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Objective: In children with acute CNS infection, management of 
raised intracranial pressure improves mortality and neuromorbid-
ity. We compared cerebral perfusion pressure–targeted approach 
with the conventional intracranial pressure–targeted approach to 
treat raised intracranial pressure in these children.
Design: Prospective open-label randomized controlled trial.
Setting: PICU in a tertiary care academic institute.
Patients: Hundred ten children (1–12 yr) with acute CNS infec-
tions having raised intracranial pressure and a modified Glasgow 
Coma Scale score less than or equal to 8 were enrolled.
Interventions: Patients were randomized to receive either cerebral 
perfusion pressure–targeted therapy (n = 55) (maintaining cere-
bral perfusion pressure ≥ 60 mm Hg, using normal saline bolus 
and vasoactive therapy—dopamine, and if needed noradrenaline) or 
intracranial pressure–targeted therapy (n = 55) (maintaining intra-

cranial pressure < 20 mm Hg using osmotherapy while ensuring 
normal blood pressure). The primary outcome was mortality up to 
90 days after discharge from PICU. Secondary outcome was modi-
fied Glasgow Coma Scale score at 72 hours after enrollment, length 
of PICU stay, duration of mechanical ventilation, and hearing deficit 
and functional neurodisability at discharge and 90-day follow-up.
Measurements and Main Results: A 90-day mortality in intracra-
nial pressure group (38.2%) was significantly higher than cere-
bral perfusion pressure group (18.2%; relative risk = 2.1; 95% CI, 
1.09–4.04; p = 0.020). The cerebral perfusion pressure group in 
comparison with intracranial pressure group had significantly higher 
median (interquartile range) modified Glasgow Coma Scale score 
at 72 hours (10 [8–11] vs 7 [4–9], p < 0.001), shorter length of 
PICU stay (13 d [10.8–15.2 d] vs 18 d [14.5–21.5 d], p = 0.002) 
and mechanical ventilation (7.5 d [5.4–9.6 d] vs 11.5 d [9.5–13.5 d], 
p = 0.003), lower prevalence of hearing deficit (8.9% vs 37.1%; rela-
tive risk = 0.69; 95% CI, 0.53–0.90; p = 0.005), and neurodisability 
at discharge from PICU (53.3% vs 82.9%; relative risk = 0.37; 95% 
CI, 0.17–0.81; p = 0.005) and 90 days after discharge (37.8% vs 
70.6%; relative risk = 0.47; 95% CI, 0.27–0.83; p = 0.004).
Conclusion: Cerebral perfusion pressure–targeted therapy, which 
relied on more frequent use of vasopressors and lesser use of 
hyperventilation and osmotherapy, was superior to intracranial 
pressure–targeted therapy for management of raised intracranial 
pressure in children with acute CNS infection in reducing mortal-
ity and morbidity. (Crit Care Med 2014; 42:1775–1787)
Key Words: acute central nervous system infections; cerebral 
perfusion pressure; intracranial pressure monitoring; mortality; 
neurodisability; raised intracranial pressure

Early elevation of intracranial pressure (ICP, > 20 mm 
Hg) often complicates the clinical picture and manage-
ment of acute CNS infections and is associated with 
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high mortality and neurodisability in children (1–3). Raised 
ICP was seen in 69% of patients with viral encephalitis and 
86% of patients with bacterial meningitis, especially in chil-
dren with a coma score 8 or less (4, 5). In our PICU, raised 
ICP was diagnosed in 44% of children with acute CNS infec-
tions, mainly during first 2–3 days of illness (6, 7). In Japanese 
encephalitis, among patients with raised ICP (cerebrospinal 
fluid opening pressure ≥ 25 cm) 46% died; among those with 
poor outcome, 70% had signs of herniation syndromes (3). In 
bacterial meningitis, 39% of mortality related to neurologic 
factors occurred within an average of 16.5 hours after hospital-
ization despite proper antibiotics administration (8); cerebral 
herniation was seen in 30% on autopsy study (9). In develop-
ing regions of Africa and Southeast Asia, fatality rates and neu-
rologic sequelae among survivors of the disease can be as high 
as 50% (10, 11) and twice as high as those among survivors in 
the European region (12).

Raised ICP in acute meningitis results from several possible 
reasons, such as occlusion of arachnoid granulations, constric-
tion and strangulation of cerebral veins, cerebritis and adhesion 
formation at the base of the brain, and an increase in cerebro-
spinal fluid production, but diffuse inflammatory edema is a 
major contributory factor (13). In acute viral encephalitis, 
raised ICP results from brainstem involvement, along with 
cytotoxic brain edema in the early stage, followed by vasogenic 
and osmotic brain edema in the later stages (5). In bacterial 
meningitis, elevated ICP is associated with impaired cerebral 
blood flow in the first 2 days of illness; resolution of intracranial 
hypertension is associated with 80% improvement in cerebral 
blood flow (14). ICP monitoring can substantially influence 
clinical management and outcome in comatose children (15). 
Continuous monitoring of ICP can enable rapid diagnosis and 
initiation of treatment when cerebral perfusion pressure (CPP) 
is reduced to critical levels (5). Benefit of ICP monitoring in 
herpes encephalitis, postinfectious encephalitis with severe 
status epilepticus (4), and CNS infections of various etiologies 
has been well documented (16, 17). ICP monitoring is recom-
mended in management of traumatic brain injury (TBI) and 
is accepted as a relatively low risk, high yield intervention (18).

There is a general consensus that an ICP more than 20 mm 
Hg should be treated (4, 5, 19–21). There is some rationale 
for treating smaller elevations (> 15 mm Hg) to avoid larger 
elevations that can cause cerebral herniation and irrevers-
ible brainstem injury (5, 22). Reducing raised ICP above 
15 mm Hg increased the survival in children with bacterial 
meningitis (21). Conventional treatment of raised ICP tar-
gets control of cerebral edema with osmotic agents, mainly 
mannitol. Osmotherapy, particularly mannitol, can cause 
unpredictable diuresis, hypovolemia, hypotension and hypo-
perfusion, a rebound increase in ICP, and a decrease in CPP, 
and therefore, its use for treatment has been questioned 
(23). Hypotension can worsen neurologic outcome, as has 
been shown in pediatric TBI patients (24). In our unit, use 
of mannitol was associated with three times higher mortality 
(10 of 32, 31% patients) in patients with bacterial meningitis 
as compared with those who did not receive mannitol (10 of 

112, 8.9%), especially when it was accompanied by excessive 
diuresis (S. Singhi, unpublished data, 2008).

Over the years, treatment of raised ICP by optimizing 
CPP has gained recognition as the therapeutic modality in 
children and adult (17, 25, 26). Feasibility of a CPP-targeted 
approach was demonstrated in children with raised ICP due 
to TBI (27) and acute CNS infections (7). However, there is no 
published randomized controlled study comparing CPP- and 
 ICP-targeted treatment of raised ICP in children with acute 
CNS infections till date. We have compared effect of CPP- and 
ICP-targeted management of raised ICP on mortality and 
neurodisability in children with acute CNS infections. Our 
hypothesis was that CPP-targeted therapy should be associated 
with lower mortality and neurodisability as compared with 
traditional ICP-targeted approach.

MATERIALS AND METHODS

Study Design and Subjects
This was an open-label randomized trial conducted in the 
PICU of a multispecialty, tertiary care, teaching hospital in 
India. Hundred ten children with acute CNS infections admit-
ted from July 2007 to December 2010 were enrolled consecu-
tively. Inclusion criteria were 1) age 1–12 years, 2) modified 
Glasgow Coma Scale score (m-GCS) less than or equal to 8 
(28), and 3) evidence of raised ICP—either clinical or on 
neuroimaging. Clinical signs included changes in heart rate 
(tachycardia or bradycardia), hyperventilation, tonic postur-
ing, unequal pupils, brisk deep tendon reflex, extensor plantar, 
and papilledema or brain herniation syndromes. Signs con-
sidered suggestive on CT were loss of sulci, slit-like ventricle, 
loss of gray-white distinction, and obliteration of suprasellar 
and quadrigeminal cistern (29). Patients with unstable hemo-
dynamic, TBI, subarachnoid hemorrhage, epidural or sub-
dural hematoma, hydrocephalus, CNS tumors, hypertensive 
encephalopathy, coagulopathy, infection at the site of inser-
tion, subdural and epidural infection, neurodevelopmental 
delay or chronic neurologic illness, and clinical brain death 
were excluded. Patients with history of illness more than 7 days 
were excluded to ensure that chronic CNS infection particu-
larly tuberculosis, which is not uncommon in our patient pop-
ulation, is excluded (30). Malaria was excluded at the time of 
hospital arrival by rapid diagnostic test (card test) and smear 
examination. Written informed consent was obtained from 
parents or legal guardian. The institute ethics committee had 
approved the study.

Definitions
A diagnosis of acute CNS infection was considered in presence 
of fever and CNS dysfunction (irritability, lethargy, impaired 
consciousness or coma, and signs of meningeal irritation). 
Bacterial meningitis was diagnosed if patients additionally had 
any of the following: 1) CSF showing bacteria on culture or 
Gram stain or bacterial antigen; 2) positive blood culture plus 
CSF showing > 5 leukocytes/mm3, glucose ≤ 40 mg/dL or CSF/
serum glucose ratio ≤ 0.5, protein ≥ 100 mg/dL; 3) any three of 
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the following changes—CSF showing ≥ 100 leukocytes/mm3 
(predominantly polymorphonuclear), CSF glucose ≤ 40 mg/dL 
or CSF/serum glucose ratio ≤ 0.5, CSF protein ≥ 100 mg/dL, 
and serum C-reactive protein ≥ 40 mg/dL (along with a nega-
tive tuberculin test and chest radiograph negative for pulmo-
nary tuberculosis). In most of our patients, lumbar tap for CSF 
examination was done 1–2 days after enrollment—once initial 
control of the raised ICP was achieved. Hence, we used a more 
liberal definition (31).

Encephalitis was defined as presence of signs of an 
inflammatory process of the brain (fever and CSF showing 
lymphocytic pleocytosis and protein > 40 mg/dL) in asso-
ciation with clinical evidence of diffuse cerebral dysfunction 
or focal neurologic deficit in absence of an alternative diag-
nosis (31, 32). Etiological diagnosis was made on basis of 
microbiological evidence of specific virus (Japanese, Herpes 
simplex by CSF micro enzyme-linked immunosorbent assay 
or polymerase chain reaction) or mycoplasma serology or 
radiological evidence (31–33).

Randomization and Masking
Patients were randomized into two groups (n = 55 each) 
by block randomization with variable size blocks (34). A 
 computer-generated randomization list was generated by a 
person not directly involved with data collection, analysis, or 
interpretation. Individual assignments were placed in serially 
numbered, sealed, opaque envelopes. Patients were enrolled 
sequentially, and envelopes were opened only after obtaining 
written consent for enrollment. The intervention arms were 
not masked because of nature of study; however, the statisti-
cian was blinded to treatment assessment till initial analysis 
and preparation of first draft.

Intervention
In ICP group, an ICP less than 20 mm Hg was targeted by 
using osmotic diuretics (20% mannitol; 0.25–1 g/kg/dose and/
or 3% saline 10 mL/kg loading followed by 0.1–1 mL/kg/hr) 
(35, 36) and deep sedation, if needed. Fluid bolus and vasoac-
tive agents were used if blood pressure was less than fifth per-
centile. In CPP group, a CPP more than or equal to 60 mm Hg 
was targeted using normal saline bolus and vasoactive drugs 
(dopamine 10–20 μg/kg/min, and if needed noradrenaline, 
0.05–0.4 μg/kg/min). If CPP was still less than 60 mm Hg and 
systolic blood pressure more than 95th percentile, they were 
treated with osmotherapy, and if needed, deep sedation was 
given. Acute spikes of raised ICP in both the groups were 
treated with short-term hyperventilation and/or osmotherapy 
( Appendix 1, Supplemental Digital Content 1, http://links.
lww.com/CCM/A893).

ICP Monitoring
Intraparenchymal pressure transducer (CODMAN; Johnson 
& Johnson, Raynham, MA) was used for ICP monitoring. 
The pressure transducer probe measuring 1.2 mm in diam-
eter was inserted to a depth of approximately 1.5–2 cm into 
brain parenchyma under aseptic precautions, after drilling a 

micro burr hole approximately 2 cm anterior to the coronal 
suture in the midpupillary line. CPP was calculated as mean 
arterial blood pressure (MABP) minus ICP. Values were aver-
aged 2 hourly and recorded. ICP catheter was kept in situ for 
a minimum of 72 hours to ensure uniform data collection. It 
was removed when ICP remained less than 20 mm Hg continu-
ously for a minimum of 24 hours.

General Care and Monitoring
Standard care including head position in midline at 30°, seda-
tion, analgesia, control of fever and seizures, maintenance of 
normoxia, and normocarbia was given to children in both the 
groups (Appendix 2, Supplemental Digital Content 2, http://
links.lww.com/CCM/A894). All children were monitored 
continuously in the PICU by a team of trained physicians 
and nurses.

Follow-Up
Survivors were followed up at 90 days after discharge for a 
complete neurologic examination and evaluation of functional 
status using Pediatric Cerebral Performance Category (PCPC) 
scale (37) and hearing deficit by brainstem-evoked response 
audiometry (40, 60, 90 db) or pure tone audiometry. Func-
tional status was evaluated by the first author and an examiner 
who was unaware of protocol assignment under supervision of 
a pediatric neurologist. Patients were categorized based on cere-
bral performance as normal (score 1: normal at  age-appropriate 
level; school-age child attending regular school classroom), 
mild neurodisability (score 2: conscious, alert, and able to inter-
act at age-appropriate level, but grade not appropriate for age 
due to mild neurologic deficit), moderate neurodisability (score 
3: conscious, sufficient cerebral function for age-appropriate 
independent activities of daily life, school-age child attending 
special education classroom and/or learning deficit present), 
severe neurodisability (score 4: conscious, dependent on oth-
ers for daily support because of impaired brain function), and 
coma or vegetative state (score 5: any degree of coma without 
the presence of all brain death criteria).

Outcome Measures
Primary outcome: Mortality from enrollment up to 90 days 
after discharge from PICU (90-day mortality). Secondary out-
come: 1) m-GCS score at 72 hours after enrollment, 2) length 
of PICU stay and of mechanical ventilation, and 3) hearing 
deficit and functional neurodisability (assessed as functional 
status on PCPC scale) at the time of discharge from PICU and 
at 90 days after discharge.

Sample Size
Mortality in comatose children (m-GCS score ≤ 8) with acute 
CNS infections in our unit was 45% (38). We, therefore, 
assumed that CPP-targeted therapy may bring the mortal-
ity down to 20%, that is, an absolute risk reduction of 25% 
(45–25% = 20%) (7). Assuming a two-sided α level of 0.05 
and 80% power, 54 patients were needed in each group (http://
www.stat.ubc.ca/~rollin/stats/ssize/b2.html).

http://links.lww.com/CCM/A893
http://links.lww.com/CCM/A893
http://links.lww.com/CCM/A894
http://links.lww.com/CCM/A894
http://www.stat.ubc.ca/~rollin/stats/ssize/b2.html
http://www.stat.ubc.ca/~rollin/stats/ssize/b2.html
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Statistical Analysis
Complete set of data was available for analysis of primary out-
comes and secondary outcomes. Data of all the patients were 
analyzed according to their assigned group (intention to treat) 
and summarized as means with ± sd or ± sem, medians with 
interquartile ranges, or proportions. Normality of data was 
checked with Kolmogorov-Smirnov Z test. Normally distrib-
uted data were compared by Student t test, nonnormally dis-
tributed data with the use of the Mann-Whitney U test, and 
proportions with the use of the chi-square test (Fisher exact 
test if cell frequencies were small). Relationship between MABP 
and ICP was examined with Pearson product moment correla-
tion analysis. General linear model-repeated measures analysis 
of variance (RM-ANOVA) was used for determining the trend 
of MABP, ICP, CPP, m-GCS score, and vasoactive score over 
72 hours between the groups. Data of 12 patients (six in ICP 
group and six in CPP group) that were incomplete ICP due 
to death (n = 11) or surgical procedure were missed only in 
RM-ANOVA analysis. Kaplan-Meier and log-rank tests were 
used for analysis of “time to event” data (death, time to PICU 
discharge, resolution of coma and mechanical ventilation, 
ICP catheter removal), followed by Cox regression analysis to 
adjust for prespecified baseline factors (age, sex, diagnosis). All 
tests were two-tailed and a p value of less than 0.05 was taken 
as significant. SPSS 20.0 software (SPSS, Chicago, IL) and Epi 

Info 7 (7.0.9.7; Centers for Disease Control and Prevention, 
Atlanta, GA) were used for data analysis.

RESULTS

Study Participants
Patients were recruited from July 2007 to December 2010; 
the last follow-up visit (90 d after PCIU discharge) was in 
April 2011. The trial ended when the planned sample size 
was attained. A total of 261 children were screened; 110 were 
enrolled in the study (Fig. 1). No protocol violation was noted. 
The two study groups were similar with regard to all baseline 
characteristics (Table 1). Pupillary reaction to light was present 
in all. Acute viral encephalitis (68, 61.8%) was the most com-
mon diagnosis; 42 (38.2%) had acute meningitis (Table 1).

Eleven patients (six in ICP group and five in CPP group) 
died before 72 hours and one patient in ICP group who under-
went decompressive craniectomy at 48 hours. The therapeutic 
target was achieved in 36 patients (65.4%) in ICP group and 48 
patients (87.3%) in CPP group (relative risk [RR] = 0.75; 95% 
CI, 0.6–0.93; p = 0.007). As expected from study design, use 
of vasoactive agents (Inotrope scores) was more in CPP group 
and use of osmotherapy and short-term hyperventilation in 
ICP group (Table 2). Clinical and laboratory variables (other 
than MABP, central venous pressure, Pao

2
, and osmolarity) at 

enrollment and during the first 
72 hours of ICP monitoring were 
similar in both groups (Appendix 
3, Supplemental Digital Content 3, 
http://links.lww.com/CCM/A895; 
and Appendix 4, Supplemental 
Digital Content 4, http://links.
lww.com/CCM/A896). At the 
time of enrollment, there was 
no correlation between MABP 
and ICP in both the groups (ICP 
group: r = 0.244, p = 0.072; CPP 
group: r = 0.222, p = 0.103).

Clinical Outcomes
Mortality during PICU stay 
(RR = 2.0; 95% CI, 1.03–3.87; 
p = 0.032) and total mortal-
ity up to 90 days after discharge 
(RR = 2.1; 95% CI, 1.09–4.04; 
p = 0.020) was significantly higher 
in the ICP group as compared 
with CPP group (Table 3 and 
Fig. 2). In the ICP group, 15 of 20 
deaths were attributed to refrac-
tory raised ICP in contrast to 5 
of 10 deaths in CPP group. Sub-
group analysis by type of acute 
CNS infection showed significant 
differences in 90-day mortality 
between groups for children with 

Figure 1. Patients flow chart showing screening, randomization, and follow-up. m-GCS = modified Glasgow 
Coma Scale score, ICP = intracranial pressure, CPP = cerebral perfusion pressure.

http://links.lww.com/CCM/A895
http://links.lww.com/CCM/A896
http://links.lww.com/CCM/A896
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TAbLE 1. baseline Characteristics of the Two Study Groups at the Time of Enrollment Into the Study 

Characteristics ICP Group (n = 55) CPP Group (n = 55) p

Mean age, mo 69.2 ± 37 62.6 ± 36.8 0.352a

Male: female, n 36: 19 41: 14 0.298b

Mean weight, kg 18.5 ± 8 16.4 ± 7.2 0.163a

Mean length, cm 109.9 ± 23.4 103.3 ± 20 0.114a

Pediatric Risk of Mortality Score III (48), median (IQR) 18 (17–20) 18 (17–21) 0.925c

Modified Glasgow Coma Scale score, median (IQR) 5 (4–6) 5 (4–6) 0.848c

Meningeal signs, n (%) 34 (61.8) 39 (70.9) 0.313b

Papilledema, n (%) 48 (87.3) 46 (83.6) 0.589b

Seizure, n (%) 44 (80) 47 (85.4) 0.449b

Status epilepticus, n (%) 15 (27.3) 16 (29.1) 0.832b

Tonic posturing, n (%) 43 (78.2) 40 (72.7) 0.506b

Cerebral edema seen on CT, n (%) 41/44 (93.2) 39/50 (78) 0.039b

Cerebral edema seen on CT but opening ICP < 20 mm Hg, n (%) 6/41 (14.6) 2/39 (5.1) 0.265d

Normal CT scan but opening ICP > 20 mm Hg, n (%) 3/44 (6.8) 9/50 (18) 0.130d

Diagnosis, n (%) 0.695b

  Viral encephalitis 33 (60) 35 (63.6)

  Acute meningitis 22 (40) 20 (36.4)

   Bacterial meningitis 16 (72.7) 17 (85)

   Aseptic meningitis 5 (22.7) 3 (15)

   Fungal meningitis 1 (4.6) —

Etiology, n (%) 0.670b

  Microbiologic 23 (41.8) 23 (41.8)

   Japanese encephalitis 11 (47.8) 14 (60.9)

   Herpes simplex virus 5 (21.7) 5 (21.7)

   Pneumococcal 3 (13) 3 (13)

   Klebsiella pneumoniae 3 (13) 1 (4.5)

   Fungal (aspergillus) 1 (4.5) —

  Based on typical neuroimaging finding alone, total n (%) 6 (11) 6 (11) 0.565b

   Japanese encephalitis 2 2

   Herpes simplex virus 4 3

   Tuberculous meningitis — 1

Opening mean arterial blood pressure, mm Hg 78 ± 11 81 ± 10 0.174a

Opening ICP, mm Hg 31 ± 11 30 ± 11 0.599a

Opening CPP, mm Hg 47 ± 13 51 ± 13 0.130a

ICP = intracranial pressure, CPP = cerebral perfusion pressure, IQR = interquartile range.
aStudent t test.
bChi-square test.
cMann-Whitney U test.
dFisher exact test.
All data are presented as mean ± sd unless otherwise indicated.
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acute meningitis (CPP group 2 of 20 [10%] vs ICP group 9 
of 22 [41%]; RR = 4.1; 95% CI, 1.0–16.71; p = 0.035) but not 
acute encephalitis (CPP group 8 of 35 [23%] vs ICP group 12 
of 33 [36%]; RR = 1.59; 95% CI, 0.75–3.39; p = 0.339).

Median m-GCS scores at 24, 48, and 72 hours after enroll-
ment, at the time of removal of ICP catheter, and discharge 
from PICU were significantly higher in CPP group (Table 4). 
Proportion of patients with m-GCS score more than or equal 

to 9 at all the above time points was also significantly higher 
in CPP group (Fig. 3). On Kaplan-Meier analysis, median 
(95% CI) duration of coma was lower by 2 days in CPP group 
than that in ICP group (Fig. 4A); median length of PICU stay 
(Fig. 4B), duration of mechanical ventilation (Fig. 4C), and 
duration of ICP catheter in situ (102 hr [76.5–127.5 hr] vs 
134 hr [100–168 hr]; log rank p = 0.041) were also significantly 
less in the CPP group as compared with the ICP group.

TAbLE 2. Therapeutic Intervention Used in the Two Study Groups

Intervention
ICP Group  

(n = 55)

Cerebral Perfusion 
Pressure Group  

(n = 55) p

Number of patients that received fluid bolus, n (%) 47 (85.5) 50 (91) 0.376a

Number of fluid bolus, mean ± sd 4.5 ± 3 4 ± 3 0.441b

Volume of fluid given as boluses in first 72 hr in mL/kg, 
mean ± sd

89.4 ± 59.7 80 ± 59.4 0.441b

Number of patients that received 0.45% saline in 
dextrose as an initial maintenance fluid, n (%)

38 (69) 37 (67.3) 0.838a

Amount of fluid administrated in first 72 hr in mL/kg/d, 
mean ± sd

85.8 ± 29 87.8 ± 21.4 0.678b

Output in first 72 hr in mL/kg/d, mean ± sd 72.6 ± 24.6 78 ± 21.1 0.222b

Balance in first 72 hr in mL/kg, mean ± sd 13.2 ± 18.1 9.8 ± 14.6 0.288b

Number of patients that received vasoactive  
drugs, n (%)

49 (89) 49 (89) 1.000a

Inotrope score during first 72 hr, mean ± sem 17.1 ± 3.4 28 ± 3.3 0.024c

Number of patients that received short-term 
hyperventilation, n (%)

50 (91) 24 (43.6) < 0.001a (RR = 2.08;  
95% CI, 1.53–2.85)

Number of ICP spikes that needed hyperventilation

  In first 72 hr, median (IQR) 8 (4–13) 0 (0–6) < 0.001d

  Over total stay, median (IQR) 11 (4–20) 0 (0–9) < 0.001d

Cumulative duration of hyperventilation, min

  In first 72 hr, median (IQR) 16 (11–28) 0 (0–12) < 0.001d

  Over total stay, median (IQR) 25 (12–43) 0 (0–9) < 0.001d

Number of patients that received osmotherapy, n (%)

  Total, n (%) 53 (96.4) 29 (52.7) < 0.001a (RR = 1.83;  
95% CI, 1.4–2.4)

  Mannitol only, n (%) 34 (61.8) 18 (32.7) 0.087a (RR = 1.9;  
95% CI, 1.2–2.9)

  3% Saline only, n (%) 19 (34.5) 11 (20) 0.093a (RR = 1.7,  
95% CI, 0.9–3.3)

Barbiturate coma, n (%) 7 (12.7) 7 (12.7) 1.000a

Neuromuscular blockers, n (%) 3 (5.5) 1 (1.8) 0.618e

ICP = intracranial pressure, RR = relative risk, IQR = interquartile range.
aChi-square test.
bStudent t test.
cRepeated measures analysis of variance.
dMann-Whitney U test.
eFisher exact test.
Inotrope score (49) = (dopamine [μg/kg/min] × 1 + dobutamine [μg/kg/min] × 1 + adrenaline [μg/kg/min] × 100 + noradrenaline [μg/kg/min] × 100).
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The rise in CPP and fall in ICP, both in terms of overall 
magnitude and change from baseline over 72 hours, were sig-
nificantly more in CPP group as compared with ICP group 
(Figs. 5 and 6). The mean ICP was significantly lower and CPP 
higher in survivors as compared with nonsurvivors (Fig. 7, A 
and B). The patients that survived achieved the ICP or CPP tar-
get with the respective strategy within the first 24 hours, whereas 
nonsurvivors failed to respond to ICP or CPP strategy in the first 
24 hours (Fig. 7, A and B). The survivors from ICP group during 
first 48 hours exhibited a level of CPP around 50–55 mm Hg, 
which was apparently similar to nonsurvivors in the CPP group. 
However, the ICP group survivors did not have wide fluctua-
tions in CPP that were seen in the CPP group nonsurvivors.

At the time of discharge from PICU and at 90-day  follow-up, 
significantly lower proportion of patients in CPP group 
had neurodisability as compared with ICP group (Table 3). 
Hearing deficit was present in 8.9% patients (n = 4 of 45) in 
CPP group in contrast to 37.1% patients (13 of 35) in ICP 
group (RR = 0.69; 95% CI, 0.53–0.90; p = 0.005). Proportion 
of patients with a composite poor outcome (defined as severe 
disability or death) at 90-day follow-up in CPP group (15 of 

Figure 2. Kaplan-Meier curve showing probability of survival upto day 90 
after discharge from PICU in the two study groups (adjusted hazard ratio, 
2.25; 95% CI, 1.06–4.79; p = 0.035). CPP = cerebral perfusion pressure, 
ICP = intracranial pressure.

TAbLE 3. Mortality During PICU Stay and Upto Day 90 After Discharge From PICU and 
Neurodisability at the Time of Discharge From PICU and at 90-Day Follow-Up in  
the Two Study Groups

Variables
Intracranial Pressure 

Group (n = 55)
Cerebral Perfusion  Pressure 

Group (n = 55)
Relative Risk  

(95% CI) p

Mortality

  During PICU stay 20 (36.4) 10 (18.2) 2.0 (1.03–3.87) 0.032

  Total mortality at 90 d post discharge 21 (38.2) 10 (18.2) 2.1 (1.09–4.04) 0.020

Neurodisability at the time of discharge from PICU

  None 6/35 (17.1) 21/45 (46.7) 0.37 (0.17–0.81) 0.011a

  Mild 4/35 (11.4) 3/45 (6.7) 1.71 (0.41–7.2) 0.693b

  Moderate 6/35 (17.1) 7/45 (15.6) 1.1 (0.4–3.0) 0.90a

  Severe 19/35 (54.3) 14/45 (31.1) 1.74 (1.00–2.99) 0.037a

Neurodisability at 90-day follow-up

  None 10/34 (29.4) 28/45 (62.2) 0.47 (0.27–0.83) 0.004

  Mild 6/34 (17.6) 4/45 (8.9) 1.99 (0.61–6.49) 0.313b

  Moderate 6/34 (17.6) 8/45 (17.8) 0.99 (0.38–2.59) 0.778a

  Severe 12/34 (35.3) 5/45 (11.1) 3.18 (1.24–8.16) 0.021a

Composite poor outcomec

  At the time of discharge from PICU 39/55 (70.9) 24/55 (43.6) 1.63 (1.15–2.29) 0.004

  At 90-day follow-up 33/55 (60) 15/55 (27.3) 2.20 (1.36–3.56) < 0.001
aCorrected chi-square test.
bFisher exact test.
cComposite poor outcome defined as severe neurodisability or death.
All data are presented as number of patients with the specified outcome/total number of patients followed and percentage in parentheses.
Neurodisability grading: Mild neurodisability (Pediatric Cerebral Performance Category [PCPC] score 2: conscious, alert, and able to interact at age-appropriate 
level, but grade perhaps not appropriate for age due to possibility of mild neurologic deficit), moderate neurodisability (PCPC score 3: conscious, sufficient 
cerebral function for age-appropriate independent activities of daily life, school-age child attending special education classroom, and/or learning deficit present), 
and severe neurodisability (PCPC score 4: conscious, dependent on others for daily support because of impaired brain function).
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55, 27.3%) was less than half of that in ICP group (33 of 55, 
60%) (RR = 0.55; 95% CI, 0.38–0.79; p ≤ 0.001) (Table 3).

Adverse Events
No technical complication was encountered during insertion 
of ICP monitoring catheter. Two patients underwent intraven-
tricular pressure monitoring because of evolving hydrocepha-
lus after 3 days of initial intraparenchymal monitoring. Both 
patients died, one of them after developing ventriculitis.

DISCUSSION
CPP-targeted therapy as compared with ICP-targeted ther-
apy was associated with significantly lower 90-day mortality, 

improved coma scores at 72 hours, reduced duration of coma 
and length of PICU stay, and lower hearing deficit and neu-
rodisability on follow-up at 90 days after PICU discharge. 
All-cause “in PICU” mortality and total mortality at 90-day 
follow-up in CPP group were half that of ICP group. Num-
ber needed to treat (95% CI) for reduction in 90-day mortal-
ity was 6 (2.7–27.7). These results demonstrate superiority of 
CPP-targeted management of raised ICP over the conventional 
ICP-targeted therapy in children with acute CNS infections.

Our findings are in line with to those of Rosner et al (26) 
in adults and those of Prabhakaran et al (27) in children with 
TBI. Rosner et al (26) showed that ICP decreased as CPP 
increased, and CPP-targeted therapy lowered the mortality 

rate and improved functional 
outcome across all GCS score 
categories in patients with TBI. 
These results are also similar to 
our pilot study, which revealed 
that maintaining a CPP more 
than 50 mm Hg was associ-
ated with a decrease in ICP 
and 65% survival, even when 
patients had ICP exceeding 
40 mm Hg (7). Prabhakaran 
et al (27) reported less disabil-
ity (41.7%) and better intact 
survival (33.3%) with CPP-
targeted treatment as compared 
with ICP-targeted treatment 
(80% and none, respectively). 
However, small sample size 
was a limiting factor in their 
study. Our study also confirms 
the findings of nonrandomized 
trials in acute CNS infections 
(21). Lindvall et al (21) used a 
broad range of measures and 
unconventional volume tar-
get (Lund concept) to manage 

Figure 3. Proportion of patients with modified Glasgow Coma Scale (m-GCS) scores 9 or more in the study 
groups at 24, 48, and 72 hr after enrollment, at the time of removal of intracranial pressure catheter, and 
discharge from PICU. ICP = intracranial pressure, CPP = cerebral perfusion pressure, RR = relative risk.

TAbLE 4. Median Modified Glasgow Coma Scale Scores at 24, 48, and 72 Hours After 
Enrollment, at the Time of Removal of Intracranial Pressure Catheter, and Discharge 
From PICU in the Two Study Groups

Variables ICP Group (n = 55)
Cerebral Perfusion Pressure 

Group (n = 55) pa

24 hr after enrollment 5 (4–6) 7 (6–7) < 0.001

48 hr after enrollment 6 (4–8) 8 (7–9) < 0.001

72 hr after enrollment 7 (4–9) 10 (9–11) < 0.001

At time of removal of ICP catheter 8 (4–9) 11 (9–12) < 0.001

At the time of PICU discharge 10 (3–12) 13 (11–15) < 0.001

ICP = intracranial pressure.
aMann-Whitney U test.
All data are presented as median (interquartile range) unless otherwise indicated.
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increased ICP (≥ 15 mm Hg) in 15 children, 45 days to 13 
years old, with acute bacterial meningitis; 10 of 15 patients 
survived and five patients (33%) died; mean ICP was signifi-
cantly higher and CPP markedly lower among nonsurvivors 
as compared with survivors.

We found that CPP-targeted treatment brought remark-
able benefit to patients with acute meningitis, 90-day mortal-
ity in CPP group being just one fourth of that in ICP group 
(10% vs 41%). The benefit of CPP-targeted treatment in acute 
encephalitis was not of a similar magnitude (Appendix 5, 
Supplemental Digital Content 5, http://links.lww.com/CCM/
A897; and Appendix 6, Supplemental Digital Content 6, http://
links.lww.com/CCM/A898). However, our sample size was not 
adequately powered to comment on outcome in subgroups. 
Possibly diffuse primary brain injury caused by direct inva-
sion of brain in acute encephalitis explains lower benefit from 
 CPP-targeted therapy. Maintaining CPP is effective in preven-
tion of secondary brain injury (5, 21) but is unlikely to reverse 
primary brain injury.

Significantly greater use of hyperventilation and osmoth-
erapy in ICP group as compared with CPP group was similar 

to the difference in treatments 
delivered in management of 
raised ICP in other studies 
(27, 35). Although these differ-
ences reflect the difference in 
approach to control raised ICP, 
these may affect the outcome 
adversely. Hyperventilation 
decreases ICP by reducing 
cerebral blood flow and cere-
bral vasoconstriction (39). 
Prolonged hyperventilation 
may precipitate ischemic 
lesion in particular areas with 
low cerebral blood flow (39). 
Significantly lower number 
of ICP spikes that required 
hyperventilation and lower 
cumulative duration of hyper-
ventilation in CPP group as 
compared with ICP group 
were possibly protective.

The physiological basis 
for the CPP-targeted ther-
apy is preservation of cere-
bral autoregulation (26, 27). 
Clinically, it is illustrated by a 
fall in ICP that occurs follow-
ing an improvement in CPP 
and a progressively increase 
in ICP if CPP is inadequate. 
Autoregulation that is likely 
to be intact in children with 
CNS infection finds support 
in findings by Ashwal et al (40) 

in 20 children with acute bacterial meningitis over MABP 
range of 56–102 mm Hg. However, in adult patients, it is 
impaired in the early phase of acute bacterial meningitis (41). 
Autoregulation was apparently unaffected in our patients. 
They showed a pressure stable relationship between MABP 
and ICP. Optimization of CPP, therefore, could be expected 
to bring down raised ICP in our patients by autoregulating 
cerebral blood flow (CBF). The patients in whom raised ICP 
failed to respond (did not fall below 20 mm Hg) to ICP or 
CPP strategy during the first 24 hours, ICP worsened further 
with a corresponding fall in CPP over the next 48 hours. The 
patients that achieved the ICP or CPP target with the respec-
tive strategy within the first 24 hours were likely to survive. 
Together, these observations are also of prognostic indicators 
of PICU outcomes.

Prabhakaran et al (27) demonstrated an effect known 
as “hysteresis” in the setting of TBI. The basis of this effect 
is that an injured brain requires higher CPP than the nor-
mal brain to achieve a relatively normal CBF because of an 
increase in cerebrovascular resistance. As a result, the critical 
closing pressures and lower autoregulatory limit are raised. 

Figure 4. Kaplan-Meier curves. A, Curve showing 
time to “resolution of coma” (modified Glasgow 
Coma Scale [m-GCS] score 9 or more) in the two 
study groups. Median (95% CI) duration of coma 
in cerebral perfusion pressure (CPP) group was 
3 d (2.7–3.3 d) and in intracranial pressure (ICP) 
group 5 d (2.5–7.5 d) (log rank p ≤ 0.001). b, 
Curve showing length of PICU stay in days from 
enrollment to discharge from PICU in the two study 
groups. Median (95% CI) duration of PICU stay 
in CPP group was 13 d (10.8–15.2 d) and in ICP 
group 18 d (14.5–21.5 d) (log rank p = 0.002). 
C, Curve showing length of mechanical ventilation 
in days in the two study groups. Median (95% CI) 
duration of mechanical ventilation in CPP group 
was 7.5 d (5.4–9.6 d) and in ICP group 11.5 d 
(9.5–13.5 d) (log rank p = 0.003).

http://links.lww.com/CCM/A897
http://links.lww.com/CCM/A897
http://links.lww.com/CCM/A898
http://links.lww.com/CCM/A898
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Prabhakaran et al (27) were able to achieve a mean CPP of 
75 mm Hg. We did not achieve such supranormal CPP (mean 
CPP in CPP group 68 mm Hg and ICP group 52 mm Hg). 
This is possibly related to the diffuse nature of brain swelling 
and differences in underlying mechanisms of raised ICP in 
TBI and acute CNS infections (7). We did not find the pres-
ence of hysteresis in our patients, indicating that the lower 
autoregulatory limit remained unchanged in setting of acute 
CNS infections.

The main difference in treatment between the two 
groups was related to use of vasopressors and osmotherapy. 
Hyperventilation was used to control sudden acute rise (spike) 
in ICP in both the groups. Fluid boluses and vasopressor were 
main interventions to achieve higher MABP. Fluid restriction 
to two thirds of normal maintenance was practiced during 
first 2–3 days of treatment in patients with bacterial menin-
gitis, with the hope that it reduces cerebral edema, presum-
ably aggravated by syndrome of inappropriate secretion of 
antidiuretic hormone. The evidence that increased antidi-
uretic hormone level is an “appropriate” response in bacterial 
meningitis (42) and fluid restriction does not improve the 
outcome of acute meningitis (43) has changed the practice 
to favor maintenance plus replacement fluids aimed at main-
taining normovolemia and adequate blood pressure (43, 44). 

We, therefore, used these strategies to achieve adequate cere-
bral perfusion.

Intraparenchymal monitoring was used in our study for 
its accuracy in the measurement of ICP, ease of insertion 
at the bedside, safety profile, and low maintenance require-
ments (45). We did not encounter any technical difficulties 
and complications related to intraparenchymal ICP cath-
eter. Ventricular catheter was available but rarely used, even 
though it offers the inherently useful therapeutic option of 
draining CSF. Need for blind cannulation of the intraventric-
ular system, which is almost impossible in cases of acute CNS 
infections due to cerebral edema and chinked ventricles, was a 
major disadvantage of this method. Being a fluid-filled cath-
eter, ventricular catheter also has an inherent possibility of 
getting blocked with debris and risk of infection particularly 
after 5 days of monitoring (45, 46). Both patients in whom 
ventricular catheter was used died, one of them after develop-
ing ventriculitis. Our experience confirms safety and ease of 
use of intraparenchymal ICP catheter.

Ours is the first prospective randomized study compar-
ing CPP-targeted treatment with ICP-targeted treatment 
for treating raised ICP in pediatric acute CNS infections. 
The study being open labeled was a limitation but that was 
unavoidable given the nature of study. Cranial CT scans were 

Figure 5. A, Trend of mean arterial blood pressure (MABP) during first 
72 hr of the study period in the two study groups. Mean (± sem) MABP 
in cerebral perfusion pressure (CPP) group was 84 ± 1.1 mm Hg and in 
intracranial pressure (ICP) group 75 ± 1.1 mm Hg (p ≤ 0.001). b, Trend 
of ICP during first 72 hr of the study period in the two study groups. 
Mean (± sem) ICP in CPP group was 15 ± 1.3 mm Hg and in ICP group 
23 ± 1.3 mm Hg (p ≤ 0.001). C, Trend of CPP during first 72 hr of the 
study period in the two study groups. Mean (± sem) CPP in CPP group 
was 69 ± 1.2 mm Hg and in ICP group 52 ± 1.2 mm Hg (p ≤ 0.001).
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available for 94 patients (ICP group, 44; CPP group, 50) and 
only 80 of them (ICP group, 41; CPP group, 39) showed cere-
bral edema on CT scan. However, CT scan is not a highly reli-
able tool to confirm the presence of raised ICP (47). Not all 
the patients who had cerebral edema on cranial CT scan had 
an opening ICP more than 20 mm Hg and vice versa (47). In 
our patients also, eight (10%) who had cerebral edema on cra-
nial CT scan had an opening ICP less than 20 mm Hg and 11 

(11.7%) having normal cranial CT scan had an opening ICP 
more than 20 mm Hg.

In conclusion, this study shows that CPP-targeted therapy, 
which relied on more frequent use of vasopressors and lesser 
use of osmotherapy and hyperventilation, was superior to 
 ICP-targeted therapy for management of raised ICP in chil-
dren with acute CNS infection, especially acute meningitis, in 
reducing mortality and morbidity. Future studies, preferably 

Figure 6. A, Changes in mean arterial blood pressure (MABP) from baseline 
to first 72 hr of study period in the two study groups. Mean (± sem) MABP 
in cerebral perfusion pressure (CPP) group was 3 ± 1.6 and in intracranial 
pressure (ICP) group –5 ± 1.6 (p = 0.001). b, Changes in ICP from baseline 
to first 72 hr of study period in the two study groups. Mean (± sem) ICP in CPP 
group was –15 ± 1.2 and in ICP group –9 ± 1.2 (p = 0.003). C, Changes in 
CPP from baseline to first 72 hr of study period in the two study groups. Mean 
(± sem) CPP in CPP group was 18 ± 1.8 and in ICP group 4 ± 1.9 (p ≤ 0.001).

Figure 7. A, Trend of intracranial pressure (ICP) among the survivor and nonsurvivor during first 72 hr of the study period in the two study groups. Mean 
(± sem) ICP among survivor (cerebral perfusion pressure [CPP] group, 13 ± 5.2 mm Hg and ICP group, 19 ± 1.2 mm Hg) was significantly lower than 
nonsurvivors (CPP group, 27 ± 3.1 mm Hg and ICP group, 35 ± 1.8 mm Hg) (p ≤ 0.001). b, Trend of CPP among the survivor and nonsurvivors during first 
72 hr of the study period in the two study groups. Mean (± sem) CPP among survivor (CPP group, 71 ± 1 mm Hg and ICP group, 55 ± 1.2 mm Hg) was 
significantly higher than nonsurvivors (CPP group, 53 ± 3.1 mm Hg and ICP group, 45 ± 1.9 mm Hg) (p ≤ 0.001).
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multicentric, should focus on children with different etiolo-
gies of acute CNS infections causing raised ICP. In addition, 
a more detailed evaluation of the temporal profile of the 
patient’s response to treatment and possible adverse effects 
should be obtained. Performing a multicenter trial, however, 
may be difficult given the increasing emphasis on support of 
CPP-targeted approach as standard of care.

ACKNOWLEDGMENTS
We acknowledge the contribution of Professor S. N. Mathuriya, 
Head, Department of Neurosurgery, for initial training on Bed-
side Burr-hole technique;  Mrs. S. Raja Deepa for data entry in 
a blinded manner; Mr. Rakesh Mohindra for statistical analysis; 
and Dr. Joseph L. Mathew for critical editing of the manuscript.

REFERENCES
 1. Singhi S, Singhi P, Baranwal AK: Bacterial meningitis in children: 

Critical care needs. Indian J Pediatr 2001; 68:737–747
 2. Huang CC, Liu CC, Chang YC, et al: Neurologic complications in chil-

dren with enterovirus 71 infection. N Engl J Med 1999; 341:936–942
 3. Solomon T, Dung NM, Kneen R, et al: Seizures and raised intracranial 

pressure	 in	 Vietnamese	 patients	 with	 Japanese	 encephalitis.	 Brain 
2002; 125:1084–1093

	 4.	Rebaud	P,	Berthier	 JC,	Hartemann	E,	et	al:	 Intracranial	pressure	 in	
childhood central nervous system infections. Intensive Care Med 
1988; 14:522–525

	 5.	Kumar	G,	Kalita	J,	Misra	UK:	Raised	intracranial	pressure	in	acute	viral	
encephalitis. Clin Neurol Neurosurg 2009; 111:399–406

 6. Singhi SC, Khetarpal R, Baranwal AK, et al: Intensive care needs of 
children with acute bacterial meningitis: A developing country per-
spective. Ann Trop Paediatr 2004; 24:133–140

 7. Shetty R, Singhi S, Singhi P, et al: Cerebral perfusion pressure–
targeted approach in children with central nervous system infections 
and raised intracranial pressure: Is it feasible? J Child Neurol 2008; 
23:192–198

 8. Chang YC, Huang CC, Wang ST, et al: Risk factors analysis for early 
fatality in children with acute bacterial meningitis. Pediatr Neurol 
1998; 18:213–217

	 9.	Horwitz	SJ,	Boxerbaum	B,	O’Bell	 J:	Cerebral	herniation	 in	bacterial	
meningitis in childhood. Ann Neurol 1980; 7:524–528

	10.	van	de	Beek	D,	 Farrar	 JJ,	 de	Gans	 J,	 et	 al:	Adjunctive	dexametha-
sone in bacterial meningitis: A meta-analysis of individual patient data. 
Lancet Neurol 2010; 9:254–263

	11.	Ramakrishnan	 M,	 Ulland	 AJ,	 Steinhardt	 LC,	 et	 al:	 Sequelae	 due	 to	
bacterial meningitis among African children: A systematic literature 
review. BMC Med 2009; 7:47

	12.	Edmond	 K,	 Clark	 A,	 Korczak	 VS,	 et	 al:	 Global	 and	 regional	 risk	 of	
disabling sequelae from bacterial meningitis: A systematic review and 
meta-analysis. Lancet Infect Dis 2010; 10:317–328

 13. Minns RA, Engleman HM, Stirling H: Cerebrospinal fluid pressure in 
pyogenic meningitis. Arch Dis Child 1989; 64:814–820

	14.	McMenamin	JB,	Volpe	JJ:	Bacterial	meningitis	in	infancy:	Effects	on	
intracranial pressure and cerebral blood flow velocity. Neurology 
1984; 34:500–504

 15. Pople IK, Muhlbauer MS, Sanford RA, et al: Results and complica-
tions of intracranial pressure monitoring in 303 children. Pediatr 
Neurosurg 1995; 23:64–67

	16.	Tasker	RC,	Matthew	DJ,	Helms	P,	et	al:	Monitoring	in	non-traumatic	
coma. Part I: Invasive intracranial measurements. Arch Dis Child 
1988; 63:888–894

	17.	Goitein	 KJ,	 Tamir	 I:	 Cerebral	 perfusion	 pressure	 in	 central	 ner-
vous system infections of infancy and childhood. J Pediatr 1983; 
103:40–43

	18.	Bratton	SL,	Chestnut	RM,	Ghajar	J,	et	al:	Guidelines	for	the	manage-
ment	of	severe	traumatic	brain	injury.	VIII.	Intracranial	pressure	thresh-
olds. J Neurotrauma 2007; 24:S55–S58

 19. Kochanek PM, Carney N, Adelson PD, et al; American Academy of 
Pediatrics-Section on Neurological Surgery; American Association of 
Neurological Surgeons/Congress of Neurological Surgeons; Child 
Neurology Society; European Society of Pediatric and Neonatal 
Intensive Care; Neurocritical Care Society; Pediatric Neurocritical 
Care Research Group; Society of Critical Care Medicine; 
Paediatric Intensive Care Society UK; Society for Neuroscience 
in Anesthesiology and Critical Care; World Federation of Pediatric 
Intensive and Critical Care Societies: Guidelines for the acute medi-
cal management of severe traumatic brain injury in infants, children, 
and adolescents—Second edition. Pediatr Crit Care Med 2012; 
13(Suppl 1):S1–82

 20. Naredi S, Edén E, Zäll S, et al: A standardized neurosurgical neurointen-
sive therapy directed toward vasogenic edema after severe traumatic 
brain injury: Clinical results. Intensive Care Med 1998; 24:446–451

 21. Lindvall P, Ahlm C, Ericsson M, et al: Reducing intracranial pressure 
may increase survival among patients with bacterial meningitis. Clin 
Infect Dis 2004; 38:384–390

 22. Tunkel AR: Reducing intracranial pressure may increase survival 
among patients with bacterial meningitis. Curr Infect Dis Rep 2004; 
6:296–297

	23.	Grände	PO,	Romner	B:	Osmotherapy	in	brain	edema:	A	questionable	
therapy. J Neurosurg Anesthesiol 2012; 24:407–412

 24. Kokoska ER, Smith GS, Pittman T, et al: Early hypotension worsens 
neurological outcome in pediatric patients with moderately severe 
head trauma. J Pediatr Surg 1998; 33:333–338

	25.	Rosner	MJ:	Introduction	to	cerebral	perfusion	pressure	management.	
Neurosurg Clin N Am 1995; 6:761–773

	26.	Rosner	 MJ,	 Rosner	 SD,	 Johnson	 AH:	 Cerebral	 perfusion	 pres-
sure: Management protocol and clinical results. J Neurosurg 1995; 
83:949–962

	27.	Prabhakaran	 P,	 Reddy	 AT,	 Oakes	 WJ,	 et	 al:	 A	 pilot	 trial	 compar-
ing cerebral perfusion pressure-targeted therapy to intracranial 
 pressure-targeted therapy in children with severe traumatic brain 
injury. J Neurosurg 2004; 100:454–459

 28. Tatman A, Warren A, Williams A, et al: Development of a modified 
paediatric coma scale in intensive care clinical practice. Arch Dis 
Child 1997; 77:519–521

	29.	Cabral	DA,	Flodmark	O,	Farrell	K,	et	al:	Prospective	study	of	com-
puted tomography in acute bacterial meningitis. J Pediatr 1987; 
111:201–205

	30.	Sankar	J,	Singhi	P,	Bansal	A,	et	al:	Role	of	dexamethasone	and	oral	
glycerol in reducing hearing and neurological sequelae in children 
with bacterial meningitis. Indian Pediatr 2007; 44:649–656

	31.	Overturf	GD:	Defining	bacterial	meningitis	and	other	infections	of	the	
central nervous system. Pediatr Crit Care Med 2005; 6:S14–S18

 32. Tunkel AR, Glaser CA, Bloch KC, et al; Infectious Diseases Society 
of America: The management of encephalitis: Clinical practice guide-
lines by the Infectious Diseases Society of America. Clin Infect Dis 
2008; 47:303–327

 33. Dung NM, Turtle L, Chong WK, et al: An evaluation of the usefulness 
of	neuroimaging	for	the	diagnosis	of	Japanese	encephalitis.	J Neurol 
2009; 256:2052–2060

	34.	Efird	 J:	 Blocked	 randomization	 with	 randomly	 selected	 block	 sizes.	
Int J Environ Res Public Health 2011; 8:15–20

	35.	Latorre	 JG,	Greer	DM:	Management	of	acute	 intracranial	hyperten-
sion: A review. Neurologist 2009; 15:193–207

	36.	Grape	S,	Ravussin	P:	PRO:	Osmotherapy	 for	 the	 treatment	of	acute	
intracranial hypertension. J Neurosurg Anesthesiol 2012; 24:402–406

 37. Fiser DH: Assessing the outcome of pediatric intensive care. J Pediatr 
1992; 121:68–74

 38. Bansal A, Singhi SC, Singhi PD, et al: Non traumatic coma. Indian J 
Pediatr 2005; 72:467–473

	39.	Diringer	 MN,	 Videen	 TO,	 Yundt	 K,	 et	 al:	 Regional	 cerebrovascular	
and metabolic effects of hyperventilation after severe traumatic brain 
injury. J Neurosurg 2002; 96:103–108



Feature Articles

Critical Care Medicine www.ccmjournal.org 1787

 40. Ashwal S, Stringer W, Tomasi L, et al: Cerebral blood flow and carbon 
dioxide reactivity in children with bacterial meningitis. J Pediatr 1990; 
117:523–530

	41.	Møller	K,	Larsen	FS,	Qvist	J,	et	al:	Dependency	of	cerebral	blood	flow	
on mean arterial pressure in patients with acute bacterial meningitis. 
Crit Care Med 2000; 28:1027–1032

 42. Powell KR, Sugarman LI, Eskenazi AE, et al: Normalization of plasma 
arginine vasopressin concentrations when children with meningi-
tis are given maintenance plus replacement fluid therapy. J Pediatr 
1990; 117:515–522

 43. Singhi SC, Singhi PD, Srinivas B, et al: Fluid restriction does not 
improve the outcome of acute meningitis. Pediatr Infect Dis J 1995; 
14:495–503

 44. Duke T: Fluid management of bacterial meningitis in developing coun-
tries. Arch Dis Child 1998; 79:181–185

	45.	Bratton	SL,	Chestnut	RM,	Ghajar	J,	et	al:	Guidelines	for	the	manage-
ment	of	severe	traumatic	brain	injury.	VII.	Intracranial	pressure	moni-
toring technology. J Neurotrauma 2007; 24:S45–54

	46.	Forsyth	 RJ,	 Wolny	 S,	 Rodrigues	 B:	 Routine	 intracranial	 pres-
sure monitoring in acute coma. Cochrane Database Syst Rev 
2010:CD002043

	47.	Tasker	 RC,	 Matthew	 DJ,	 Kendall	 B:	 Computed	 tomography	 in	 the	
assessment of raised intracranial pressure in non-traumatic coma. 
Neuropediatrics 1990; 21:91–94

 48. Pollack MM, Patel KM, Ruttimann UE: PRISM III: An updated Pediatric 
Risk of Mortality score. Crit Care Med 1996; 24:743–752

 49. Hoffman TM, Wernovsky G, Atz AM, et al: Efficacy and safety of mil-
rinone in preventing low cardiac output syndrome in infants and chil-
dren after corrective surgery for congenital heart disease. Circulation 
2003; 107:996–1002


