mean arterial pressure (MAP), 
remains one of the efficacious components of 
the regime, which is followed routinely in most 
of the centers [115]. Maintaining a high level of 
hemoglobin has also been seen to have contrib-
uted to better outcomes [116]. Since cerebral 
perfusion is guided by a balance between the 
intracranial pressure and the MAP there remains 
a role of anti-edema measures through pharma-
cological means as well as ventilation. Mannitol, 
which is a commonly used drug to reduce ICP, 
was also popular because of its volume expan-
sion effect. However, there remains a concern in 
long-term use of mannitol due to its effect on 
blood rheology through serum osmolality 
changes, electrolyte imbalance, and rebound 
rise in ICP after its withdrawal. ICP reduction, 
in order to improve cerebral perfusion, is there-
fore better managed through controlled 
ventilation.

2.7.1.5	 �Calcium Channel Antagonists
Calcium channel blockers are known to act on 
the “slow calcium” channels and hence have a 
relaxing effect on vascular smooth muscles and 
cardiac muscles without any effect on skeletal 
muscle. Apart from their action on smooth mus-
cle vasculature they are known to play a signifi-
cant role in blood rheology, calcium entry in 
ischemic cells, dilation of collateral leptomen-
ingeal vessels, and platelet aggregation 
[117–119].
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2.7.1.6	 �Nimodipine
Dihydropyridine calcium antagonists are known 
to reduce spasm of vascular smooth muscles and 
amongst them nimodipine has been proved to 
have class I evidence to be efficacious in signifi-
cant number of cases, more so, if it is prophylac-
tically started on the day of SAH [78, 95, 113, 
120, 121]. Nimodipine has been shown to also 
improve outcomes in DCI as it demonstrates a 
neuroprotective effect through a reduction in the 
degree of apoptosis by decreasing Ca influx and 
antiplatelet aggregation properties and also by 
improving collateral channels and blood rheol-
ogy. Results of the British aneurysm nimodipine 
trial substantiate these facts with a significant 
reduction in incidence infarction and improve-
ment in outcome [122, 123]. The treatment with 
nimodipine has shown to be cost-effective also 
with nominal side effects [124].

Nimodipine is administered by oral or intrave-
nous route, ideally in an ICU setting, and the rec-
ommended dose is 60 mg every 4 hourly. In case 
this dose interferes with maintenance of desired 
MAP, required for sustained cerebral perfusion, a 
revised dose of 30 mg every 2 to 4 hourly may be 
administered under strict monitoring.

2.7.2	 �Strategies to Reduce Blood 
Load in Subarachnoid Space

2.7.2.1	 �Lumbar Drain
Since free blood remains the main spasmogenic 
source in the subarachnoid space (SAS) studies 
were conducted to reduce the blood load around 
the vessels in order to attenuate the harmful effect 
of blood or its products. The EARLY DRAIN 
Trial (Early Lumbar Cerebrospinal Fluid 
Drainage in Aneurysmal Subarachnoid 
Haemorrhage Trial) [125] and the LUMAS trial 
(Lumbar Drainage in Subarachnoid Haemorrhage 
Trial) [126] were instituted to look for decrease 
in the incidence of DCI and improved early clini-
cal outcome. Both the studies were found to be 
safe and showed a reduction in the incidence of 
DCI with improvement in early clinical out-
comes. However, the long-term clinical outcome 
did not reveal any significant improvement. Even 

then, the use of lumbar drain and removal of 
blood load in the basal cisterns during open sur-
gery is still practiced by many clinicians with dis-
puted claims of achieving lower incidence of 
ischemia and vasospasm [78]. However, one 
needs to be cautious as too much drainage of CSF 
is found to be associated with shunt dependency 
[126].

2.7.2.2	 �Cisternal Lavage and Local 
Thrombolytics

Studies conducted to look for efficacy of cis-
ternal and ventricular lavage, mechanical agi-
tation (kinetic therapy), and use of local 
thrombolytics were analyzed to see for reduc-
tion in DCI and improvement in outcome. The 
studies definitely suggest improvement in early 
outcome and reduced incidence of vasospasm 
in the group who are subjected to cisternal and/
or ventricular lavage with added kinetic ther-
apy. However, there are limitations of these 
procedures as it involves potential risk of 
infection and is a subject of logistic debate in 
patients who are treated purely be radiological 
intervention.

2.7.3	 �Intrathecal Treatment Options

2.7.3.1	 �Intrathecal Thrombolysis
Early and quick resolution of blood in subarach-
noid space seems to be an attractive alternative to 
clear the blood from the thecal space. Several 
studies were undertaken using intracisternal 
thrombolysis using urokinase or tissue plasmino-
gen activator to lyse the clot from the cisternal/
intraventricular space. Recent meta-analysis sug-
gests a clear advantage of intrathecal fibrinolysis 
showing improved functional outcome with 
lower mortality risk and lesser incidence of 
hydrocephalus [127, 128]. Despite claims of effi-
cacy in this management, issues related to incon-
sistency of technical aspects cast a doubt on 
safety and side effects, infection and hemorrhage 
being of serious concern. A prospective random-
ized control trial on intraventricular thrombolysis 
is already underway to answer these important 
issues [129].
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2.7.3.2	 �Intrathecal Nicardipine
Nicardipine, a calcium channel blocker which is 
used to treat hypertension and chronic angina, 
has been tried to treat vasospasm after SAH [130, 
131]. The drug was used as a slow-release loaded 
polymer for local release which demonstrated 
promising results. However, the problems of 
logistics in delivery and its efficacy in the distant 
vascular tree, especially with thick load of blood 
clot in subarachnoid space around the vessel pre-
cluded it from coming into regular use.

2.7.4	 �Endovascular Intervention 
for Vasospasm

Endovascular treatment options for vasospasm 
are considered when the other options do not 
yield encouraging response to the clinician, even 
though they are not bereft of side effects and 
complications. The options include the use of 
intra-arterial drug infusions and balloon angio-
plasty [132, 133].

2.7.5	 �Role of Intra-arterial 
Pharmacotherapy

2.7.5.1	 �Intra-arterial Nimodipine
Since nimodipine is considered to be of proven 
efficacy as a calcium channel blocker its role in 
preventing and reversing vasospasm has been 
very much tried in various studies with reason-
able success in controlling and reversing vaso-
spasm specifically when it is in mild or moderate 
form. However, its efficacy in severe vasospasm 
with advanced DCI is not very well established. 
In a single-center study conducted in the recent 
past using intra-arterial nimodipine for vaso-
spasm the outcome was good in 73.8% of patients 
[134].

2.7.5.2	 �Papaverine
Papaverine (a nonspecific phosphodiesterase 
inhibitor) which is a potent vasodilator was ini-
tially considered a useful agent for intra-arterial 
use. Though good vasodilation was achieved, the 
effect of the drug was short-lasting [135]. 

Moreover, intra-arterial papaverine did not last 
the test of time because of issues of unpredictable 
complications, e.g., systemic hypotension, brain-
stem function depression, seizures [136]. A com-
parison of intra-arterial papaverine and 
nimodipine was studied to see for the efficacy of 
each agent. Though papaverine has a diffuse 
effect on all the vessels in comparison to nimodip-
ine (83%), there was no demonstrable difference 
in perfusion at the capillary level [137].

2.7.5.3	 �Milrinone
Milrinone, a phosphodiesterase III inhibitor, is 
widely used to treat patients with acute cardiac 
failure having a dual role of vasodilation and ino-
tropic effect. This therapy has shown significant 
improvement in the patients of vasospasm includ-
ing refractory vasospasm in patients of poor 
grade SAH [138]. Safety and efficacy of milri-
none are being assessed in MilriSpasm Trial 
(Safety of Intravenous Milrinone for the 
Treatment of Subarachnoid Hemorrhage-induced 
Vasospasm) is due to complete in early 2021. The 
drug seems to hold a promise in reversing vaso-
spasm through chemical angioplasty.

2.7.5.4	 �Balloon Angioplasty
Balloon angioplasty remains an important option 
for refractory vasospasm when pharmacotherapy 
fails. Though it gives relief from focal vasospasm 
it may not be very useful in diffuse vasospasm 
particularly if it involves distal vessels. More so, 
this therapy is ideally to be implemented in cen-
ters which are equipped with the facility and 
expertise. The procedure is not without any risk 
or failures and hence may need to be repeated 
several times during the phase of acute vaso-
spasm. The controversy remains in the timing of 
mechanical balloon dilation where studies have 
shown the procedure to be effective if performed 
within the first 2 h of onset of vasospasm in con-
trast to that performed within 24 h [132, 139].

If normal or supranormal diameter of the ves-
sel is achieved at initial angioplasty then subse-
quent need for angioplasty can be obviated in 
contrast to a subnormal dilatation where repeat 
dilations may be necessary [140]. The main limi-
tation of mechanical angioplasty is in its effec-
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tiveness mainly in short segment vasospasm and 
it remains technically difficult to exploit its role 
in vasospasm involving long arterial segments or 
distal vessels. Hence, a combination of intra-
arterial mechanical dilation and infusion using 
nimodipine was found to be more effective than 
isolated use of individual modalities and the 
effect was most pronounced on ICA and BA 
[141]. However, the procedure of mechanical 
angioplasty needs to be done with caution as 
there are reported complications which include 
perforation and rupture of vessels, occlusion, 
stroke, dissection, displacement of aneurysm 
clips. 144. Attempts for prophylactic dilation of 
major vessels to prevent vasospasm did not yield 
the desired outcome of preventing delayed isch-
emia of the brain [132].

The Invasive Diagnostic and Therapeutic 
Management of Cerebral Vasospasm After 
Aneurysmal Subarachnoid Haemorrhage trial 
(IMCVS) to sort out the optimal treatment modal-
ity has not been able to provide a defined guide-
line for treatment in individual cases [142]. 
However, endovascular treatment for vasospasm 
remains an effective alternative in situations of 
refractory vasospasm with comparatively better 
functional outcome [143].

2.8	 �Conclusion

Vasospasm, which is an important cause of mor-
bidity and mortality, remains a major challenge 
in patients of SAH. Over the decades there is a 
definite improvement in outcome because of bet-
ter perioperative management using aggressive 
treatment and prevention protocols. 
Understanding of the pathophysiological changes 
after SAH and identification of various substrates 
involved in its genesis has helped in formulating 
management guidelines yielding better outcome. 
The identity of primary trigger spasmogenic mol-
ecules remains illusive, and the cascading events 
initiated by activation of various biochemical 
pathways starting from release of oxyhemoglo-
bin to oxygen free radicals and their conse-
quences are yet to be precisely understood. In 

comparison to the past, the molecular changes 
and their impact are now better revealed but there 
has been no breakthrough in countering their 
impact on the brain. As various trials to date have 
failed to come out with a panacea the age-old 
concept of augmentation of cerebral perfusion, 
creation of an optimal milieu for the brain paren-
chyma still remains an important strategy for 
ICU management. Nimodipine is the only drug 
with proven efficacy but it fails to ameliorate all 
stages of vasospasm especially the refractory 
group. Hence, the emerging concept of “Early 
Brain Injury” and its prevention remains a major 
target for timely institution of treatment strate-
gies in such patients.
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