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Perioperative critical care management for patients with
aneurysmal subarachnoid hemorrhage
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Despite significant regional and risk factor-related variations, the overall mortality rate in patients suffering from an-
eurysmal subarachnoid hemorrhage (SAH) remains high. Compared to ischemic stroke, which is typically irreversible,
hemorrhagic stroke tends to carry a higher mortality, but patients who do survive have less disability. Technologies to
monitor and treat complications of SAH have advanced considerably in recent years, but good long-term functional
outcome still depends on prompt diagnosis, early aggressive management, and avoidance of premature withdrawal of
support. Endovascular procedures and open craniotomy to secure a ruptured aneurysm represent some of the numerous
critical steps required to achieve the best possible result. In this review, we have attempted to provide a contemporary,
evidence-based outline of the perioperative critical care management of patients with SAH. This is a challenging and
potentially fatal disease with a wide spectrum of severity and complications and an often protracted course. The dynamic
nature of this illness, especially in its most severe forms, requires considerable flexibility in clinician management, espe-
cially given the panoply of available treatment modalities. Judicious hemodynamic monitoring and adaptive therapy are
essential to respond to the fluctuating nature of cerebral vasospasm and the varying oxygen demands of the injured brain
that may readily induce acute or delayed cerebral ischemia. (Korean ] Anesthesiol 2014; 67: 77-84)
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Critical care for subarachnoid hemorrhage

Introduction and Background

Subarachnoid hemorrhage (SAH) cases represent approxi-
mately 7% of all types of stroke], and have a notoriously high
mortality rate [1]. Despite fluctuations, the overall incidence of
SAH has been stable at around 10 per 100,000 population per
year in most countries for the past few decades [2,3]. However,
in one region of Japan, the incidence of SAH was reported to be
as high as 23-25 per 100,000 people per year, one of the highest
worldwide [2]. It is possible that this extraordinary incidence
might be the consequence of more assiduous diagnosis by early
computed tomography (CT). Mortality after SAH is directly
related to the severity of illness, and functional outcomes after
SAH vary widely. The age, sex, and grade-adjusted overall 30-d
fatality rate for SAH is about 45-50% [4-7].

Preoperative, Initial Phase: ABC and EVD

Critical care requirements could differ depending on a pa-
tient’s presentation based on the initial Hunt and Hess scale,
which can be graded by performing a careful clinical assessment
of the patient’s neurologic status as follows:

Grade Description
Asymptomatic, or mild headache, slight nuchal rigidity

2 Moderate to severe headache, nuchal rigidity, cranial
nerve palsy may appear

3 Drowsiness and/or confusion, appearance of other
focal neurologic deficits

4 Stupor, moderate to severe hemiparesis

5 Coma, decerebrate posturing

Hunt WE, Hess RM. ] Neurosurg 1968; 28:14-20.

When SAH is at a low grade (Hunt and Hess SAH grade 1-2),
perioperative monitoring and management in the intensive care
unit (ICU) is quite straightforward. It consists of hemodynamic
and cerebral assessment at the bedside, routine cardiac monitor-
ing, careful and repetitive clinical examination, and basic blood
work. The risk of symptomatic vasospasm is low, and when
it does develop, the neurological change is clinically obvious.
Nonetheless, a low grade of neurological injury may become
acutely worse when it is complicated by acute vasospasm that
induces symptomatic acute and/or delayed cerebral ischemia. A
characteristic example is a patient who initially presents with
an alert, oriented neurologic status (low grade Hunt and Hess
status). However, the patient has a diffuse, thick subarachnoid
blood collection consistent with classic Fisher scale 3, which
may induce sudden and rapid deterioration. Most of the time,
these patients do not require tracheal intubation but must be
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closely followed with frequent neurological examination by the
ICU nursing and physician staff.

A high grade of SAH is evidenced by Hunt and Hess grade
3-5, a large amount of subarachnoid and intraventricular hem-
orrhage, radiographic evidence of hydrocephalus, and deterio-
rating mental status. This is a considerably more challenging
situation, and the fundamental goal is to maintain adequate
cerebral perfusion pressure (CPP). The CPP is the difference
between the mean arterial blood pressure (MAP) and the intra-
cranial pressure (ICP):

CPP = MAP — ICP

Initially, these patients develop very labile intracranial hy-
pertension, a harbinger of potentially impaired CPP. As always,
the first step is to ensure adequate resuscitation and control of
airway, breathing, and circulation (ABC). Next, an external ven-
tricular drain (EVD) should be placed to ensure continuous ICP
monitoring. Then, to maintain adequate CPP and avoid further
injury to the brain tissue, the MAP must be adjusted relative to
the ICP.

Unfortunately, there is little evidence to promote an ideal CPP,
which is not only unpredictable, but which, because the disease
is so dynamic, may fluctuate widely from day to day. In general,
it is preferable to keep the MAP under tight control while main-
taining a CPP of 50 to 70 mmHg. This mandates keeping the
ICP less than 20 mmHg, with MAP 70-90 mmHg and systolic
blood pressure (SBP) preferably constrained to less than 140
mmHg. Tight blood pressure control is essential until the rup-
tured aneurysm is fully secured.

Fig. 1 outlines a reasonable step-by-step management plan for
intracranial hypertension in patients with high-grade SAH [8].

Proactive Management for the Postoperative
Period - A Paradigm Shift in Goal-directed
Therapy

A recently introduced paradigm shift toward aggressive
protocolized management has demonstrated that mortality in
patients with Hunt and Hess grade 4 and 5 SAH can be signifi-
cantly reduced compared with historical controls [9].

The paradigm is initiated by emergent rescue of SAH victims
with ABC support, followed by immediate admission to a highly
specialized neurointensive care unit. The fundamental principles
of management include early aggressive medical and surgical
therapy and the use of advanced technologies to monitor the
patient’s injured brain. Recommended interventions include
immediate placement of an external ventricular drain, timely
securing of the ruptured aneurysm, prophylaxis against rebleed-
ing, control of elevated ICP, and optimization of CPP. In a sense,
the key is to provide a physiologically optimal environment to
promote recovery of the injured neurons. The paradigm also
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Basic checklist:

1. The patient's airway must be secured.

2. For refractory ICP crisis in high-grade SAH, the patient should be mechanically hyperventilated.

3. The head of the bed must be elevated > 45 degrees.

4. Avoid elevations in ICP caused by suctioning, coughing, or agitation.

5. Do not allow ICP to increase > 20 mmHg for more than 10 min.

6. Ensure that the tip of the external ventricular drain (EVD) is in the proper location, waveforms are intact, and bloody CSF is
adequately drained.

Surgical decompression:

1. Ensure that the EVD is working: If malfunctioning, flush it.

2. If it still malfunctions, change it over to another one using the same entrance.

3. Consider placing a second EVD on the opposite side.

4. Consider performing a craniotomy to decompress the pressured brain. This is by far the most direct, definitive means of
treating a refractory ICP crisis.

Medical therapy, step 1: Ensure adequate sedation and analgesia
1. Adequate control of elevated ICP is contingent on effective, deep continuous intravenous (IV) sedation and analgesia.
2. Do not repetitively pinch the patient in an effort to assess his or her neurologic status. Perform one good neurologic exam off
all sedation, and then leave the patient alone!
. If the patient is hemodynamically unstable (e.g., neurogenic cardiomyopathy, acute heart failure, hypotension, cardiogenic
pulmonary edema), use IV midazolam:
a. Induction: 10-50 pg/kg over 2 min
b. Maintenance: 20-200 pg/kg/ h
c. Titrate to effect by increments of 25% of initial maintenance dose as needed.
. If the patient is hemodynamically stable and euvolemic, without any evidence of acute heart failure, use IV propofol:
a. Induction: 1-2 mg/kg
b. Maintenance: 5-50 pg/kg/min
c. Patients may need 100-300 pg/kg/min for refractory ICP crisis
d. Note: infusion rates > 50 ug/kg/min have been associated with potentially fatal propofol infusion syndrome.
. SAH causes severe headache, so concurrent opioid analgesia with 1V fentanyl may provide a synergistic effect in decreasing
ICP:
a. Induction: 25-100 pg
b. Maintenance: 1-3 ng/kg/h

Medical therapy, step 2: Hyperventilation and osmotic therapy
1.Hyperventilation to induce cerebral vasoconstriction and decrease cerebral blood flow. Target PaCO, is about 30 mmHg:
a.The patient may already have a reflex central hyperventilation syndrome that can constrain the elevated ICP.
b.If not, increase the ventilator rate and minute ventilation (VE) by about 100% (i.e., to > 15 L/min).
c.Note: hyperventilation is self-limiting and after a short period of time ceases to be effective in decreasing ICP. Furthermore,
continuing excessive hyperventilation may lead to unwanted vasoconstriction that exacerbates cerebral ischemia.
2.0smotherapy with mannitol and/or hypertonic saline to increase serum osmolality and decrease cerebral edema.
a.Mannitol:
¢ 1-1.5 gm/kg of a 25% solution infused over 30-45 min
* Repeat every 6 h as indicated
* Caveat: keep serum osmolality < 360 mOsm/kg and osmolal gap < 10 mOsm/kg
(Osmolal gap = measured-calculated osmolality, i.e., 2[Na] + [glucose]/18 + [BUN]/2.8])
b.Hypertonic saline:
¢ 30 ml 23.4% sodium chloride (NaCl) solution by IV push over 5-10 min
* Repeat every 6 h as indicated.
e Caveat: keep serum Na < 155 mEqg/L

Fig. 1. Surgical and medical treatment for intracranial hypertension in SAH.
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Medical therapy, step 3: Barbiturate coma

Vol. 67, No. 2, August 2014

1. Deep pentobarbital sedation to decrease cerebral metabolic oxygen consumption and required cerebral blood flow, and thereby

to decrease elevated intracranial pressure.
2. Induction: Pentobarbital 10 mg/kg by IV infusion over 1 h
3. Maintenance: Pentobarbital infusion at 1-3 mg/kg/h
4. Monitor with continuous electroencephalogram (EEG)

 Target: burst suppression pattern (1-2 bursts per 10 s frame)

5. Caveats with pentobarbital therapy:

» May depress myocardial function (rate, contractility) and cause systemic hypotension
» Pentobarbital undergoes hepatic biotransformation. It has a long, dose-dependent elimination half-life of 15-50 h that is

prolonged by hepatic disease or injury.

Medical therapy step 4: Consider therapeutic hypothermia
1. Hypothermia decreases cerebral metabolic demand and thereby elevated ICP

a. Target temperature: 32-33°C

b. Rapid induction: cold IV saline infusion (4°C) + ice packs

c. Maintenance: advanced temperature modulation with surface cooling and IV cooling catheter devices
. Shivering that may further elevate ICP must be suppressed with one or more of the following interventions:

a. universal and basic step: warm blanket, gloves, and socks

b. buspirone (atypical antidepressant): 20-30 mg via nasogastric (NG) tube every 8 h
c. magnesium: IV bolus of 60-80 mg/kg, then infusion at 2 gm/h

d. alpha-2 agonists (use one agent or the other)
» dexmedetomidine: |V infusion 0.4-1.5 pg/kg/h

« clonidine: 1V dosing 1-3 pg/kg as needed to control shivering

e. meperidine: IV infusion 25-50 mg every 4-6 h

f. propofol: 50-100 mg by rapid IV push, followed by 0.3-3 mg/kg/h

3. Caveats with therapeutic hypothermia and its treatment:

e It is associated with increased risk of infection, especially pneumonia.
« It is contraindicated in the presence of severe sepsis and septic shock.
 Avoid prolonged use because complication rates increase with time.

« Clonidine excretion is dependent on intact renal function.

Fig. 1. Continued.

encompasses compassionate end-of-life care without premature
withdrawal of life support [9].

The most meaningful way to follow a brain-injured patient
is to perform serial bedside neurological examinations. Unfor-
tunately, with high-grade SAH, there is no examination to fol-
low — the patient may remain completely comatose for days or
weeks, and the only clinical finding of any portent may be that
of intact brainstem reflexes. This frequently leads the clinicians
to disclose a dismal prognosis and likelihood of extremely poor
outcome to the family, which in turn understandably culminates
in withdrawal of medical support.

Becker et al. [10] suggest that clinicians who use initial data
to predict outcome may be overly pessimistic, leading to possi-
bly premature withdrawal of support and a “self-fulfilling proph-
ecy”. Traditionally, clinicians tend to react to their observations
of patients in the ICU. For example, if the MAP decreases, an
assessment of intravascular volume status is initiated, quickly
followed by a combination of fluid administration and vasopres-
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sor therapy with or without inotropic support. If arterial oxygen
saturation (Sa0,) falls, an investigation of possible etiologies
begins and a treatment algorithm follows based upon the find-
ings. Such “reactive” treatment strategies may be successful for
some disease processes, but they do not achieve the best results
in advanced-grade SAH. The patients brain is severely injured,
and there is an intense, active inflammatory reaction to the pres-
ence of blood in the subarachnoid space [11,12]. The clinical ex-
amination of a stuporous or comatose patient typically remains
unchanged for a protracted length of time. When meaningful
changes finally occur, it may be too late to mount an effective
therapeutic response.

The paucity of meaningful information from clinical exami-
nation in patients with high-grade SAH has driven the devel-
opment of multi-modal monitoring and goal-directed therapy
(Table 1). In this approach, the daily neurological examination is
augmented by continuous electroencephalography (EEG), real-
time measurement of partial pressure of brain oxygen tension
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Table 1. Cerebral Multi-modal Monitoring and Goal-directed Therapy

Goal-directed variable target

ICP Less than 20 mmHg

CPP Greater than 50-60 mmHg

PbtO, Greater than 10-15 mmHg

JvO, Greater than 50%

EEG Avoid electrographic, non-convulsive seizures
BrGluc Greater than 0.7 mol/L

BrLac Less than 2.9 mmol/L

BrPyr Greater than 166 pmol/L

LPR Less than 40

ICP: intracranial pressure, CPP: cerebral perfusion pressure, PbtO,:
partial pressure of brain oxygen tension, JvO2: jugular vein oxygen
concentration, BrGluc: brain glucose, BrLac: brain lactate, BrPyr: brain
pyruvate, EEG: electroencephalogram, LPR: lactate/pyruvate ratio.

(PbtO,), and cerebral microdialysis. The clinician utilizes input
from multiple variables proactively to adjust patient hemody-
namics and achieve the desired level of brain perfusion, which
may vary day-to-day or even hour-to-hour. In this way, the en-
tire ICU team works toward a clearly defined, common goal. Al-
though there is not sufficient data to support the idea that any of
these goal-directed therapies might lead to improved outcome,
these targets are physiologically reasonable goals until further
data is available.

For example, the following monitoring goals could be set at
any given time: keep ICP < 20 mmHg, CPP > 60 mmHg, and
PbtO, > 10 mmHg. The primary mechanism to achieve these
goals is continuous assessment and correction of cardiac output
and performance, hemoglobin concentration, and intravascular
volume status. Successful achievement of these goals implies
adequate pulmonary gas exchange, avoidance and prompt treat-
ment of fluid overload (and risk of pneumonia), and optimal
cerebral oxygen delivery. This in turn provides a physiologically
optimal environment to the injured brain, giving it the best
chance for ultimate recovery.

Intensivists devote a considerable portion of each day to at-
tempting to determine the intravascular volume status of criti-
cally ill patients through the use of clinical examination and
standard parameters that are often quite misleading [13]. The
mainstay of assessment, CVDP, is a stagnant pressure measure-
ment that is criticized for its unreliable value as a surrogate for
circulating blood volume or preload responsiveness in the op-
erating room or ICU [14]. It therefore seems logical to use more
than one hemodynamic value to determine the appropriate fluid
therapy. This rationale has provided the impetus for the intro-
duction of semi-invasive, pulse contour methods of continuous
hemodynamic monitoring, highlighted by Doppler ultrasonog-
raphy [15,16]. For example, insonation of the inferior vena cava
diameter and its collapsibility correlates quite well with other
parameters and provides dynamic assessment of intravascular
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fluid status in critically ill patients[17-19].

Regardless of which variables one follows, it is of paramount
importance to ensure a patient condition that is as close to eu-
volemia as possible. Severe hypovolemia must be avoided at all
costs. The severe decrease in cerebral blood flow that follows
is detrimental to the injured brain, especially during the vaso-
spastic period, and is associated with an unacceptably high risk
of cerebral infarction. At the other extreme, volume overload
(which includes prophylactic hypervolemic therapy even before
a patient suffers any symptomatic vasospasm) may increase
urine output and cardiac filing pressures, but may not provide
any benefits in cerebral perfusion [20]. When hypervolemia
results in pulmonary congestion and edema, arterial hypoxemia
further compromises oxygen delivery to the injured brain.

Critical Care for Symptomatic Cerebral Vasospasm

The ICU team should provide 24-7 coverage for SAH pa-
tients, preferably in a dedicated neurointensive care unit, be-
cause these patients require continuous, round-the-clock neu-
rological monitoring. At the first sign of symptomatic cerebral
vasospasm, specific treatment must be initiated without delay.
Current standards of care mandate that this should occur within
2h[21].

While there is considerable variability among clinicians in
therapy for cerebral vasospasm, certain principles are accepted
by all.

First, it is mandatory to avoid volume depletion and systemic
hypotension, which decrease cerebral perfusion and increase
the risk of cerebral ischemia. At the onset of symptomatic vaso-
spasm, it is essential to assure euvolemia and preferable to initi-
ate hypertensive therapy. Elevation in systemic blood pressure
increases perfusion of the vasospastic, ischemic brain. While
so-called “triple-H” therapy (hypervolemia, hypertension, and
hemodilution) has never been shown to improve long-term
outcome in any randomized controlled settings [22], it is rea-
sonable to initiate interventions that assure euvolemia and mild
to moderate systemic hypertension. A representative example of
hemodynamic targets is outlined in Table 2.

There is no evidence to support prophylactic hypervolemic
therapy or induction of hypertensive therapy prior to the onset
of symptomatic vasospasm. A recent survey performed by the
Neurocritical Care Society (NCS) revealed that medical centers
without a dedicated neurointensive care unit are more likely to
use prophylactic hypervolemia [23]. All 375 members of the
NCS reported that they agree with the induction of hyperten-
sion for severe or symptomatic vasospasm.

The options for endovascular and neurosurgical intervention
in patients with symptomatic cerebral vasospasm are beyond the
scope of this article and will not be discussed further here.
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Table 2. Volumetric Parameters in Managing Perioperative High-grade SAH Patients in Different Phases

Pre-securing aneurysm

Post-securing aneurysm

Symptomatic vasospasm

period (Day 0) period (Days 1-3) period (Days 3-10)
SBP 100-140 mmHg 100-180 mmHg 140-200 mmHg
MAP 70-90 mmHg 70-100 mmHg 100-130 mmHg
Fluid status Euvolemic Euvolemic Euvolemic
CVP 5-8 mmHg (avoid persistently < 5-8) 5-8 mmHg (avoid persistently < 5-8) 5-8 mmHg (avoid persistently < 5-8)
PCWP 8-12 mmHg (avoid persistently < 10) 8-12 mmHg (avoid persistently < 10) 8-12 mmHg (avoid persistently < 10)
CXR Avoid congestion Avoid congestion Avoid congestion
N'AY% Avoid < 11-13% Avoid < 11-13% Avoid < 11-13%
GEDVI Avoid < 680 ml/m’ Avoid < 680 ml/m’ Avoid < 680 ml/m’
SVI Avoid < 40 ml/m’ Avoid < 40 ml/m’ Avoid < 40 ml/m’
EVIWI Target 3-7 ml/kg in adults Target 3-7 ml/kg in adults Target 3-7 ml/kg in adults

SBP: systolic blood pressure, MAP: mean arterial pressure, CVP: central venous pressure, PCWP: pulmonary capillary wedge pressure, CXR: chest
x-ray, SVV: stroke volume variation (use of pulse contour continuous cardiac output monitoring required), GEDVI: global end-diastolic volume
index (use of thermodilution method via PiICCO, monitoring required), SVI: stroke volume index (use of pulse contour continuous cardiac output
monitoring required), EVLWI: extravascular lung water index (use of thermodilution method via PiCCO, monitoring required).

Paroxysmal Sympathetic Hyperactivity:
A Devastating Complication

Acute SAH is not uncommonly accompanied by an excess of
sympathoadrenal activity that is described by a variety of terms,
including paroxysmal sympathetic hyperactivity (PSH), central
nervous system storming, autonomic storming, and dysauto-
nomic hyperactivity, among others. Its exact pathophysiology
has not been elucidated, and this syndrome is not confined to
SAH. It has been observed after a variety of other sources of
acute brain injury including traumatic brain injury, intracranial
hemorrhage, anoxic brain injury, and encephalitis. Rarely, acute
parasympathetic reactions have been reported.

PSH has a sudden onset without warning signs or obvious
triggers. It is characterized by hypertension, sinus tachycardia,
hyperventilation, facial flushing, hyperemia, diaphoresis, hyper-
tonia, hyperreflexia, and fever [24]. When patients with SAH
develop PSH, their course is substantially worsened. They have
prolonged ICU and hospital stays, increased medical complica-
tions, and poor long-term functional outcomes.

A rational critical care approach includes prompt diagnosis,
the ruling out of other underlying medical etiologies, and the
initiation of appropriate medical therapy. A number of differ-
ent agents have reported to be useful in PSH patients, includ-
ing benzodiazepines, bromocriptine, opioids, beta-blockers,
baclofen, alpha-2 agonists, and antiepileptic drugs. It is intuitive
that these patients would benefit from deep sedation, intubation,
and mechanical ventilation with high-dose IV midazolam or
propofol. However, outcomes appear to be enhanced by mini-
mizing sedation so that patients can stay awake, remain extubat-
ed, and ultimately move out of the ICU. Maintaining the balance
between adequate pharmacological treatment and avoidance of
excessive sedation is challenging but crucial [24,25].
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Neurogenic Cardiomyopathy and Transient
Apical Ballooning Syndrome

A variable percentage of patients with high-grade SAH may
present with acute heart failure, with dyspnea, substernal chest
pain, pulmonary congestion and edema, and systolic hypoten-
sion. Electrocardiographic changes are quite common even
without myocardial dysfunction, and include ST elevation,
inverted T waves, and prolonged QT interval. A wide variety of
arrhythmias may occur, especially within the first 48 h. These
include sinus bradycardia, supraventricular tachycardia, atrial
fibrillation, ventricular ectopy and tachycardia, and in the pres-
ence of prolonged QT interval, polymorphic ventricular tachy-
cardia (torsades de pointes).

Echocardiography reveals impaired myocardial contractil-
ity and a substantially decreased ejection fraction, often to less
than 25%. Cardiac enzymes such as troponin are elevated. This
condition may be characterized as an acute neurogenic cardio-
myopathy, akin to the stunned myocardium encountered after
ischemia-reperfusion injury.

A considerable proportion of patients, mostly postmeno-
pausal women, develop a specific variant that causes balloon-
ing of the ventricular apex with sparing of the basal segments
[26]. Because of the characteristic shape of the ventricle, this
syndrome is often called takotsubo cardiomyopathy, after the
Japanese for an octopus trap, or more formally, transient left
ventricular apical ballooning syndrome. It is associated with
prolonged tracheal intubation and mechanical ventilation and
cerebral vasospasm. This phenomenon, however, has been de-
scribed in all age groups and both sexes.

Care for these patients is largely supportive, and the primary
goal is to minimize myocardial oxygen consumption and maxi-
mize myocardial perfusion. This includes prompt treatment
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of cardiac arrhythmias, sedation and mechanical ventilation,
aspirin, nitrites, statins, beta-blockers, calcium channel blockers,
and angiotensin-converting enzyme inhibitors. Potent inotropic
agents should be avoided if possible, because they increase myo-
cardial oxygen demand. Judicious use of a non-catecholamine
alpha-adrenergic agent, phenylephrine, is preferred to treat se-
vere systemic hypotension, but in severe cases, intra-aortic bal-
loon counterpulsation may be required to assure adequate myo-
cardial perfusion pressure and decreased myocardial demand
[27]. Clearly, the use of pure vasopressors without any inotropic
properties should also be avoided as this increases the afterload
and could potentially make heart failure worse. As with any hy-
potensive case, the first step would be to assess the volume status
rather than jumping to start vasopressors to elevate the blood
pressure. Typically, the syndrome is reversible after 3-5 d as long
as no further injury occurs to the myocardium.
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