
Chapter 12. Use of hyperventilation in the acute management of
severe pediatric traumatic brain injury

I. RECOMMENDATIONS

A. Standards. There are insufficient
data to support a treatment standard for
this topic.

B. Guidelines. There are insufficient
data to support a treatment guideline for
this topic.

C. Options. Mild or prophylactic hyper-
ventilation (PaCO2 �35 mm Hg) in children
should be avoided.

Mild hyperventilation (PaCO2 30–35
mm Hg) may be considered for longer
periods for intracranial hypertension re-
fractory to sedation and analgesia, neuro-
muscular blockade, cerebrospinal fluid
drainage, and hyperosmolar therapy.

Aggressive hyperventilation (PaCO2

�30 mm Hg) may be considered as a
second tier option in the setting of refrac-
tory hypertension. Cerebral blood flow
(CBF), jugular venous oxygen saturation,
or brain tissue oxygen monitoring is sug-
gested to help identify cerebral ischemia
in this setting.

Aggressive hyperventilation therapy
titrated to clinical effect may be necessary
for brief periods in cases of cerebral her-
niation or acute neurologic deterioration.

D. Indications from the Adult Guide-
lines. The adult guidelines recommended
(1) at the level of a treatment standard
that in the absence of increased intracra-
nial pressure (ICP), chronic prolonged
hyperventilation therapy (PaCO2 of �25
mm Hg) should be avoided after severe
TBI. At the level of a treatment guideline,
it was recommended that prophylactic
hyperventilation (PaCO2 �35 mm Hg)
therapy during the first 24 hrs after se-
vere TBI should be avoided because it can
compromise cerebral perfusion during a
time when CBF is reduced.

It was recommended as a treatment
option that hyperventilation therapy may
be necessary for brief periods when there
is acute neurologic deterioration or for
longer periods if there is intracranial hy-
pertension refractory to sedation, paraly-

sis, cerebrospinal fluid drainage, and os-
motic diuretics. Jugular venous oxygen
saturation, arterial jugular venous oxy-
gen content differences, brain tissue ox-
ygen monitoring, and CBF monitoring
may help to identify cerebral ischemia if
hyperventilation, resulting in PaCO2 val-
ues �30 mm Hg, is necessary.

II. OVERVIEW

Aggressive hyperventilation therapy
has been used in the management of se-
vere pediatric TBI for the rapid reduction
of ICP since the 1970s. In an uncon-
trolled study, Bruce et al. (2) used a pro-
tocol that included aggressive hyperven-
tilation and reported very good
outcomes. This approach was based on
the assumption that hyperemia was com-
mon after pediatric TBI. Hyperventilation
therapy also was thought to benefit the
injured brain through a variety of mech-
anisms including reduction of brain aci-
dosis (3), improvement of cerebral me-
tabolism (4), restoration of blood
pressure autoregulation of cerebral blood
flow (5), and increasing perfusion to isch-
emic brain regions (local inverse steal)
(6).

More recent pediatric studies have
shown that hyperemia is uncommon and
also have raised concerns about the safety
of hyperventilation therapy. Study of the
effect of hyperventilation in children has
focused on assessment of cerebral physi-
ologic variables. The effect of hyperventi-
lation therapy on outcome in infants and
children with severe TBI has not been
directly compared with other therapies
such as hyperosmolar agents, barbitu-
rates, hypothermia, or early decompres-
sive craniectomy.

Hyperventilation reduces ICP by in-
ducing hypocapnia. This leads to cerebral
vasoconstriction and a reduction in CBF.
This is accompanied by a reduction in
cerebral blood volume, resulting in a de-
crease in ICP. However, hyperventilation

is associated with a risk of iatrogenic
ischemia. In an experimental model, Mui-
zelaar et al. (7) reported that the vaso-
constrictor effect of hyperventilation was
sustained for a period of �24 hrs.
Chronic hyperventilation depletes brain
tissue interstitial bicarbonate buffering
and causes cerebral circulation to be-
come hyper-responsive to subsequent in-
creases in PaCO2. In addition, the respi-
ratory alkalosis that accompanies
hyperventilation causes a left shift of the
hemoglobin-oxygen dissociation curve,
which may impair delivery of oxygen to
tissue.

The assumption of benefit from hyper-
ventilation recently has been challenged.
Recent clinical studies in mixed adult and
pediatric populations also have demon-
strated that hyperventilation may de-
crease cerebral oxygenation and may in-
duce brain ischemia (8–11). After TBI,
the CBF response to changes in PaCO2 can
be unpredictable and should be specifi-
cally monitored.

III. PROCESS

We searched Medline and Healthstar
from 1966 to 2001 by using the search
strategy for this question (see Appendix
A) and supplemented the results with lit-
erature recommended by peers or identi-
fied from reference lists. Of 20 potentially
relevant studies, two were used as evi-
dence for this question (Table 1).

IV. SCIENTIFIC FOUNDATION

Diffuse cerebral swelling is a common
finding in pediatric patients with severe
TBI (12, 13). Increased cerebral blood
volume and CBF had been considered to
be the unique cause of this diffuse swell-
ing, and raised ICP in children and ag-
gressive hyperventilation was advocated
(14). In the classic study by Bruce et al.
(2), 36 of 76 children with severe TBI
were found to have diffuse cerebral swell-
ing on CT scan. Six patients, ages 14–21

S45Pediatr Crit Care Med 2003 Vol. 4, No. 3 (Suppl.)



yrs, were found to have CBF that was
normal or above normal. In three pa-
tients, CBF decreased back to control lev-
els after diffuse swelling had resolved.
Consequently, aggressive hyperventila-
tion (PaCO2 23–25 mm Hg) was advocated
and mannitol was discouraged.

There are now data to suggest that
hyperemia is not as common as previ-
ously thought (15). In a series of 80 nor-
mal, unanesthetized children, CBF
ranged from 40 mL·100 g�1·min�1 in the
first 6 months of life to a peak of 108
mL·100 g�1·min�1 at age 3–4 yrs, declin-
ing to 71 mL·100 g�1·min�1 after age 9
yrs. Similarly, Chiron et al. (16) demon-
strated that CBF ranged from about 50
mL·100 g�1·min�1 in normal neonates to
a peak of 71 mL·100 g�1·min�1 at 5 yrs.
After age 19, CBF gradually decreased to
adult levels. Thus, posttraumatic CBF
may not be greater than normal in chil-
dren. However, caution should be exer-
cised in interpreting these studies be-
cause techniques used to measure CBF
differed between reports.

Adelson et al. (17) studied 30 children
with severe TBI, all �8 yrs of age. Seven-
ty-seven percent had CBF �20 mL·100
g�1·min�1 on admission. Children were
treated with a protocol including mild
(PCO2 32–35 mm Hg) hyperventilation
and barbiturate coma (60%). CBF was
highest at 24–48 hrs (59.6 � 4.5 mL·100
g�1·min�1) and decreased (�50 mL·100
g�1·min�1) after 3 days. Any child with
global CBF of 20 mL·100 g�1·min�1 or
less at any time had a poor outcome. CBF
of �55 mL·100 g�1·min�1 was associated
with a higher proportion of children with
a good outcome.

Muizelaar et al. (18) studied 32 chil-
dren with severe TBI (age 3–18 yrs). The
average CBF was only 44 � 22 mL·100
g�1·min�1, which is considerably lower
than the average of 68 � 4 mL·100
g�1·min�1 found in four normal unanes-
thetized children. No correlation was
found between CBF and ICP.

Although the effect of hyperventila-
tion on long-term outcome has not been
directly addressed in pediatric TBI, sev-
eral reports have described the effects of
hyperventilation on CBF and brain phys-
iology. Stringer et al. (19) studied local
CBF and vascular reactivity before and
after hyperventilation in 12 patients in-
cluding three children with severe TBI.
Hyperventilation-induced blood flow re-
ductions affected both injured and appar-
ently intact areas of the brain and were
not reflected by ICP measurement.

Sharples et al. (20) investigated CBF,
arterial jugular venous oxygen difference,
and cerebral metabolic rate in 21 chil-
dren with TBI. No fundamental difference
between adults and children in the patho-
physiologic response of CBF to severe TBI
was found. Absolute cerebral hyperemia
was uncommon. Raised ICP was associ-
ated with low, rather than increased,
CBF. Cerebral metabolic rate was initially
normal in 81% of children with TBI.
These data do not support the hypothesis
that ICP increases as a result of excessive
CBF in children with TBI. Based on this
study, and on a subsequent study of ce-
rebral vascular reactivity (21), the au-
thors recommended maintaining a nor-
mal PaCO2.

Skippen et al. (22) found that hyper-
emia was uncommon in children with

severe TBI. However, CBF rates remained
above the metabolic requirements of
most children studied. A modest decrease
in CBF and a much larger decrease in
cerebral oxygen consumption were found
at baseline. As PaCO2 was reduced with
hyperventilation, CBF was decreased in
almost all patients despite decreased ICP
and increased cerebral perfusion pres-
sure. A clear relationship between hypo-
carbia and frequency of cerebral ischemia
was seen. The frequency of regional isch-
emia (CBF �18 mL·100 g�1·min�1) was
28.9% during normocapnia and in-
creased to 73.1% for PaCO2 �25 mm Hg.

The effect of hyperventilation therapy
on outcome of infants and children with
severe TBI has not been directly com-
pared with other therapies such as hyper-
osmolar agents, barbiturates, hypother-
mia, or early decompressive craniectomy.
Surprisingly, outcome data reported by
Bruce et al. (2) in the late 1970s, when
aggressive hyperventilation (PaCO2 20–25
mm Hg) represented the cornerstone of
therapy for pediatric TBI (5), has not
been surpassed by contemporary proto-
cols and only rarely equaled (23). Hyper-
ventilation may have unique advantages
as a therapy in severe pediatric TBI; how-
ever, it can only be supported as a second
tier therapy based on the current evi-
dence.

Key Elements from the Adult
Guidelines Relevant to Pediatric
TBI

The adult guidelines (1) conclude that
prophylactic hyperventilation (PaCO2 �35
mm Hg) therapy during the first 24 hrs
after severe TBI should be avoided be-

Table 1. Evidence table

References Description of Study
Data
Class Conclusion

Skippen et al.
(22), 1997

Prospective cohort, 23 children with isolated severe TBI, GCS �8.
Ages 3 mos to 16 yrs, mean 11 yrs.
PaCO2 was adjusted by minute ventilation to �35, 25–35, and �25

torr.
Measured CBF, C(a–j)O2, CMRO2 � C(a–j)O2 � CBF.
Follow-up GOS 6 mos post-ICU discharge.

II Severe TBI produced modest decrease in CBF, larger
decrease in cerebral oxygen consumption.

Hyperemia was uncommon, but measured CBF rates
were above metabolic requirements of most.

As PaCO2 reduced, ICP decreased and CPP increased.
However, in almost all patients, CBF decreased.

Stringer et al.
(19), 1993

Nonrandomized selected series of case studies.
Twelve patients referred for CBF measurement. Three were children

with head trauma and coma, ages 1 mo, 6 yrs, and 8 yrs.
Xenon-enhanced CT scans.
Measured ICP, CPP, MAP, ETCO2, XeCT, CBF.

II Hyperventilation-induced ischemia occurs and affects
both injured and apparently intact areas of brain
tissue.

TBI, traumatic brain injury; GCS, Glasgow Coma Scale; CBF, cerebral blood flow; C(a–j) O2, cerebral arteriojugular venous oxygen content difference;
CMRO, cerebral metabolic rate; ICU, intensive care unit; CT, computed tomography; ICP, intracranial pressure; CPP, coronary perfusion pressure; MAP,
mean arterial pressure; ETCO2, end-tidal CO2; XeCT, xenon-enhanced computed tomography.
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cause it can compromise cerebral perfu-
sion during a time when CBF is already
reduced. The guidelines (1) strongly con-
tend that chronic prolonged hyperventi-
lation therapy (PaCO2 �25 mm Hg)
should be avoided after severe TBI in the
absence of increased ICP. It was empha-
sized that the preponderance of the phys-
iologic literature concludes that hyper-
ventilation during the first few days
following severe TBI, whatever the
threshold, is potentially deleterious in
that it can promote cerebral ischemia.

Specifically, CBF during the first day
after injury is less than half that of nor-
mal individuals (18, 24–31). During the
first 24 hrs after injury, there is a direct
correlation between CBF and Glasgow
Coma Scale score or outcome (24, 29).
Hyperventilation reduces CBF (22, 32–
34) even further but does not consistently
reduce ICP (35, 36) and may cause loss of
autoregulation (37). Aggressive hyper-
ventilation may cause arterial jugular ve-
nous oxygen and CBF to approach isch-
emic levels.

In a prospective randomized clinical
trial by Muizelaar et al. (8), 77 severe TBI
patients were randomized to a group
treated with chronic prophylactic hyper-
ventilation (PaCO2 of 25 � 2 mm Hg) or
to a group kept relatively normocapneic
(PaCO2 of 35 � 2 mm Hg). At 3 and 6
months after injury, patients with initial
Glasgow Coma Scale motor scores of 4–5
in the hyperventilation group had a sig-
nificantly worse outcome than did pa-
tients in the normocapneic group. Statis-
tically significant differences between the
two groups were not found at 1 yr after
injury; this was attributed to a type II
statistical error since substantially fewer
patients were available for 1-yr follow-up.

V. SUMMARY

Hyperemia may not be as common in
severe pediatric TBI as previously re-
ported. Hyperventilation can reduce CBF
to potentially ischemic levels. Addition-
ally, the cerebrovascular response to hy-
perventilation can be extremely variable
following TBI. Studies in children with
severe TBI raise the concern that the
toxicity of hyperventilation may be simi-
lar to the toxicity that has been demon-
strated in adults and related to adverse
outcome. Unfortunately, the precise rela-
tionship between hyperventilation and
outcome has not been studied in children
with severe TBI.

VI. KEY ISSUES FOR FUTURE
INVESTIGATION

● Studies to identify subgroups of pa-
tients who might benefit from hyper-
ventilation are needed.

● Studies are needed to address the tim-
ing and duration of the optimal use of
hyperventilation.

● Studies to determine the optimal mon-
itoring technique of patients undergo-
ing hyperventilation are lacking.

● Studies are needed to address the in-
fluence of age on the response to hy-
perventilation

● The effects on long-term outcome
should be addressed in all aspects of
research on hyperventilation. Hyper-
emia may not be as common in severe
pediatric traumatic brain injury as pre-
viously reported.
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APPENDIX: LITERATURE SEARCH STRATEGIES

SEARCHED MEDLINE AND HEALTHSTAR FROM 1966 TO 2001

Chapter 12. Hyperventilation

1. exp craniocerebral trauma/
2. head injur$.tw.
3. brain injur$.tw.
4. 1 or 2 or 3
5. brain ischemia/ or “cerebral ischemia”.mp.
6. 4 and 5
7. limit 6 to (newborn infant �birth to 1 month� or infant �1 to 23 months� or preschool child �2 to 5 years� or

child �6 to 12 years� or adolescence �13 to 18 years�)
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