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ABSTRACT

Introduction: Hyperventilation has been a usual maneuver in the management of anesthesia
in neurosurgical procedures. A few years back there used to be some medical skepticism
about the potential of cerebral ischemia and today we know that it is detrimental and
worsens the patient’s condition and prognosis.
Objective: To review the adverse effects of hypocapnia on various organs —mainly the
brain— and to identify the current recommendations about its use.
Methodology: We conducted a PubMed literature search using MeSH terminology including
the key words. The search was expanded to include a review of several texts and the
bibliography of the most relevant articles.
Results: The literature review showed that hypocapnia is harmful for the brain and for other
tissues and the current recommendation is to use it for two situations only: in case of
imminent herniation and to improve the surgical field, limited to 20 minutes.
Conclusions: Hyperventilation should not be a routine anesthetic intervention for the
management of the neurosurgical patient; there must be a precise indication and once the
situation is corrected, the intervention must be immediately withdrawn.

© 2011 Sociedad Colombiana de Anestesiologia y Reanimacién. Published by Elsevier.

All rights reserved.

Hipocapnia en neuroanestesia: estado actual

RESUMEN

Introduccién: La hiperventilacién ha sido una maniobra comun en el manejo anestésico de
procedimientos neuroquirirgicos. Hace unos anos habia escepticismo entre los médicos
sobre si esto resultaba en isquemia cerebral. Hoy sabemos que es perjudicial y deteriora el
estado y el prondstico del paciente.

Objetivo: Hacer una revisién de los efectos adversos de la hipocapnia en diferentes érganos,
principalmente el cerebro, e identificar las recomendaciones actuales de su utilidad.
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Meétodos: Realizamos una busqueda de la literatura en base de datos de PubMed utilizando

términos MeSH incluidos en las palabras clave; se amplié con la revisién de algunos textos

y la bibliografia de los articulos mas relevantes.

Resultados: Con la revisién de la literatura, se ha demostrado que la hipocapnia es perjudicial

tanto para el cerebro como para otros tejidos, y la recomendacién actual es utilizarla sélo en

dos situaciones (en caso de herniacién inminente y para mejorar el campo quirtrgico) y por

20 min.

Conclusiones: La hiperventilacién no debe ser una intervencién anestésica rutinaria en

el manejo del paciente neuroquirdrgico; debe tener una indicacién precisa y, una vez la

indicacién haya cesado, la intervencién debe ser retirada lo mas pronto posible.

© 2011 Sociedad Colombiana de Anestesiologia y Reanimacién. Publicado por Elsevier.

Todos los derechos reservados.

Introduction

Hyperventilation has been a frequent manoeuver in the
management of anesthesia in elective and emergency
neurosurgical procedures.’* A few years back there used to be
some skepticism about the potential development of cerebral
ischemia;3*# in healthy brains this may be harmless, but under
pathological conditions it can be harmful and worsen the
patients clinical condition and prognosis.*

The purpose of the article is to review the adverse effects of
hypocapnia on the brain and other organs, and to identify the
current recommendations for its use.

Material and methods

We conducted a PubMed literature search using MeSH
terminology including the key words.The search was expanded
to include a review of several texts and the bibliography of the
most relevant article.

Metabolism and CO, transport

CO, is excreted from the cell into the interstitial fluid as the final
outcome of the metabolic activity.> CO, is an extremely soluble
gas transported in the blood: 5-10% dissolved, generating the
CO, arterial blood pressure (PaCO,), 20-30% bound to proteins
and forming carbamine complexes and 65-70% as bicarbonate
(HCO;").1 This transport is complex and focuses on the CO, -water
reaction to produce carbonic acid (H,CO,),® which maintains its
equilibrium with H* and HCO,~ through a slow reaction that takes
40 seconds.»® This reaction progresses considerably inside
the erythrocytes due to the presence of the carbonic anhydrase
enzyme, and is completed in less than 10 milliseconds.® H,CO,
dissociates into H* and HCO;", and a large bicarbonate fraction
is pumped into the plasma and is exchanged by chloride; the
hydrogen ions are buffered by hemoglobin® (fig. 1).

PaCO, represents the balance between production and
elimination,’? and in healthy people this balance is within
the physiological range.?

The following formula reflects such situation:

PaCO, = production/elimination+inspired CO,

Since the inspired CO, is insignificant and a drop in
production is unusual, we concluded that any changes in
PaCO, are the direct consequence of its alveolar ventilation
elimination.?

The critical patient may develop accidental hypocapnia as
a consequence of mechanical ventilation?, but it can also be
due to the pre hospital admission management of patients
with trauma brain injury (TBI) in which the absolute values
and duration of the hypocapnia are associated with adverse
events.” Intentionally induced hypocapnia can be seen in the
management of increased intracranial pressure (ICP) patients
or neonates with pulmonary arterial hypertension (PAH).!

In healthy individuals, hypocapnia (even if manifest) does
not result in significant adverse events,? and brain ischemia
will not occur with a PaCO, >20 mmHg.3 When symptoms
are present, these include: paresthesia, palpitations, myalgia
and seizures.? Studies in human volunteers and healthy
animals with severe hypocapnia (PaCO, <15 mmHg), found
metabolic and electroencephalographic disorders.? One study
found electroencephalographic alterations and paresthesia
with PaCO, <20 mmHg that could be reversed with the
administration of hyperbaric oxygen, which suggests that the
origin could be ischemic.3

Lundberg described hyperventilation in 1950 as a means to
lower elevated ICP;* hence then its usefulness as a therapeutic
tool in patients with severe intracranial hypertension
(ICH) has been historically accepted, particularly related to
severe head injury,* and neonates with PAH? in whom the
transient induction of hypocapnia leads to potentially life
saving physiological changes. There have been some reports
describing the reversal of the clinical signs of herniation
such as fixed and dilated pupils, following aggressive
hyperventilation.* Just the opposite outcome results with
prolonged hypocapnia in critical patients and is associated
with poor prognosis and clinical results.?

Definition

Hypocapnia is defined as a PaCO, <35 mmHg at sea level,”
and the reduced PaCo, is the result of increased alveolar
ventilation and is considered a synonym of hypocapnia.®

In terms of the severity classification,’® it must be
highlighted that the normal PaCO, levels should be determined
based on the barometric pressure at varying altitudes.’
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Fig. 1 - Carbon dioxide metabolism in the blood and its transport media. Adapted from Marino P. (2007).6

Trend towards the use of hyperventilation

Historically, hyperventilation has been considered beneficial
to reduce the adverse effects of ICH;!! however, in 1991
Muizelaar reported poorer results in hyperventilated brain
injured patients in whom the PaCO, was maintained at
25 mmHg.7"11 Its use and safety in the management of ICH
have been extensively debated for years,’>13 but is still a
frequent approach for comatose patients with any type of
brain injury in the ICU.”

Hypocapnia is widely used in adults and children with
acute brain injury, even in early stages when ICH has not yet
developed.!® Hypocapnia continues to be used by physicians
and paramedics, despite the well-known deleterious effects
and the existing guidelines recommending to avoid the use
of this practice.l*

Adult scenario

Neumann et all® studied the arterial gasses in 2269 ventilation
cases in TBI patients and found that early prophylactic
hyperventilation in the first 24 hours was administered in 54%
of the cases. Furthermore, most patients without intracranial
hypertension exhibited significant hypocapnia over 50%
of the total ventilation time.'*1> Unfortunately, the trend
of neurosurgeons in the US is routine use of prophylactic
hyperventilation to manage severe brain trauma patients in
36% of the cases.10:14

Children scenario

Hypocapniais still widely used in pediatric patients with acute
brain injury, despite the trauma guidelines published in 200316
advising against its use because of the undesirable effects in
this population which is considered to be more susceptible
to injury. An analysis by the Brain Trauma Foundation (BTF)
found that 52% of the patients were hyperventilated and the
most worrisome group is that of children under 2 years of
age because of the higher incidence of severe hypocapnia and
the risk of intraventricular bleeding.l” An article published
by Rebecca Curry in 20096 studied the incidence of severe
hypocapnia (PaCO, <30 mmHg) in the pediatric population
with TBI, after the publication of the guidelines, and concluded
that although the PaCO, measurement was more frequent
and severe hypocapnia dropped, the incidence is still high
during the 48 hours following the patient’s admission and
the time to measure PaCO, was longer in younger children
resulting in higher hypocapnia and became a predictor of
mortality.

Pre-hospitalization scenario

About 50% of ER doctors in Michigan use prophylactic
hyperventilation in brain injury patients as a routine but
accidental hyperventilation is also frequent.’® This results
in severe hypocapnia (expired CO, <30 mmHg) in 70% of the
patients transferred by helicopter, which means that the
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patient develops hypocapnia during the pre-hospitalization
management and ICU admission, which further obscures the
prognosis.10:18

Brain effect

Hypocapnia reduces the brain blood volume (BBV) as a direct
consequence of a reduced cerebral blood flow (CBF), but the
magnitude of the impact is limited.'% PET studies showed that
only 30% of the CBF is found in the arteries.?

The potential drop in CBF is around 3% per mmHg modified
in the PaCO, within the 20-60 mmHg range,’® so that a 20-
25 mmHg reduction in the PaCO, decreases the CBF by 40-
50%.1

The effect on the venous vessels is minimal and dynamic
PET studies showed that CO, induced changes in CBV are due
to alterations in the arterial volume but not in the arteriolar or
venous volume.?°The net effect is a 30% reduction in CBF while
CBV only drops 7%.1° Aiming at higher levels of hypocapnia
results in further CBF impairment but no additional impact on
the CBF or ICP. Hence, in order to achieve a considerable CBV
reduction the CO, must drop to levels that could compromise
the CBF, which in severely ill brains sacrifices tissue perfusion.

There is a discussion going on regarding weather
vasoreactivity is mediated by changes in CO, or in pH. Recent
studies favor the pH theory with effects on the smooth muscle,
preferably in the smaller arteries (pial arterioles), considered
to be more sensitive and subject to the involvement of several
molecular mechanisms (nitric oxide, vasoactive prostanoids,
ATP sensitive calcium channels and calcium channels).10:21,22

Hipoxia and hipocapnia induced cerebral
ischemia

The injured areas exhibit increased CO, vasoreactivity, which
aggravates the ischemic injury because the flow is derived from
the injured onto the normal areas. Furthermore, hypocapnic
alkalosis causes bronchoconstriction and attenuates the
hypoxic pulmonary vasoconstriction, leading to a decreased
Pao,.?3

The oxyhemoglobin dissociation curve is altered and at any
PaO, moves to the left, with increased affinity for hemoglobin
and hindering the delivery of O, to the tisues.?

The cerebral ischemia may worsen with an increased
0, demand due to increased neuronal excitability.?>2
This contributes to a more extensive glucose utilization
and depletion, changing over to anaerobic metabolism.?”
Hypocapnia raises the oxygen metabolic rate in brain injury?8
and prolongs the convulsive activity leading to the production
of local excitatory, cytotoxic amino acids —including N-metil-
D-aspartate— associated with seizures.?’

Effect on the neonatal brain

Hyperventilation is deleterious to the premature brain, with
white matter substance involvement and is considered

an isolated risk factor for periventricular leukomalacia,
syndrome associated with significant neonatal mortality and
neurodevelopmental deficit.30:31

Preterm babies exposed to short periods of severe
hypocapnia (PaCO, <15 mmHg) have been associated with
long term neurological abnormalities such as neurosensory
auditory loss.’® Some of the predisposing factors include:
vulnerable areas of poor vascular development, antioxidants
depletion due to excitatory amino acids and effect of sepsis
induced cytokines and lipopolysaccharides, which drive the
destruction of the white matter.10.32

The abrupt interruption of hyperventilation is associated
to reactive hyperemia since normalization of PaCO, causes
cerebral vasodilation and intracranial hemorrhage in
premature babies.33

Usefulness in brain injury

Brain injury is the most disabling injury in the United States
with 2% of Americans currently living with secondary
disabilities.®

The rationale for using hyperventilation in brain injured
patients has a theoretical foundation based on the Monro-
Kelly Doctrine, which states that the cranial compartment
is incompressible, and the volume inside the cranium is a
fixed volume. The cranium and its constituents create a state
of volume equilibrium, such that any increase in volume
of one of the cranial constituents must be compensated
by a decrease in volume of another.’® We know that the
cranial compartment is a closed space where its three main
components —brain tissue (80%), blood volume (5%), and CSF
(15%)— play a key role in homeostasis of the CBF and if one
is increased without compensating with change in another,
or when the compensation threshold is exceeded, an abrupt
elevation in ICP occurs leading to decreased CBF.10

The purpose of inducing hypocapnia is to reduce the ICP by
generating cerebral arterial hypocapnia and decreased CBV10
(hg. 2).

Cerebral edema develops in 40% of severe TBI patients
and ICH is one of the main causes of death and neurological
disability.3* However, the mechanism of ICP reduction is not
physiologically harmless; during the first 24 hours post-trauma
there is a decrease in the CBF, exposing the brain to ischemia
secondary to aggressive hyperventilation.'®1? Studies of
post-traumatic CBF indicate that during the first 4-12 hours
CBF drops to one half of the normal level.3®> Bouman et al3®
found that within the first 3 hours of the injury, the global/
regional CBF was <18 ml/100 g/min in 31% of the patients,
which is under the “ischemic threshold”. This abnormally low
flow was most frequent in the brain tissue within or around
the hemorrhagic lesion and underlying the acute subdural
hematoma.?” The transcranial doppler evidenced an early
slow CBF in up to two thirds of these patients.3¢33

Additionally, post-mortem studies by Graham et al3°, found
ischemic changes in around 90% of the patients who died
from TBI.

A study by Muizelaar et al® in patients with moderate
TBI included both a normocapnic and hypocapnic group
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Fig. 2 - Effect of hypocapnia secondary to hyperventilation in
the TBI patient. Adapted from Curley et al (2010).10

maintaining the PaCO, at 35 mmHg and 25 mmHg respectively,
and the results at 3 and 6 months following the injury revealed
poor results for the hyperventilated group. Centers that
monitor SvjO, have observed the potential to raise low values
and the mean lactate in the jugular vein can be decreased by
reducing the level of hyperventilation.4041
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Fig. 3 - Limited hypocapnia effect. Adapted from Miller, R?
(2009).

a process that may develop within minutes and last from
several hours to a few days. Hence the CSF pH is normalized
and the CBF returns to normal levels within a 6 hour period
even if the PaCO, remains depresed.’ Evidence from four
decades ago in healthy volunteers showed that a sustained
reduction of 20 mmHg in PaCO, immediately achieved a 40%
reduction in CBF and after 4 hours the CBF had recovered to
90% of its normal value.*?

The rebound reaction of ICP following the recovery of
normocapnia has been well described and this is due to the
fact that a PaCO, increase reduces the CSF pH that had been
normalized through buffering. This respiratory acidosis results
in an increased CBF, which results in rebound hyperemial®

(fig. 3).

Limited effect of hypocapnia

The effect of hypocapnia on the CBF is not sustained and
is progressively lost over time, due to the loss of effect over
the ICP3 Once the hyperventilation sets in, the resulting
hypocapnia and respiratory acidosis rapidly raise the CSF
pH and the extracellular fluid in the CNS with a subsequent
drop in the CBF. In prolonged hypocapnia, the effect is limited
by a buffering effect that enables the CSF pH to return to
normal levels, and hence the CBF is normalized. Bufferingis a
biphasic process; first, the alkalosis derived from hypocapnia
stimulates the release of chloride ions from the intracellular
into the extracellular fluid with bicarbonate exchange;
this mechanism is called tissue buffer and occurs almost
immediately. Secondly, there is a renal response resulting
from the inhibition of tubular reabsorption of bicarbonate
and the secretion of hydrogen ions at the proximal tubule,

Brain Trauma Foundation recommendations

The BTF#? believes that there are insufficient data in the
literature for a level I recommendation of hyperventilation in
TBIL

Prophylactic hyperventilation (PaCO, <25 mmHg) is not
recommended in TBI. Studies measuring the CBF using xenon
and thermodiffusion,3°3644 evidenced that CBF is dangerously
decreased following TBI for up to 48 hours. Level II Evidence.

Hyperventilation is recommended as a temporary measure
to lower elevated ICP. Level IIl recommendation.

The suggestion is that hyperventilation should be avoided
during the first 48 hours following TBI since at that point the
CBF is usually critically diminished and the recommendation
is to take SvjO, and brain tissue oxygen pressure (PbrO,)
measurements, aimed at monitoring the oxygen delivery.
Consequently, limiting the use of hyperventilation following
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severe TBI may help with neurological recovery after trauma,
or at least avoid iatrogenic cerebral ischemia.

Other effects of hypocapnia

Most systemic effects of hyperventilation result from
decreased PaCO2 alkalosis, and this has been documented in
the brain, the lungs, the heart, the placenta and the peripheral
tissues.?

Postoperative psychomotor dysfunction

The potential of hypocapnia (even if short lasting) to
cause cognitive impairment is clearly document during
the postoperative period. Healthy patients undergoing
hypocapnia express an impaired cognitive function for up to
48 hours and this is more evident in the elderly who are more
susceptible and vulnerable to its consequences, even with less
severe hypocapnia.?1® Furthermore, hypocapnia may impair
attention, learning and trigger personality changes which
although long-lasting, are reversible.4®

Lung

Hypocapnia raises the airway resistance due to bronchospasm
and increases the permeability in the microvasculature.?
Over 20% of TBI patients exhibit acute pulmonary injury and
develop adult respiratory distress syndrome (ARDS), which
worsens the prognosis. Unfortunately, some of these patients
continue to be hyperventilated despite the known association
between an elevated tidal volume and ARDS mortality.10

Hypocapnia attenuates hypoxic pulmonary vasoconstriction
worsening the intrapulmonary shunt and causing impaired
systemic oxygenation.? Additionally, it contributes to acute
pulmonary injury because a high tidal volume directly injures
the lung.10:47

Cardiovascular system

Cardiovascular effects mainly involve myocardial oxygenation
disorders and heart rate disorders.?

Myocardial ischemia. Acute hypocapnia reduces the oxygen
delivery while increasing the demand. The latter is due
to several mechanisms, including increased myocardial
contractility and systemic vascular resistance).2® It has
also been shown to facilitate thrombosis due to a raise in
the number of platelets and platelet aggregation. As a result
of these effects there is overt coronary spasm resulting in
variant angina, which usually presents with spontaneous
hyperventilation.*8

Cardiac arrhythmias. Hypocapnia is associated with the
development of arrhythmia, both in critical patients and
in panic attacks,? including paroxysmal atrial arrhythmias

and very seldom, ventricular tachycardia or ventricular
fibrilation.!® The effects are secondary to ischemia but are
also associated with a direct myocardial effect.

The placenta and the fetus. In pregnancy, PaCO, is maintained
10 mmHg below the normal values. This physiological status
is accompanied by a decreased bicarbonate concentration
and is rapidly normalized after delivery. However, a greater
decrease, even for short periods of time, could result in
significant adverse events for the fetus (decreased fetal PaO,,
increased baseline deficit, low Apgar score and delayed onset
of rhythmic breathing).#? Hypocapnia associated alkalosis
decreases placental perfusion, reduces oxygen pressure in the
umbilical vein and stimulates a reflex spasm of the umbilical
vein.249

Current use of hypocapnia in acute brain injury

e Imminent brain herniation. There is a strong physiological
reason for the short use of hypocapnia to acutely reduce ICP.
Although the evidence is limited, the fast induction and its
immediate effect on the CBF make it a useful strategy while
more definite measures are established.

e Intraoperative use in neurosurgery. In this situation hypocapnia
serves to facilitate the surgical access and acutely reduce
the cerebral edema. This was shown in a randomized,
prospective study in patients with supratentorial tumors in
which 20 minutes of hyperventilation managed to reduce
the cerebral edema and the ICP.>?

Once the acute hypocapnia sets in, normocapnia must be
established as soon as possible since it looses effectiveness
and could be harmful by causing rebound hyperemia when
the PaCO, becomes normal.°

Conclusions

Currently the recommendation to use hypocapnia is limited to
special cases since its deleterious effect have been proven not
only for the brain, but also for other organs where perfusion
is compromised. Hyperventilation should not be a routine
maneuver in anesthesia and much less in neuroanesthesia; the
current guidelines advise against prophylactic hyperventilation
and the available evidence indicates that it may result in
schemia, particularly when the basal CBF is diminished as is
the case in the 24 hours following TBI.

The more severe and the longer the duration of hypocapnia,
the higher the possibility of injury. Therefore, using mild to
moderate hypocapnia for short time intervals (20 minutes),
limits the damage and reduces the possibility of developing
rebound hyperemia, and avoids missing on the possibility to
use it as a salvage procedure when needed.

Just as any other therapeutic intervention, there has to be
a clear indication for hypocapnia (elevated ICP with imminent
herniation and/or the need to improve the conditions in
the surgical field). Hence, whenever using pypocapnia, keep
in mind its potentially harmful effects, use it for short time
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intervals while definite measures are adopted for controlling
the ICP and as soon as the indication ceases, proceed to
normalize the PaCO, promptly.
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