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Introduction

RAUMATIC BRAIN INJURY (TBI) is a major cause of

disability, death, and economic cost to our society.
One of the central concepts that emerged from research
is that all neurological damage from TBI does not occur
at the moment of impact, but evolves over the ensuing
hours and days. Furthermore, improved outcome results
when these secondary, delayed insults, resulting in re-
duced cerebral perfusion to the injured brain, are pre-
vented or respond to treatment. This is reflected in the
progressive and significant reduction in severe TBI mor-
tality from 50% to 35% to 25% and lower over the last
30 years, even when adjusted for injury severity, age and
other admission prognostic parameters.® This trend in re-
duced mortality and improved outcomes from TBI has
been subsequent to the use of evidence-based protocols
that emphasize monitoring and maintaining adequate
cerebral perfusion.22

In preparation for the revision of the 2" edition of
these Guidelines, a systematic review of the literature was
conducted to assess the influence of the use of the Guide-
lines on mortality and morbidity from TBI. The results
indicated that consistent application of ICU-based proto-
cols improves outcomes, and reduces mortality and
length of stay.*~’

This is the third edition of the evidence-based Guide-
lines for the Management of Severe Traumatic Brain In-
jury, following the first and second editions in 1995 and
2000.8° These Guidelines address key topics useful for
the management of severe TBI in adult patients with a
Glasgow Coma Scale score of 3-8. The following are no-
table changes from the second edition:

* Six new topics were added and two topics were as-
signed to the pre-hospital Guidelines. This is not an
exhaustive review of all TBI management but rather
a focus on interventions that have an impact on out-
come and have sufficient scientific data specific to
TBI to warrant the development of new topics.

e The Levels of Recommendation were changed
from “Standard, Guideline, and Option” to “Level
I, Level Il, and Level I11,” respectively. The pre-
vious language did not lend itself to clear opera-
tional definitions. Recommendation Levels I, 11,

and 11, are derived from Class I, Il, and I evi-
dence, respectively.

 The classification of certain publications included in
previous editions has been changed. Publications
were classified both by design and quality (see Meth-
ods section and Appendix A).

e This is the first edition of these Guidelines for which
a meta-analysis was conducted, for the topic of Pro-
phylactic Hypothermia.

In 2004, the Brain Trauma Foundation (BTF) called a
meeting of all the TBI Guidelines contributing authors
for the purpose of formalizing a collaborative process of
Guidelines updates, publication, and implementation
shared by those with a stake in acute TBI care. A part-
nership of interested professional associations was
formed to review, endorse and implement future editions
of the Guidelines. The mission of this TBI Partnership is
to improve the outcome of TBI through collaboration and
the promotion of evidence-based medicine.

For these and future Guidelines projects, contributing
authors agreed to establish a Center for Guidelines Man-
agement (Center), which would be responsible for gen-
erating new guidelines as well as updating those that ex-
ist. The participants endorsed the BTF proposal to
establish the Center to be located at Oregon Health &
Sciences University (OHSU). A collaboration was es-
tablished between the Center and the Oregon Evidence-
based Practice Center (EPC). The Oregon EPC conducts
systematic reviews of various healthcare topics for fed-
eral and state agencies and private foundations. These re-
views report the evidence from clinical research studies,
and the quality of that evidence, for use by policy mak-
ers in decisions about guidelines and coverage issues. The
collaboration made the expertise and personnel of the
EPC available to the Center

The TBI partnership further agreed to adopt and ex-
plicitly adhere to a systematic process and set of crite-
ria for reviewing, assessing, and synthesizing the sci-
entific literature. The process and criteria (see Methods
Section) are derived from work by the U.S. Preventive
Services Task Force,'9 the National Health Service
Centre for Reviews and Dissemination (U.K.),*! and
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the Cochrane Collaboration.12 The goal was to establish
a process for Guidelines development that was scientifi-
cally rigorous, consistent across all topics, and indepen-
dent of the interests and biases of contributing authors.

The partnership also recommended appointing a Re-
view Committee to consist of a small number of indi-
viduals who would serve as liaison between the guide-
lines development process and the key medical societies
related to TBI. These representatives of neurosurgery,
trauma, neurointensive care, pediatrics, emergency med-
icine, and prehospital care, as well as international orga-
nizations, are standing members of the Committee across
all Guidelines updates. The current members of this Com-
mittee, listed at the front of this document, reviewed this
edition of the Guidelines.

In order to continue to improve outcomes for TBI pa-
tients, it is necessary to generate strong research capable
of answering key questions, and to assess, synthesize, and
disseminate the findings of that research so that practi-
tioners have access to evidence-based information.
Therefore, this document should not only be used as a
roadmap to improve treatment, but also as a template
from which to generate high quality research for future
use. The primary marker of the success of the 3" edition
of these Guidelines will be a sufficient body of Class I
and Il studies for Level I and 1l recommendations in the
4™ edition.

The BTF maintains and revises several TBI Guidelines
on an annual basis resulting in a 5-year cycle, approxi-
mately, for each Guideline:

Guidelines for Prehospital Management of Trau-
matic Brain Injury

Guidelines for the Management of Severe Traumatic
Brain Injury

Guidelines for the Surgical Management of Trau-
matic Brain Injury

 Prognosis of Severe Traumatic Brain Injury

These BTF Guidelines are developed and maintained
in a collaborative agreement with the American Associ-
ation of Neurological Surgeons (AANS) and the Con-
gress of Neurological Surgeons (CNS), and in collabo-
ration with the AANS/CNS Joint Section on
Neurotrauma and Critical Care, European Brain Injury
Consortium, other stakeholders in TBI patient outcome.
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Methods

I. TOPIC REFINEMENT

The Brain Trauma Foundation (BTF) and BTF Center
for Guidelines Management (Center) convened a virtual
meeting of previous guideline authors and colleagues
new to the project. This group agreed that separate guide-
lines should be provided for prehospital and prognosis
topics. Thus, these were eliminated from the current up-
date. They specified which previous topics would be
maintained and agreed upon new topics to include. Pre-
vious topics which were updated are Blood Pressure and
Oxygenation, Indications for Intracranial Pressure (ICP)
Monitoring, ICP Treatment Threshold, ICP Monitoring
Technology, Cerebral Perfusion Thresholds, Nutrition,
Antiseizure Prophylaxis, Hyperventilation, and Steroids.
New topics are Prophylactic Hypothermia, Brain Oxygen
Monitoring and Thresholds, Infection Prophylaxis, and
Deep Vein Thrombosis Prophylaxis. The previous topic
of Mannitol was expanded to Hyperosmolar Therapy, and
the previous topic of Barbiturates was expanded to Anes-
thetics, Analgesics, and Sedatives.

II. INCLUSION/EXCLUSION CRITERIA

Inclusion Criteria

e Human subjects

e Traumatic brain injury

« English language

e Adults (age 18 years)

« In-hospital (e.g., no studies from the prehospital set-
ting)

e 25 subjects

« Randomized controlled trials (RCTs), cohort stud-
ies, case-control studies, case series, databases, reg-
istries

Exclusion Criteria

e Sample contained 15% of pediatric patients or
15% of patients with pathologies other than TBI,

and the data were not reported separately (see Ap-
pendix C)

* Wrong independent variable (e.g., the intervention
was not specific to the topic)

» Wrong dependent variable (e.g., outcomes were not
mortality or morbidity, or did not associate with clin-
ical outcomes)

* Case studies, editorials, comments, letters

III. LITERATURE SEARCH
AND RETRIEVAL

Center staff worked with a doctoral level research li-
brarian to construct electronic search strategies for each
topic (see Appendix B). For new topics, the literature was
searched from 1966 to 2004, and for previous topics from
1996 to 2004. Strategies with the highest likelihood of
capturing most of the targeted literature were used, which
resulted in the acquisition of a large proportion of non-
relevant citations. Two authors were assigned to each
topic, and a set of abstracts was sent to each. Blinded to
each others’ work, they read the abstracts and eliminated
citations using the pre-determined inclusion/exclusion
criteria.

Center staff compared the selections, and identified
and resolved discrepancies either through consensus or
through use of a third reviewer. A set of full-text publi-
cations was then sent to each author. Again blinded to
each others’ work, they read the publications and selected
those that met the inclusion criteria.

Results of the electronic searches were supplemented
by recommendations of peers and by reading reference
lists of included studies. A second search was conducted
from 2004 through April 2006 to capture any relevant
Class I or Il literature (see Quality Assessment section
of this chapter) that might have been published since the
first literature search in 2004. Relevant publications were
added to those from the original search, constituting the
final library of studies that were used as evidence in this
document. The yield of literature from each phase of the
search is presented in Appendix D.
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IV. DATA ABSTRACTION
AND SYNTHESIS

Two authors independently abstracted data from each
publication using an evidence table template (see Ap-
pendix E). They compared results of their data abstrac-
tion and through consensus finalized the data tables. Due
to methodological heterogeneity of studies within topics,
and to the lack of literature of adequate quality, data were
not combined quantitatively for all but one topic. The ex-
ception was Prophylactic Hypothermia, for which a meta-
analysis was performed.

Authors drafted manuscripts for each topic. The entire
team gathered for a 2-day work session to discuss the lit-
erature base and to achieve consensus on classification
of evidence and level of recommendations. Some topics,
while considered important, were eliminated due to lack
of a literature base (e.g., At-Risk Non-Comatose Patient,
Hyperacute Rehabilitation, ICP in the Elderly, and De-
compressive Therapies). Manuscripts were revised. Vir-
tual meetings were held with a subset of the co-authors
to complete the editing and consensus processes. The fi-
nal draft manuscript was circulated to the peer review
panel.

V. QUALITY ASSESSMENT
AND CLASSIFICATION OF EVIDENCE
FOR TREATMENT TOPICS

In April of 2004, the Brain Trauma Foundation estab-
lished a collaboration with the Evidence-Based Practice
Center (EPC) from Oregon Health & Science University
(OHSU). Center staff worked with two EPC epidemiolo-
gists to develop criteria and procedures for the quality as-
sessment of the literature. Criteria for classification of evi-
dence based on study design and quality are in Table 1, and
are derived from criteria developed by the U.S. Preventive
Services Task Force,! the National Health Service Centre
for Reviews and Dissemination (U.K.),2 and the Cochrane
Collaboration.® These criteria were used to assess the liter-
ature for all topics except ICP Monitoring Technology.
Quality criteria specific to technology assessment were used
to assess the ICP Monitoring Technology topic.

Two investigators independently read the studies in-
cluded in the Evidence Tables (both new studies and
those maintained from the previous edition) and classi-
fied them as Class I, Il, or Ill, based on the design and
quality criteria in Table 1. Discrepancies were resolved
through consensus, or through a third person’s review.

TABLE 1. CRITERIA FOR CLASSIFICATION OF EVIDENCE

Class of evidence

Study design

Quality criteria

Good quality
randomized
controlled trial
(RCT)

Moderate quality
RCT

Good quality
cohort

Good quality
case-control

Poor quality
RCT

Adequate random assignment method

Allocation concealment

Groups similar at baseline

Outcome assessors blinded

Adequate sample size

Intention-to-treat analysis

Follow-up rate 85%

No differential loss to follow-up

Maintenance of comparable groups

Violation of one or more of the criteria for a good quality RCT?

Blind or independent assessment in a prospective study, or use
of reliable® data in a retrospective study

Non-biased selection

Follow-up rate 85%

Adequate sample size

Statistical analysis of potential confounders®

Accurate ascertainment of cases

Nonbiased selection of cases/controls with exclusion criteria
applied equally to both

Adequate response rate

Appropriate attention to potential confounding variables

Major violations of the criteria for a good or moderate quality
RCT?
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1l Moderate or poor
quality cohort

1| Moderate or poor
quality case-
control

11 Case Series,
Databases or
Registries

Violation of one or more criteria for a good quality cohort?

Violation of one or more criteria for a good quality case-

control?

aAssessor needs to make a judgment about whether one or more violations are sufficient to downgrade the class of study, based
upon the topic, the seriousness of the violation(s), their potential impact on the results, and other aspects of the study. Two or three
violations do not necessarily constitute a major flaw. The assessor needs to make a coherent argument why the violation(s) either do,

or do not, warrant a downgrade.

bReliable data are concrete data such as mortality or re-operation.
CPublication authors must provide a description of important baseline characteristics, and control for those that are unequally

distributed between treatment groups.

Class I Evidence is derived from randomized controlled
trials. However, some may be poorly designed, lack suffi-
cient patient numbers, or suffer from other methodological
inadequacies that render them Class |1 or Ill.

Class II Evidence is derived from clinical studies in
which data were collected prospectively, and retrospec-
tive analyses that were based on reliable data. Compari-
son of two or more groups must be clearly distinguished.
Types of studies include observational, cohort, preva-
lence, and case control. Class Il evidence may also be
derived from flawed RCTs.

Class III Evidence is derived from prospectively col-
lected data that is observational, and retrospectively col-
lected data. Types of studies include case series, data-
bases or registries, case reports, and expert opinion. Class
111 evidence may also be derived from flawed RCTs, co-
hort, or case-control studies.

VI. QUALITY ASSESSMENT
AND CLASSIFICATION OF EVIDENCE
FOR ICP MONITORING TECHNOLOGY

Quality criteria typically used for literature about tech-
nology assessment are presented in Table 2, and are de-
rived from criteria developed by the U.S. Preventive Ser-
vices Task Force.! As indicated in Table 2, a key criterion
for establishing Class | evidence for technology assess-
ment is the application of the device in patients with and
without the disease. Thus, the ability to use these crite-
ria in evaluating ICP monitoring technology is limited,
in that it would not be ethical to test the monitors in peo-
ple without probable elevated ICP. Criteria were applied
when feasible to estimate the reliability of the findings
from each study included for this topic; however, levels
of recommendation were not applied.

TABLE 2. QUALITY ASSESSMENT OF DIAGNOSTIC STUDIES

Criteria
Screening test relevant, available, adequately described

Study uses credible reference standard, performed regardless of test results
Reference standard interpreted independently of screening test

Handles indeterminate results in a reasonable manner
Spectrum of patients included in the study
Adequate sample size
Administration of reliable screening test
Class of evidence based on above criteria

Class I:  Evaluates relevant available screening test; uses a credible reference standard; interprets reference standard
independently of screening test; reliability of test assessed; has few or handles indeterminate results in a
reasonable manner; includes large number (more than 100) broad-spectrum patients with and without disease.

Class Il: Evaluates relevant available screening test; uses reasonable although not best standard; interprets reference
standard independent of screening test; moderate sample size (50-100 subjects) and with a “medium” spectrum
of patients. A study may be Class Il with fewer than 50 patients if it meets all of the other criteria for Class II.

Class IlI:

Has fatal flaw such as: uses inappropriate reference standard; screening test improperly administered; biased

ascertainment of reference standard; very small sample size of very narrow selected spectrum of patients.
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VII. LEVEL OF RECOMMENDATION

Levels of recommendation are Level I, Il, and I,
derived from Class I, I, and 111 evidence, respectively.
Level | recommendations are based on the strongest ev-
idence for effectiveness, and represent principles of pa-
tient management that reflect a high degree of clinical
certainty. Level 1l recommendations reflect a moderate
degree of clinical certainty. For Level Il recommen-
dations, the degree of clinical certainty is not estab-
lished.

To determine the recommendation level derived from
a meta-analysis, three criteria are considered:

« Are all included studies of the same quality class?

* Are the findings of the studies in the same or con-
tradictory directions?

e What are the results of analyses that examine po-
tential confounding factors?

Thus, a meta-analysis containing only Class Il studies
may be used to make a Level Ill recommendation if the
answers to the above questions render uncertainty in the
confidence of the overall findings.

VIII. REFERENCES
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3. Mulrow CD, Oxman AD. How to conduct a Cochrane sys-
tematic review. Version 3.0.2. Paper presented at: Cochrane
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I. Blood Pressure

I. RECOMMENDATIONS
A. Level 1

There are insufficient data to support a Level I rec-
ommendation for this topic.

B. Level II

Blood pressure should be monitored and hypotension
(systolic blood pressure 90 mm Hg) avoided.

C. Level III

Oxygenation should be monitored and hypoxia
(PaO, 60 mm Hg or O, saturation 90%) avoided.

II. OVERVIEW

For ethical reasons, a prospective, controlled study
concerning the effects of hypotension or hypoxia on out-
come from severe traumatic brain injury (TBI) has never
been done. Nevertheless, there is a growing body of ev-
idence that secondary insults occur frequently and exert
a powerful, adverse influence on outcomes from severe
TBI. These effects appear to be more profound than those
that result when hypoxic or hypotensive episodes of sim-
ilar magnitude occur in trauma patients without neuro-
logic involvement. Therefore, it is important to determine
if there is evidence for specific threshold values for oxy-
genation and blood pressure support.

III. PROCESS

For this update, Medline was searched from 1996
through April of 2006 (see Appendix B for search strat-
egy), and results were supplemented with literature rec-
ommended by peers or identified from reference lists. Of
17 potentially relevant studies, 3 were added to the ex-
isting table and used as evidence for this question (Evi-
dence Table I).

and Oxygenation

IV. SCIENTIFIC FOUNDATION

Hypoxemia

In TBI patients, secondary brain injury may result from
systemic hypotension and hypoxemia.>'® The effect of
hypoxemia was demonstrated by the analysis of a large,
prospectively collected data set from the Traumatic Coma
Data Bank (TCDB).>!! Hypoxemia occurred in 22.4%
of severe TBI patients and was significantly associated
with increased morbidity and mortality.

In a helicopter transport study, which was not adjusted
for confounding factors, 55% of TBI patients were hy-
poxemic prior to intubation.'® Of the hypoxemic patients,
46% did not have concomitant hypotension. In non-hyp-
oxemic patients, mortality was 14.3% with a 4.8% rate
of severe disability. However, in patients with docu-
mented O, saturations of 60%, the mortality rate was
50% and all of the survivors were severely disabled.

In an inhospital study of 124 patients with TBI of vary-
ing degrees of severity, Jones et al. performed a subgroup
analysis of 71 patients for whom there was data collec-
tion for eight different types of secondary insults (in-
cluding hypoxemia and hypotension).® Duration of
hypoxemia (defined as SaO, 90%; median duration
ranging from 11.5 to 20 min) was found to be an inde-
pendent predictor of mortality (p  0.024) but not mor-
bidity (“good” outcome [12-month GCS of good recov-
ery and moderate disability] versus “bad” outcome [GCS
of severe disability, vegetative survival, or death], p
0.1217).

Hypotension

Both prehospital and inhospital hypotension have been
shown to have a deleterious influence on outcome from
severe TBL.# In the TCDB studies referenced above,?!!
a single prehospital observation of hypotension (systolic
blood pressure [SBP] 90 mm Hg) was among the five
most powerful predictors of outcome. This was statisti-
cally independent of the other major predictors such as
age, admission Glasgow Coma Scale (GCS) score, ad-
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I. BLOOD PRESSURE AND OXYGENATION

mission GCS motor score, intracranial diagnosis, and
pupillary status. A single episode of hypotension was as-
sociated with increased morbidity and a doubling of mor-
tality as compared with a matched group of patients with-
out hypotension.> These data validate similar
retrospectively analyzed Class III>:¢7%-12-17.19 reports
published previously.

Several studies analyzed the association of inhospital
hypotension with unfavorable outcomes. Manley et al.
reported a non-significant trend toward increased mor-
tality in patients with GCS 13 experiencing a single
inhospital event of hypotension (SBP  90) (relative risk
2.05,95% CI 0.67—6.23).10 The relative risk increased to
8.1 (95% CI 1.63-39.9) for those with two or more
episodes. Thus repeated episodes of hypotension in the
hospital may have a strong effect on mortality. Jones et
al. found that in patients with episodes of in-hospital hy-
potension, increased total duration of hypotensive
episodes was a significant predictor of both mortality
(» 0.0064) and morbidity (“Good” vs. “Bad” outcome,
p 00118).3

The question of the influence of hypoxia and hy-
potension on outcome has not been subject to manipula-
tive investigation, as it is unethical to assign patients to
experimental hypotension. Therefore the large, prospec-
tively collected, observational data set from the TCDB is
the best information on the subject that is available. This
and other studies show a strong association between hy-
potension and poor outcomes. However, because of eth-
ical considerations there is no Class I study of the effect
of blood pressure resuscitation on outcome.

In a series of studies by Vassar et al.,?*~2? designed to
determine the optimal choice of resuscitation fluid, cor-
recting hypotension was associated with improved out-
comes. One of these studies was a randomized, double-
blind, multicenter trial comparing the efficacy of
administering 250 mL of hypertonic saline versus nor-
mal saline as the initial resuscitation fluid in 194 hy-
potensive trauma patients; 144 of these patients (74%)
had a severe TBI (defined as an abbreviated injury score
[AIS] for the head of 4, 5, or 6). Hypertonic saline sig-
nificantly increased blood pressure and decreased over-
all fluid requirements.

Resuscitation End-Points

The value of 90 mm Hg as a systolic pressure thresh-
old for hypotension has been defined by blood pressure
distributions for normal adults. Thus, this is more a sta-
tistical than a physiological finding. Given the influence

of cerebral perfusion pressure (CPP) on outcome, it is
possible that systolic pressures higher than 90 mm Hg
would be desirable during the prehospital and resuscita-
tion phase, but no studies have been performed thus far
to corroborate this. The importance of mean arterial pres-
sure, as opposed to systolic pressure, should also be
stressed, not only because of its role in calculating CPP,
but because the lack of a consistent relationship between
systolic and mean pressures makes calculations based on
systolic values unreliable. It may be valuable to maintain
mean arterial pressures considerably above those repre-
sented by systolic pressures of 90 mm Hg throughout the
patient’s course, but currently there are no data to sup-
port this. As such, 90 mm Hg should be considered a
threshold to avoid; the actual values to target remain un-
clear.

V. SUMMARY

A significant proportion of TBI patients have hypox-
emia or hypotension in the prehospital setting as well as
inhospital. Hypotension or hypoxia increase morbidity
and mortality from severe TBI. At present, the defining
level of hypotension is unclear. Hypotension, defined as
a single observation of an SBP of less than 90 mm Hg,
must be avoided if possible, or rapidly corrected in se-
vere TBI patients.'* A similar situation applies to the de-
finition of hypoxia as apnea cyanosis in the field, or a
PaO, 60 mm Hg. Clinical intuition suggests that cor-
recting hypotension and hypoxia improves outcomes;
however, clinical studies have failed to provide the sup-
porting data.

VI. KEY ISSUES
FOR FUTURE INVESTIGATION

The major questions for resuscitating the severe TBI
patient are as follows:

» The level of hypoxia and hypotension that correlates
with poor outcome

e Treatment thresholds

* Optimal resuscitation protocols for hypoxia and hy-
potension

e The impact of correcting hypoxia and hypotension
on outcome

 Specification of target values
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I. BLOOD PRESSURE AND OXYGENATION

VII. EVIDENCE TABLE

EVIDENCE TABLE I. BLOOD PRESSURE AND OXYGENATION

Data
Reference Description of study class Conclusion
Chesnut et A prospective study of 717 I Hypotension was a statistically
al., 19932 consecutive severe TBI patients independent predictor of outcome.
admitted to four centers A single episode of hypotension
investigated the effect on during this period doubled
outcome of hypotension (SBP mortality and also increased
90 mm Hg) occurring from morbidity. Patients whose
injury through resuscitation. hypotension was not corrected in
the field had a worse outcome than
those whose hypotension was
corrected by time of ED arrival.
Cooke et A prospective audit of 131 I 27% of patients were hypoxemic
al., 19953 patients with severe TBI on arrival to the ED.

Fearnside et
al., 19934

Gentleman
et al., 19925

Hill et
al., 19936

Jeffreys et
al., 19817

Kohi et al.,
1984°

evaluating the early
management of these patients in
Northern Ireland.

A prospective study of
prehospital and inhospital
predictors of outcome in 315
consecutive severe TBI patients
admitted to a single trauma
center.

A retrospective study of 600
severe TBI patients in three
cohorts evaluating the influence
of hypotension on outcome and
the effect of improved
prehospital care in decreasing
its incidence and negative
impact.

A retrospective study of
prehospital and ED
resuscitative management
of 40 consecutive, multitrauma
patients. Hypotension SBP 80
mm Hg) correlated strongly
with fatal outcomes.
hemorrhagic hypovolemia was
the major etiology of
hypotension.

A retrospective review of
hospital records in 190 TBI
patients who died after
admission

A retrospective evaluation of 67
severe TBI patients seen over a
6-month period were correlated
with 6-month outcome.

1T Hypotension (SBP
90 mm Hg) was an independent
predictor of increased morbidity
and mortality.

11 Improving prehospital
management decreased the
incidence of hypotension but its
impact on outcome in patients
suffering hypotensive insults was
maintained as a statistically
significant, independent predictor
of poor outcome. Management
strategies that prevent or minimize
hypotension in the prehospital
phase improve outcome from
severe TBI.

11T Improving the management of
hypovolemic hypotension is a
potential mechanism for improving
the outcome from severe TBI.

I Hypotension was one of the four
most common avoidable factors
correlated with death.

I Early hypotension increases the
mortality and worsens the
prognosis of survivors
in severe TBIL.

(continued)
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EvIDENCE TABLE I. BLOOD PRESSURE AND OXYGENATION (CONT’D)

Data
Reference Description of study class Conclusion
Marmarou From a prospectively collected 1 The two most critical values were
et al., 19911 database of 1,030 severe TBI the proposition of hourly ICP
patients; all 428 patients who readings greater than 20 mm Hg
met ICU monitoring criteria and the proportion of hourly SBP
were analyzed for monitoring readings less than 80 mm Hg. The
parameters that determined incidence of morbidity and
outcome and their threshold mortality resulting from severe
values. TBI is strongly related to ICP and
hypotension measured during the
course of ICP management.
Miller et al., A prospective study of 225 I Hypotension (SBP 95 mm Hg)
198212 severely head-injured patients was significantly
regarding the influence of associated with increased
secondary insults on outcome. morbidity and mortality.
Miller et One hundred consecutive 1 Hypotension (SBP 95 mm Hg)
al., 197813 severe TBI patients were associated with a non-significant
prospectively studied regarding trend toward worse outcome in
the influence of secondary entire cohort. This trend met
insults on outcome. Seminal statistical significance for patients
report relating early without mass lesions. Hypotension
hypotension to increased is a predictor of increased
morbidity and mortality. morbidity and mortality from
Influence of hypotension on severe TBI.
outcome not analyzed
independently from other
associated factors.
Narayan et Retrospective analysis of 207 1 ICP control using a threshold of 20
al., 198214 consecutively admitted severe mm Hg as a part of an overall
TBI patients. Management aggressive treatment approach to
included aggressive attempts to severe TBI associated with
control ICP using a threshold of improved outcome.
20 mm Hg.
Pietropaoli A retrospective review of the 1 Early surgery with intraoperative
et al., 199215 impact of hypotension (SBP hypotension was significantly
90 mm Hg) on 53 otherwise correlated with increased mortality
normotensive severe TBI from severe TBI in a duration-
patients who received early dependent fashion. The mortality
surgery (within 72 h of rate was 82% in the group with
injury). hypotension and 25% in the
normotensive group (p  0.001).
The duration f intraoperative
hypotension was inversely
correlated with Glasgow Outcome
Scale score using linear regression
(R 0.30,p  0.02).
Rose et al., A retrospective review of 111 Hypotension is a major avoidable
197716 hospital and necropsy records cause of increased mortality in
of 116 TBI patients who were patients with moderate TBI.
known to have talked before
dying.
Seelig et A study of all patients (n  160) 1 Early hypotension was
al., 1986'7 with an ICP of 30 mm Hg significantly correlated with
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Stocchetti

et al.,
199618

Vassar et

al., 199020

Vassar et
al., 199121

Vassar et
al., 199322

New studies

Jones et al.,
19948

I. BLOOD PRESSURE AND OXYGENATION

during the first 72 h after
injury from a prospectively
collected database of severe
TBI patients (n~ 348).

A cohort study of 50 trauma

patients transported from the
scene by helicopter, which
evaluated the incidence and
effect of hypoxemia and
hypotension on outcome.

A randomized, double-blind,

clinical trial of 106 patients
over an 8-month period.
Intracranial hemorrhage was
present in 28 (26%) patients.

A randomized, double-blind

multicenter clinical trial of 166
hypotensive patients over a 44-month
month period. Fifty-three of

these patients (32%) had a

severe TBI (defined as an AIS score
for the head of 4, 5, or 6).

A randomized, double-blind

multicenter trial comparing the
efficacy of administering 250
mL of hypertonic saline versus
normal saline as the initial
resuscitation fluid in 194
hypotensive trauma patients
over a 15-month period. 144 of
these patients (74%) had a
severe TBI (defined as an
abbreviated injury score [AIS]
for the head of 4, 5, or 6).

Prospective analysis of 124

patients 14 years old admitted
to single center with a GCS

12, or 12 and Injury Severity
Score 16, with clinical

increased incidence and severity of
intracranial hypertension and
increased mortality.

Fifty-five percent of patients were
hypoxic (SaO,  90%) and 24%
were hypotensive. Both hypoxemia
and hypotension negatively
affected outcome, however, the
degree to which each
independently affected the
outcome was not studied.

No beneficial or adverse effects of
rapid infusion of 7.5% NaCl or
7.5% NaCl/6% dextran 70 were
noted. There was no evidence of
potentiating intracranial bleeding.
There were no cases of central
pontine myelinolysis; however,
patients with severe pre-existing
disease were excluded from the
study.

The survival rate of severely head-
injured patients to hospital
discharge was significantly higher
for those who received hypertonic
saline/dextran (HSD) (32% of
patients with HSD vs. 16% in

Raising the blood pressure in the
hypotensive, severe TBI patient
improves outcome in proportion to
the efficacy of the resuscitation.
Prehospital administration of 7.5%
sodium chloride to hypotensive
trauma patients was associated
with a significant increase in blood
pressure compared with infusion of
Lactated Ringer’s (LR) solution.
The survivors in the LR and
hypertonic saline (HS) groups had
significantly higher blood
pressures than the non-survivors.
Thee was no significant increase
in the overall survival of patients
with severe brain injuries,
however, the survival rate in the
HS group was higher than that in
the LR group for the cohort with a
baseline GCS score of 8 or less.

Mortality is best predicted by
durations of hypotensive (p
0.0064), hypoxemia (p  0.0244),
and pyrexic (p  0.0137) insults.
Morbidity (“Good” vs. “Bad”

(continued)



I. BLOOD PRESSURE AND OXYGENATION

EvVIDENCE TABLE I. BLOOD PRESSURE AND OXYGENATION (CONT’D)

received continuous monitoring
of ICP, MAP, CPP, and jugular
venous saturation (SjO5).
Primary outcomes were GOS
and Disability Rating Scale
(DRS). Analysis included
multiple regression model
evaluating effect of physiologic
variables on outcome.

Data

Reference Description of study class Conclusion
indications for monitoring. outcome) was predicted by
Subgroup analysis performed hypotensive insults (p 0.0118),
on 71 patients for whom data and pupillary response on
existed for 8 potential admission (p  0.0226).
secondary insults (ICP,
hypotension, hypertension,
CPP, hypoxemia, pyrexia,
bradycardia, tachycardia) to
identify predictors of morbidity/
mortality

Manley et Prospective cohort of 107 I Early inhospital hypotension but

al., 200110 patients with GCS 13 admitted not hypoxia is associated with

to a single center; primarily increased mortality. Odds ratio for
evaluating impact of hypoxic mortality increases from 2.1 to 8.1
and hypotensive episodes with repeated episodes of
during initial resuscitation on hypotension.
mortality. Impact of multiple
episodes of hypoxia or
hypotension analyzed.

Struchen et Cohort of 184 patients with I Adjusting for age and emergency

al., 2001"° severe TBI admitted to a single room GCS, ICP 25 mm Hg,

level I trauma center MAP 80 mm Hg, CPP 60 mm
neurosurgical ICU who Hg, and SjO,  50% were

associated with worse outcomes.
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II. Hyperosmolar Therapy

I. RECOMMENDATIONS

A. Level 1

There are insufficient data to support a Level I rec-
ommendation for this topic.

B. Level II

Mannitol is effective for control of raised intracranial
pressure (ICP) at doses of 0.25 gm/kg to 1 g/kg body
weight. Arterial hypotension (systolic blood pressure

90 mm Hg) should be avoided.

C. Level IIl

Restrict mannitol use prior to ICP monitoring to pa-
tients with signs of transtentorial herniation or progres-
sive neurological deterioration not attributable to ex-
tracranial causes.

II. OVERVIEW

Hyperosmolar agents currently in clinical use for trau-
matic brain injury (TBI) are mannitol and hypertonic
saline (HS) (Table 1).

Mannitol

Mannitol is widely used in the control of raised ICP
following TBI. Its use is advocated in two circumstances.
First, a single administration can have short term bene-
ficial effects, during which further diagnostic procedures
(e.g., CT scan) and interventions (e.g., evacuation of in-
tracranial mass lesions) can be accomplished. Second,
mannitol has been used as a prolonged therapy for raised
ICP. There is, however, a lack of evidence to recommend
repeated, regular administration of mannitol over several
days. Although there are data regarding its basic mecha-
nism of action, there are few human studies that validate
different regimens of mannitol administration.

Hypertonic Saline

Current therapies used for ICP control (mannitol, bar-
biturates) bear the risk of further reducing perfusion to

the brain either by lowering blood pressure and cerebral
perfusion pressure (CPP) or by causing cerebral vaso-
constriction (hyperventilation). Ideally, a therapeutic in-
tervention should effectively reduce ICP while preserv-
ing or improving CPP.

The use of HS for ICP control was discovered from
studies on “small volume resuscitation.”?843-5159 Hyper-
tonic saline solutions were tested in poly-traumatized pa-
tients with hemorrhagic shock. The subgroup with ac-
companying TBI showed the greatest benefit in terms of
survival and hemodynamic parameters were restored ef-
fectively.”® The findings that HS may benefit patients
with TBI while preserving or even improving hemody-
namic parameters stimulated further research on the ef-
fects of HS solutions on increased intracranial pressure
in patients with TBI!>18.36.4041.46,51 gbarachnoid hem-
orrhage,!8-3-¢ stroke,’° and other pathologies.'*

III. PROCESS

This chapter combines information from the previous
guideline about mannitol with new information about hy-
pertonic saline. For this topic, Medline was searched from
1966 through April of 2006 (see Appendix B for search
strategy), and results were supplemented with literature
recommended by peers or identified from reference lists.
Of 42 potentially relevant studies, no new studies were
added to the existing table for mannitol (Evidence Table
I) and 2 were included as evidence for the use of hyper-
tonic saline (Evidence Table II).

Three publications about mannitol were identified in the
literature research®%-10 that were not included as evidence
due to questions about the integrity of the trial data.%!

IV. SCIENTIFIC FOUNDATION

Mannitol

Over the last three decades, mannitol has replaced
other osmotic diuretics for the treatment of raised
ICP.2:4.7.12.19.20.26.30 1ts peneficial effects on ICP, CPP,
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CBF, and brain metabolism, and its short-term beneficial
effect on neurological outcome are widely accepted as a
result of many mechanistic studies performed in humans
and in animal models.”-3134-35-37 There is still controversy
regarding the exact mechanisms by which it exerts its
beneficial effect, and it is possible that it has two distinct
effects in the brain.

1. One effect may be an immediate plasma expanding
effect, which reduces the hematocrit, increases the de-
formability of erythrocytes, and thereby reduces blood
viscosity, increases CBF, and increases cerebral oxy-
gen delivery.>0:21:31,35.34.35.44 These rheological ef-
fects may explain why mannitol reduces ICP within a
few minutes of its administration, and why its effect
on ICP is most marked in patients with low CPP
( 70).30.33.34.44

2. The osmotic effect of mannitol is delayed for 15-30
min while gradients are established between plasma
and cells.? Its effects persist for a variable period of
90 min to 6 or more h, depending upon the clinical
conditions.*%27-307  Arterial hypotension, sepsis,
nephrotoxic drugs, or preexisting renal disease place
patients at increased risk for renal failure with hyper-
osmotic therapy.*13-26:31

Relatively little is known regarding the risks of man-
nitol when given in combination with hypertonic saline,
or when used for longer periods (24 h). The last edi-
tion of these guidelines provided a Level III recommen-
dation that intermittent boluses may be more effective
than continuous infusion. However, recent analysis con-
cluded that there are insufficient data to support one form
of mannitol infusion over another.*>46:48

The administration of mannitol has become common
practice in the management of TBI with suspected or ac-
tual raised intracranial pressure. In a randomized con-
trolled trial (RCT) comparing mannitol with barbiturates
for control of high ICP after TBI, mannitol was superior
to barbiturates, improving CPP, ICP, and mortality.*’
However, the evidence from this study is Class III.

Hypertonic Saline

Mechanism of action. The principal effect on ICP is
possibly due to osmotic mobilization of water across the
intact blood—brain barrier (BBB) which reduces cerebral
water content.>!7-3%60 While not applicable as evidence,
in an animal study HS was shown to decrease water con-
tent, mainly of non-traumatized brain tissue, due to an
osmotic effect after building up a gradient across the in-
tact blood brain barrier.!! Effects on the microcirculation
may also play an important role: HS dehydrates en-
dothelial cells and erythrocytes which increases the di-

ameter of the vessels and deformability of erythrocytes
and leads to plasma volume expansion with improved
blood flow.?225-29:39:49.52,53 HS also reduces leukocyte
adhesion in the traumatized brain.'6

Potential side effects. A rebound phenomenon as seen
with mannitol has been reported after 3% saline admin-
istration for non-traumatic edema,*® but not after human
TBI even with multiple use.'®!'8 Hypertonic saline infu-
sion bears the risk of central pontine myelinolysis when
given to patients with preexisting chronic hypona-
tremia.>* Hyponatremia should be excluded before ad-
ministration of HS. In healthy individuals with nor-
monatremia, central pontine myelinolysis was not
reported with doses of hypertonic saline given for ICP
reduction. In the pediatric population sustained hyperna-
tremia and hyperosmolarity were generally well tolerated
as long as there were no other conditions present, such
as hypovolemia which may result in acute renal failure.?
Hypertonic saline also carries a risk of inducing or ag-
gravating pulmonary edema in patients with underlying
cardiac or pulmonary problems.*’

Continuous infusion. Shackford et al. conducted a RCT
with 34 adult patients with a GCS of 13 and less after TBI.
The hypertonic saline group received 1.6% saline titrated
to treat hemodynamic instability with systolic blood pres-
sures of 90 mm Hg during their pre and inhospital phase
for up to 5 days.>' Maintenance fluid in these patients was
normal saline. The other patient group received lactated
Ringer’s for hemodynamic instability and half normal
saline as maintenance solution. The groups were not well
matched and the HS group at baseline had higher ICPs and
lower GCS scores. Despite these differences the ICP
course was not different between groups. Outcome at dis-
charge was also not different between groups. Serum
sodium and osmolarity were higher in the HS group. Given
the difference in study groups in terms of initial ICP and
GCS, it is not possible to draw firm conclusions from this
study. In addition, the concentration of HS tested (1.6%)
was low compared to other trials.

In a retrospective study, Qureshi et al. reported the ef-
fects of a continuous 3% saline/acetate infusion in 36 pa-
tients with severe TBI compared to the continuous infu-
sion of normal saline in 46 control patients.*! The
incidence of cerebral mass lesions and penetrating TBI
was higher in the HS group and ICP was not monitored
in all patients. Given the mismatch of patients between
groups this study does not help to clarify the role of con-
tinuous infusion of HS after TBI.

More studies regarding continuous administration of
HS have been done in children with severe TBL! Three
Class III studies showed beneficial effects of continuous
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HS infusion on ICP in pediatric TBI patients.?338- Ef-
fective doses range between 0.1 and 1.0 mL/kg of body
weight per hour, administered on a sliding scale. The
choice of mannitol or hypertonic saline as first line hy-
perosmolar agent was left to the treating physician. The
pediatric guidelines' currently recommend continuous in-
fusion of 3% saline for control of increased ICP as a Level
IIT recommendation.

Bolus administration for treatment of intracranial hy-
pertension. Four case series have been published evalu-
ating bolus infusion of between 7.2% and 10% saline in
patients after TBI.!%18-3645 [n a total of 32 patients, bo-

lus infusion of HS reliably decreased ICP in all studies.
HS effectively lowered ICP in patients that were refrac-
tory tomannitol.!®1845 Repeated administration of HS in
the same patient was always followed by a reduction in
ICP and a rebound phenomenon was not observed.!'®18
In a pilot RCT HS bolus infusion was compared to man-
nitol in nine patients, and HS was found to be equivalent
or superior to mannitol for ICP reduction.> Taken to-
gether, these studies suggest that HS as a bolus infusion
may be an effective adjuvant or alternative to mannitol
in the treatment of intracranial hypertension. However,
the case series design, and the small sample of the trial,
do not allow for conclusions.

TABLE 1. DEFINITION OF COMMONLY USED TERMS IN THE TREATMENT
OF INTRACRANIAL HYPERTENSION WITH HYPEROSMOTIC SOLUTIONS

Osmolarity

The osmotic concentration of a solution

expressed as osmoles of solute per liter of
solution

Osmolality

The osmotic concentration of a solution

expressed as osmoles of solute per kg of
solution.

Osmolality (mOsm/kg)
(glucose/18)

([Na] 2)
(BUN/2.3) (Na in

mmol/L glucose and BUN in mg/dL)

Osmotic pressure

The pressure exerted by a solution

necessary to prevent osmosis into that
solution when it is separated from the pure
solvent by a semipermeable membrane.

Osmotic pressure (mmHg)

19.3

osmolality (mOsm/kg)

Oncotic pressure

A small portion of the total osmotic

pressure that is due to the presence of large
protein molecules

Hyperosmolarity

Increase in the osmolarity of a solution to

above the normal plasma concentration

Hypertonicity

The ability of a hyperosmolar solution to

redistribute fluid from the intra- to the
extracellular compartment. Urea, for
example, may be hyperosmotic but since it
equilibrates rapidly across membranes it is
not hypertonic (see Table 2: low BBB
reflexion coefficient for urea)

V. SUMMARY

Mannitol is effective in reducing ICP in the man-
agement of traumatic intracranial hypertension. Current

evidence is not strong enough to make recommendations
on the use, concentration and method of administration
of hypertonic saline for the treatment of traumatic in-
tracranial hypertension.
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VI. KEY ISSUES FOR FUTURE
INVESTIGATION

* An RCT is required to determine the relative bene-
fit of hypertonic saline versus mannitol.

* Research is needed to determine the optimal admin-
istration and concentration for hypertonic saline.

* The use of a single high dose of mannitol needs to

be validated, preferably in a multicenter trial, as well
as for the entire severe TBI population.

* Studies are required to determine the efficacy of pro-

longed hypertonic therapy for raised ICP, especially
with respect to the effect of this therapy in relation
to outcome.

VII. EVIDENCE TABLES

EvIDENCE TABLE I. MANNITOL
Data

Reference Description class Conclusion

Becker and The alleviation of increased ICP by 1 Continuous infusion of Mannitol offers
Vries, chronic administration of osmotic no advantage over bolus use. Mannitol,
19724 agents. Retrospective analysis over often causes renal failure when

an epoch of ICU care; patients not continued if serum osmolarity exceeds
clearly identified. 320 mOSm.

Eisenberg High dose barbiturate control of 1I Mannitol, hyperventilation, and CSF
et al., elevated ICP in patients with severe drainage were effective for ICP control
198812 TBI. A trial of barbiturates in in 78% of patients.

patients who fail ICP control with
conventional measures (n 73)
randomized patients).

James et Method for the control of ICP with 1 Effect becomes less after multiple
al., hypertonic mannitol. Retrospective doses, especially greater than 3—4
1980'° study based upon ICU usage doses/24 h. Hyperventilation

patterns. initially avoids risk of ICP “spike” in
first minutes.

Marshall Mannitol dose requirements in TBI III 1. An osmotic gradient of 10 mOSm or
et al., patients. Retrospective study. more is effective in lowering ICP.
197827 2. Fast i.v. infusion of 0.5-1 g/kg is

best; effect begins at 2 min, lasts 6-8
h or more.

3. Effect becomes less after multiple
doses—esp. 3—4 doses/24 h

4. Hyperventilation initially avoids any
risk of ICP “spike” in first minutes.

Mendelow Effect of mannitol on cerebral blood 1 Mannitol consistently improved
et al., flow and cerebral perfusion pressure MAP, CPP, and CBF, and lowered ICP
198531 in human TBI. Retrospective by 10-20 min after infusion; the

analysis. effect was greater with diffuse injury,
and in normal hemisphere. CBF
increase was greatest when CPP was
50 mm Hg. (rheologic effect is
important).

Miller et Effect of mannitol and steroid 111 Brain compliance and V/P response
al., therapy on intracranial volume- improves rapidly after mannitol
197532 pressure relationships. infusion; possibly a rheological effect.

Observations in an ICU TBI
population, using, e.g., pressure/
volume index as endpoint.
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EviDENCE TABLE I. MANNITOL (CONT’D)

al., 199831 comparing 1.6% saline to
lactated Ringer’s for
hemodynamic instability in
pre and inhospital phase in 34
patients with TBI and GCS

13.

Data
Reference Description class Conclusion
Muizelaar Effect of mannitol on ICP and CBF 11 Mannitol works best on ICP when
et al., and correlation with pressure autoregulation is intact; suggests
198433 autoregulation in severe TBI rheologic effect is more important than
patients. osmotic effect.
Schwartz Randomized trial comparing I Pentobarbital was not significantly
et al., mannitol with barbiturates for ICP better than mannitol. Mannitol group
198449 control. Crossover permitted. had better outcome mortality 41% vs.
Sequential analysis, n 59. 77%. CPP much better with mannitol
than barbiturates (75 vs. 45 mm Hg)
EvIDENCE TABLE II. HYPERTONIC SALINE
Data
Reference Description class Conclusion
Qureshi et al., Retrospective analysis 1 More penetrating TBI and mass lesions
199941 comparing continuous in HS group. HS group had a higher
administration of 3% sodium inhospital mortality. Patients treated
chloride/acetate solution at with HS were more likely to receive
75-50 mL/h (n 30) or 2% barbiturate treatment.
solution (n  6) to NS
maintenance in 82 TBI
patients with GCS 8.
Shackford et Randomized controlled trial 1 Baseline ICP higher and GCS lower in

HS group. Despite this, HS effectively
lowered ICP; ICP course was not
different between groups. Cumulative
fluid balance greater in LR group. Daily
serum sodium, osmolarity and ICP
interventions greater in HS group. GOS
was not different between groups

VIII. REFERENCES

. Adelson PD, Bratton SL, Carney NA, et al. Guidelines for
the acute medical management of severe traumatic brain
injury in infants, children, and adolescents. Pediatr. Crit.
Care Med. 2003:4.

. Barry KG, Berman AR. Mannitol infusion. Part III. The
acute effect of the intravenous infusion of mannitol on
blood and plasma volume. N. Engl. J. Med. 1961;264:
1085-1088.

. Battison C, Andrews PJ, Graham C, et al. Randomized,
controlled trial of the effect of a 20% mannitol solution and
a 7.5% saline/6% dextran solution on increased intracra-
nial pressure after brain injury. Crit. Care Med. 2005;33:
196-202.

S-18

. Becker DP, Vries JK. The alleviation of increased in-

tracranial pressure by the chronic administration of osmotic
agents. In: Intracranial Pressure M. Brock and H Dietz
(eds), Springer: Berlin) 1972:309-315.

. Berger S, Schurer L, Hartl R, et al. Reduction of post-trau-

matic intracranial hypertension by hypertonic/hyperoncotic
saline/dextran and hypertonic mannitol. Neurosurgery
1999;37:98-107.

. Brown FD, Johns L, Jafar JJ, et al. Detailed monitoring of

the effects of mannitol following experimental head injury.
J Neurosurg 1979;50:423-432.

. Bullock R, Teasdale GM. Head injuries. In: ABC of Ma-

jor Trauma. Skinner, O’Driscoll, and Erlam (eds), BMJ
Medical Publisher: London, 1991.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

II. HYPEROSMOLAR THERAPY

. Cruz J, Minoja G, Okuchi K. Improving clinical outcomes

from acute subdural hematomas with the emergency pre-
operative administration of high doses of mannitol: a ran-
domized trial. Neurosurgery 2001;49:864—-871.

. Cruz J, Minoja G, Okuchi K. Major clinical and physio-

logical benefits of early high doses of mannitol for intra-
parenchymal temporal lobe hemorrhages with abnormal
papillary widening: a randomized trial. Neurosurgery
2002;51:628-637.

Cruz J, Minoja G, Okuchi K, et al. Successful use of new
high-dose mannitol treatment in patients with Glasgow Coma
Scale scores of 3 and bilateral abnormal pupillary widening:
a randomized trial. J. Neurosurg. 2004;100:376-383.

Cserr HF, De Pasquale M, Patlak CS. Regulation of brain
water and electrolytes during acute hyperosmolality in rats.
Am. J. Physiol. 1987;253:F522-529.

Eisenberg HM, Frankowski RF, Contant C, Marshall LM,
Walker MD, and the Comprehensive Central Nervous Sys-
tem Trauma Centers. High-dose barbiturate control of ele-
vated intracranial pressure in patients with severe head in-
jury. J. Neurosurg. 1988;69:15-23.

Feig PU, McCurdy DK. The hypertonic state. N. Engl. J.
Med. 1977;297:1449.

Gemma M, Cozzi S, Tommasino C, et al. 7.5% hypertonic
saline versus 20% mannitol during elective supratentorial
procedures. J. Neurosurg. Anesthesiol. 1997;9:329-334.

Hartl R, Ghajar J, Hochleuthner H, et al. Hypertonic/hy-
peroncotic saline reliably reduces ICP in severely head-in-
jured patients with intracranial hypertension. Acta Neu-
rochir. Suppl. (Wien) 1977;70:126-129.

Hirtl R, Medary M, Ruge M, et al. Hypertonic/hyperon-
cotic saline attenuates microcirculatory disturbances after
traumatic brain injury. J. Trauma 1977;42:S41-S47.

Hirtl R, Schiirer L, Goetz C, et al. The effect of hypertonic
fluid resuscitation on brain edema in rabbits subjected to
brain injury and hemorrhagic shock. Shock 1995:3:
274-279.

Horn P, Munch E, Vajkoczy P, et al. Hypertonic saline so-
lution for control of elevated intracranial pressure in pa-
tients with exhausted response to mannitol and barbiturates.
Neurol. Res. 1999;21:758-764.

James HE. Methodology for the control of intracranial pres-
sure with hypertonic mannitol. Acta Neurochir. 1980;
51:161-172.

Jennett B, Teasdale GM. Management of Head Injuries. FA
Davis: Philadelphia, 1982.

Kassel NF, Baumann KW, Hitchon PW, et al. The effect
of high dose mannitol on cerebral blood flow in dogs with
normal intracranial pressure. Stroke 1982;13:59-61.

Kempski O, Obert C, Mainka T, et al. Small volume re-
suscitation as treatment of cerebral blood flow disturbances
and increased ICP in trauma and ischemia. Acta Neurochir.
Suppl. 1996;66:114-117.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

S-19

Khanna S, Davis D, Peterson B, et al. Use of hypertonic
saline in the treatment of severe refractory posttraumatic
intracranial hypertension in pediatric traumatic brain in-
jury. Crit. Care Med. 2000;28:1144-1151.

Kleinschmidt-DeMasters BK, Norenberg MD. Rapid cor-
rection of hyponatremia causes demyelination: relation to
central pontine myelinolysis. Science 1981;211:1068—
1070.

Kreimeier U, Bruckner UB, Messmer K. Improvement of
nutritional blood flow using hypertonic-hyperoncotic solu-
tions for primary treatment of hemorrhagic hypotension.
Eur. Surg. Res. 1988;20:277-279.

Loughhead MG. Brain resuscitation and protection. Med.
J. Aust. 1988;148:458—-466.

Marshall LF, Smith RW, Rauscher LA. Mannitol dose re-
quirements in brain injured patients. J. Neurosurg. 1978;
48:169-172.

Mattox KL, Maningas PA, Moore EE, et al. Prehospital hy-
pertonic saline/dextran infusion for post-traumatic hy-
potension. The U.S.A. Multicenter Trial. Ann. Surg.
1991;213:482-491.

Mazzoni MC, Borgstrom P, Intaglietta M, et al. Capillary nar-
rowing in hemorrhagic shock is rectified by hyperosmotic
saline-dextran reinfusion. Circ. Shock 1990;31:407-418.

McGraw CP, Howard G. The effect of mannitol on in-
creased intracranial pressure. Neurosurgury 1983;13:
269-271.

Mendellow AD, Teasdale GM, Russell T, et al. Effect of
mannitol on cerebral blood flow and cerebral perfusion
pressure in human head injury. J. Neurosurg. 1985;63:
43-48.

Miller JD, Leach PJ. Assessing the effects of mannitol and
steroid therapy on intracranial volume/pressure relation-
ships. J. Neurosurg. 1975;42:274-281.

Muizelaar JP, Lutz HA, Becker DP. Effect of mannitol on
ICP and CBF and correlation with pressure autoregulation
in severely head injured patients. J. Neurosurg. 1984;61:
700-706.

Muizelaar JP, Vanderpoel HG, Li Z, et al. Pial arteriolar
diameter and CO2 reactivity during prolonged hyperventi-
lation in the rabbit. J. Neurosurg. 1988;69:923-927.

Muizelaar JP, Wei EP, Kontos HA, et al. Mannitol causes
compensatory cerebral vasoconstriction and vasodilatation to
blood viscosity changes. J. Neurosurg. 1983;59:822-828.

Munar F, Ferrer AM, de Nadal M, et al. Cerebral hemo-
dynamic effects of 7.2% hypertonic saline in patients with
head injury and raised intracranial pressure. J. Neurotrauma
2000;17:41-51.

Nath F, Galbraith S. The effect of mannitol on cerebral
white matter water content. J. Neurosurg. 1986;65:41-43.

Peterson B, Khanna S, Fisher B, et al. Prolonged hyperna-
tremia controls elevated intracranial pressure in head-in-



39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

II. HYPEROSMOLAR THERAPY

jured pediatric patients. Crit. Care Med. 2000;28:1136—
1143.

Prough DS, Whitley JM, Taylor CL, et al. Regional cere-
bral blood flow following resuscitation from hemorrhagic
shock with hypertonic saline. Influence of a subdural mass.
Anesthesiology 1991;75:319-327.

Qureshi Al, Suarez JI, Bhardwaj A, et al. Use of hyper-
tonic (3%) saline/acetate infusion in the treatment of cere-

bral edema: effect on intracranial pressure and lateral dis-
placement of the brain. Crit. Care Med. 1998;26:440—446.

Qureshi Al Suarez JI, Castro A, et al. Use of hypertonic
saline/acetate infusion in treatment of cerebral edema in
patients with head trauma: experience at a single center. J.
Trauma 1999;47:659-665.

Roberts I, Schierhout G, Wakai A. Mannitol for acute trau-
matic brain injury. Cochrane Syst. Rev. 2003;2:CD001049.

Rocha e Silva M, Velasco IT, Nogueira da Silva RI, et al.
Hyperosmotic sodium salts reverse severe hemorrhagic
shock: other solutes do not. Am. J. Physiol. 1987;253:
H751-H762.

Rosner MJ, Coley 1. Cerebral perfusion pressure: a hemo-
dynamic mechanism of mannitol and the pre-mannitol he-
mogram. Neurosurgery 1987;21:147-156.

Schatzmann C, Heissler HE, Konig K, Klinge-Xhemajli P,
et al. Treatment of elevated intracranial pressure by infu-
sions of 10% saline in severely head injured patients. Acta
Neurochir. Suppl. (Wien) 1998;71:31-33.

Schierhout G, Roberts I. Mannitol for acute traumatic
brain injury. Cochrane Database Syst. Rev. 2000;2:
CD001208.

Schmoker JD, Zhuang J, Shackford SR. Hypertonic fluid
resuscitation improves cerebral oxygen delivery and re-
duces intracranial pressure after hemorrhagic shock. J.
Trauma 1991;31:1607-1613.

Schrot RJ, Muizelaar JP. Mannitol in acute traumatic brain
injury. Lancet 2002;359:1633-1634.

Schwartz ML, Tator CH, Rowed DW, University of
Toronto Head Injury Treatment Study. A prospective ran-
domized comparison of pentobarbital and mannitol. Can.
J. Neurol. Sci. 1984;11:434-440.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

S-20

Schwarz S, Schwab S, Bertram M, et al. Effects of hyper-
tonic saline hydroxyethyl starch solution and mannitol in
patients with increased intracranial pressure after stroke.
Stroke 1998;29:1550-1555.

Shackford SR, Bourguignon PR, Wald SL, et al. Hyper-
tonic saline resuscitation of patients with head injury: a
prospective, randomized clinical trial. J. Trauma 1998;44:
50-58.

Shackford SR, Schmoker JD, Zhuang J. The effect of hy-
pertonic resuscitation on pial arteriolar tone after brain in-
jury and shock. J. Trauma 1994;37:899-908.

Shackford SR, Zhuang J, Schmoker J. Intravenous fluid
tonicity: effect on intracranial pressure, cerebral blood
flow, and cerebral oxygen delivery in focal brain injury. J.
Neurosurg 1992;76:91-98.

Simma B, Burger R, Falk M, et al. A prospective, ran-
domized, and controlled study of fluid management in chil-
dren with severe head injury: lactated Ringer’s solution ver-
sus hypertonic saline. Crit. Care Med. 1998;26:1265-1270.

Suarez JI, Qureshi Al, Bhardwaj A, et al. Treatment of re-
fractory intracranial hypertension with 23.4% saline. Cerit.
Care Med. 1998;26:1118-1122.

Suarez JI, Qureshi Al, Parekh PD, et al. Administration of
hypertonic (3%) sodium chloride/acetate in hyponatremic pa-
tients with symptomatic vasospasm following subarachnoid
hemorrhage. J. Neurosurg. Anesthesiol. 1999;11:178-184.

Takagi H, Saito T, Kitahara T, et al. The mechanism of the
ICP reducing effect of mannitol. In: Intracranial Pressure
V. S. Ishii, H. Nagai, and N. Brock (eds), Springer: Berlin,
1983:729-733.

Vassar MJ, Perry CA, Gannaway WL, et al. 7.5% sodium
chloride/dextran for resuscitation of trauma patients under-
going helicopter transport. Arch. Surg. 1991;126:1065-1072.

Wade CE, Grady JJ, Kramer GC, et al. Individual patient
cohort analysis of the efficacy of hypertonic saline/dextran
in patients with traumatic brain injury and hypotension. J.
Trauma 1997;42:S61-S65.

Zornow MH. Hypertonic saline as a safe and efficacious
treatment of intracranial hypertension. J. Neurosurg. Anes-
thesiol. 1996;8:175-177.

Roberts I, Smith R, Evans S. Doubts over head injury stud-
ies. BMJ 2007;334:392-394.



JOURNAL OF NEUROTRAUMA
Volume 24, Supplement 1, 2007
© Brain Trauma Foundation

Pp. S-21-S-25

DOI: 10.1089/neu.2007.9993

III. Prophylactic Hypothermia

I. RECOMMENDATIONS

A. Level

There are insufficient data to support a Level I rec-
ommendation for this topic.

B. Level I1

There are insufficient data to support a Level II rec-
ommendation for this topic.

C. Level 11l

Pooled data indicate that prophylactic hypothermia is
not significantly associated with decreased mortality
when compared with normothermic controls. However,
preliminary findings suggest that a greater decrease in
mortality risk is observed when target temperatures are
maintained for more than 48 h.

Prophylactic hypothermia is associated with signifi-
cantly higher Glasgow Outcome Scale (GOS) scores
when compared to scores for normothermic controls.

Comment Regarding Classification of Level
of Evidence for Meta-Analyses

As stated in the Method Section of this guideline, to de-
termine the recommendation level derived from a meta-
analysis, three criteria are considered: (1) are all included
studies of the same quality class, (2) are the findings of the
studies in the same or contradictory directions, and (3) what
are the results of sub-analyses that examine concerns about
potential confounding factors? In this meta-analysis, al-
though all included studies were Class II, the sub-analyses
findings introduced sufficient concern about unknown in-
fluences to render the recommendation a Level III.

II. OVERVIEW

Although hypothermia is often induced prophylactically
on admission and used for ICP elevation in the ICU in many
trauma centers, the scientific literature has failed to con-
sistently support its positive influence on mortality and
morbidity. Four meta-analyses of hypothermia in patients

with TBI have been published.>”-%12 All analyses con-
cluded that the evidence was insufficient to support routine
use of hypothermia, and recommended further study to de-
termine factors that might explain variation in results. Thus,
for this topic a meta-analysis was conducted of induced pro-
phylactic hypothermia that includes studies published sub-
sequent to the last meta-analysis, using specific inclusion
criteria designed to minimize heterogeneity. Only studies
assessed to be Class II evidence or better were included.
Also excluded was literature about induced hypothermia
for ICP control because there were inconsistent inclusion
criteria and outcome assessments across studies.

Study Selection Criteria

Selection criteria were as follows:

e Patients with TBI, age 14 years (studies that en-
rolled patients under age 14 were included if at least
85% of patients were 14 years)

* Hypothermia therapy used as prophylaxis, regardless
of intracranial pressure (ICP) (studies in which hy-
pothermia was used as treatment for uncontrollable
ICP, and those that enrolled only patients with con-
trolled ICP (e.g., 20 mm Hg), were excluded)

e Assessed all-cause mortality

Outcomes

All-cause mortality at the end of the follow-up period
was the primary outcome evaluated. Secondary outcomes
included favorable neurological status, defined as the pro-
portion of patients that achieved a Glasgow Outcome
Scale score (GOS) of 4 or 5 (good outcome) at the end
of the follow-up period.

Statistical Methods

Only data from the moderate (Level II) to good (Level
I) quality trials were used to calculate the pooled relative
risk (RR) and 95% confidence intervals (Cls) for all-
cause mortality and good neurological outcome using a
random-effects model. Analyses were conducted using
RevMan version 4.2 (Update Software). Statistical het-
erogeneity was calculated using the chi-squared test.

A priori particular aspects of hypothermia treatment
were identified, and a sensitivity analysis was conducted
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to examine their relationship to all-cause mortality. These
aspects were as follows:
 Target cooling temperature (32-33°C or 33°C)
e Cooling duration ( 48 h, 48 h, or 48 h)
» Rate of rewarming (1°C per hour, 1°C per day, or
slower)

A post hoc analysis was conducted of the relationship
between trial setting (single center vs. multicenter) and
mortality.

III. PROCESS

Reference lists of the four previous good-quality sys-
tematic reviews>7-812 provided the basis for identifi-
cation of all eligible randomized controlled trials from
1966 through September, 2002. Electronic databases
included MEDLINE (OVID), EMBASE, Cochrane Li-
brary, Current Contents, EMBASE, CENTRAL, Sci-
ence Citation Dissertation Abstract, AANS and CNS
abstract center, and Specialist Trials Register for the
Injuries Group. Searches included various combina-

tions of MeSH (Medical Subject Headings) terms and
text words for hypothermia, brain injury, craniocere-
bral trauma, and neurosurgery. A supplemental litera-
ture search was conducted of MEDLINE (2002 through
April 2006) using the search strategy for this question
(see Appendix B).

Of 29 potentially relevant trials, 13 met the inclusion
criteria for this report.!:3-0-9-11L.13-17 Of those, six trials
were assessed as Level II (moderate quality),!-3>10-11.13
and seven as Level III (poor quality).*%%14-17 Only the
moderate quality trials are included in the meta-analysis
(Evidence Table I).

IV. SCIENTIFIC FOUNDATION

Primary Analysis

Overall, the risk of all-cause mortality for patients
treated with hypothermia was not significantly different
from that observed in the control groups (RR 0.76; 95%
CI10.50, 1.05; p  0.18) (Fig. 1). However, hypothermia
was associated with a 46% increased chance of good out-
come, defined as a GOS score of 4 or 5 (RR 1.46; 95%
CI1.12,1.92; p  0.006) (Fig. 2).

Study Hypothermia Control RR (random) RR (random)
or sub-category n/N n/N 95% CI 95% CI
Aibiki, 2000 1/15 3/11 0.24 [0.03, 2.05]
Clifton, 1993 8/24 8/22 0.92 [0.42, 2.02]
Clifton, 2001 53/190 48/178 1.03 [0.74, 1.44]
Jiang, 2000 11/43 20/44 0.56 [0.31, 1.03]
Marion, 1997 9/39 10/42 0.97 [0.44, 2.13]
Qiu, 2005 11/43 22/43 0.50 [0.28, 0.90]
Total (95% ClI) 354 340 0.76 [0.55, 1.05]
Total events: 93 (Hypothermia), 111 (Control)
Test for heterogeneity: Chi?= 7.58, df =5 (P = 0.18), I>= 34.0%
Test for overall effect: Z = 1.66 (P = 0.10)

0.01 0.1 1 10 100

Favors hypothermia Favors control

FIG. 1. All-cause mortality.

Study Hypothermia Control RR (random) RR (random)
or sub-category n/N n/N 95% Cl 95% CI
Aibiki, 2000 12/15 4/11 —— 2.20 [0.97, 5.00]
Clifton, 1993 13/24 8/22 E—= 1.49 [0.77, 2.89]
Clifton, 2001 82/190 76/178 L J 1.01 [0.80, 1.28]
Jiang, 2000 20/43 12/44 == 1.71 [0.96, 3.04]
Marion, 1997 24/39 16/42 =il 1.62 [1.02, 2.55]
Qiu, 2005 28/43 16/43 1.75 [1.12, 2.73]
Total (95% ClI) 354 340 E. 1.46 [1.12, 1.92]
Total events: 179 (Hypothermia), 132 (Control)
Test for heterogeneity: Chi?=9.53, df = 5 (P = 0.09), I = 47.5%
Test for overall effect: Z = 2.76 (P = 0.006)

0.01 0.1 10 100

Favors control Favors hypothermia

FIG. 2. Good neurological outcomes (GOS score 4 or 5).
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Subgroup Analyses

Interpretation of results from subgroup analyses based
on aspects of hypothermia treatment protocols is limited
due to small sample sizes.

Mortality. Cooling duration was the only aspect of hy-
pothermia treatment, specified a priori, that was possibly
associated with decreased rates of death. Preliminary re-
sults suggest that there was a significantly lower risk of
death when hypothermia was maintained for more than
48 h (RR 0.51; 95% CI 0.34, 0.78). Target cooling tem-
perature and rate of rewarming did not influence mortal-
1ty.

The post hoc analysis indicated an influence of study
setting on mortality. One of the six trials, which was the
largest trial (n ~ 392) was conducted at multiple centers.
When removed from the analysis, hypothermia was as-
sociated with a significant decrease in mortality (RR 0.64;
95% CI 0.46, 0.89).

GOS. Target temperature was the only aspect of hy-
pothermia treatment protocols that was possibly associ-
ated with improved outcomes. There was significantly

greater chance of better outcomes with target tempera-
ture ranges of 32-33°C (RR 1.67; CI 1.18, 2.35) and
33-35°C (RR 1.75; CI 1.12, 2.73). Findings from sub-
group analyses did not suggest any clear relationship be-
tween cooling duration or rate of rewarming and im-
proved outcomes.

As with mortality, the post hoc analysis of study set-
ting showed a higher chance of good outcomes from stud-
ies conducted in single centers (RR 1.70; CI 1.33, 2.17)

Potential Confounding Influence
or Effect Modification of Temperature
Management Protocol

A concern regarding interpretation of outcome, intro-
duced in one RCT? and a recent systematic review,® is
the interaction of the patient’s baseline temperature at
hospital admission with treatment group allocation. As
illustrated in Table 1, at randomization, there are four po-
tential patient categories: (a) hypothermic patient ran-
domized to hypothermia; (b) hypothermic patient ran-
domized to normothermia; (c) normothermic patient
randomized to hypothermia; and (d) normothermic pa-
tient randomized to normothermia.

TABLE 1. FOUR POTENTIAL CATEGORIES FOR TBI PATIENTS RANDOMIZED TO HYPOTHERMIA OR NORMOTHERMIA

Hypothermia Normothermia
Condition at admission Hypothermic a b
Normothermic c d

There is potential for either a confounding influence or
an effect modification (interaction) of warming hypother-
mic patients who are randomized to the normothermic
group, or of having patients in the normothermic group be-
come hypothermic during the observation period. Clifton
et al.? addressed this question in part by conducting a sub-
analysis of 102 patients who were hypothermic at hospi-
tal admission, and finding a non-significant trend toward
poor outcomes in the control group (Table 1, category b)
compared to the treatment group (category a). Data in the
studies included in this meta-analysis were insufficient to
address this question. Thus, all results reported must be
considered in light of the possibility that baseline temper-
ature either confounds or interacts with outcome. Further-
more, there is the possibility that patients who are hy-
pothermic on admission have a decreased brain
temperature and may have a pseudo-lowering of the GCS
independent of the level of TBIL

V. SUMMARY

Evidence from six moderate quality RCTs did not
clearly demonstrate that hypothermia was associated with
consistent and statistically significant reductions in all-
cause mortality. However, patients treated with hy-
pothermia were more likely to have favorable neurolog-
ical outcomes, defined as GOS scores of 4 or 5.
Preliminary findings suggest that hypothermia may have
higher chances of reducing mortality when cooling is
maintained for more than 48 hours. Interpretation of re-
sults from this and other subgroup analyses based on dif-
ferent aspects of the hypothermia treatment protocols
were limited due to small sample sizes. Potential con-
founding and effect modifying factors that are not ac-
counted for in the trials included in this analysis, such as
patients’ temperature at admission, limit these recom-
mendations to Level III.
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VI. KEY ISSUES FOR FUTURE
INVESTIGATION

Although 13 RCTs of hypothermia meeting the inclu-
sion criteria have been conducted, only six were included
in the meta-analysis due to serious quality flaws in the
remaining seven. Flaws, which are markers for improve-
ment in future research, included the following:

* Inadequate or poorly described randomization or al-
location concealment

¢ Inability to rule out confounding of treatment effects,
due to differences in (or inadequately described)
baseline prognostic factors

* No blinding of outcome assessors

¢ Inadequate management of missing outcome data

Improvements should also include use of independent
event monitoring committees, larger sample sizes across
multiple trauma centers, and increased standardization
and reporting of control group temperature management
protocols.

VII. EVIDENCE TABLES

EviDENCE TABLE 1. PrRoPHYLACTIC HYPOTHERMIA

Data
Reference Description of study class Conclusion
Abiki et al., Single-center RCT comparing II 1 patient died in the hypothermia
2000! effect of moderate hypothermia group (6.7%) vs. 3 in normothermi
(34 days, 32-33°C) [n 15] group (27.3%). Significantly better
vs. normothermia [n 11] on outcomes (good recovery to moderate
GOS at 6 months post-injury. disability on 6-month GOS) in
hypothermia than normothermia
group (80% vs. 36.4%, respectively;
(» 0.04).
Clifton et Multi-center RCT comparing I No significant difference in mortality
al., 19933 effect of hypothermia (2 days, 32 between hypothermia and
-33°C) [n 24] vs. normothermia groups (35% and 36%
normothermia n  22] on GOS respectively) or 3-month GOS (good
at 3 months post-injury. recovery to moderate disability
52.2% in hypothermia and 36.4% in
normothermia groups). Significantly
fewer seizures in hypothermia group
(»p  0.019). No significant differences
between groups on other
complications.
Clifton et Multi-center RCT comparing II No significant difference in mortality
al., 19933 effect of hypothermia (2 days, between hypothermia and

33°C) [n 199] vs.
normothermia n 193] on
GOS at 6 months post-injury.

Jiang et al., Single-center RCT comparing of
200010 effect of long-term (3—14 days)
mild hypothermia (33-35°C)
[n  43] vs. normothermia [n
44] on mortality and GOS at 1
year post-injury.

normothermia groups (28% and 27%
respectively) or 6-month GOS (severe
disability, vegetative, or dead
[combined]  57% in both groups).
Trend toward poor outcomes for
patients hypothermic on arrival who
were randomized to normothermia.

II Significantly less
hypothermia than normothermia
group (25.6% vs. 45.5%
respectivly). Significantly better
outcomes (good recovery to moderate
disability on 1-year GOS) in
hypothermia than normothermia
group (46.5% vs. 27.3%, respectively;
p  0.05). No significant difference
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Marion et

Qiu et al.,
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Single-center RCT comparing of
effect of moderate hypothermia
(24 h, 32-33°C) [n = 40] vs.
normothermia [n  42] on GOS
at 3 and 6 months, and 1  year

Single-center RCT comparing
effect of mild hypothermia (3-5
days, 33-35°C) [n 43] vs.
normothermia [n 43] on
mortality and GOS at 2 years
post-injury.

al., 199711

20053

between groups in complications.

II Significantly less
recovery to moderate disability on 1-
year GOS) in hypothermia than
normothermia group (62% vs. 38%,
respectively; p  0.05).

II Significantly less mortality in
hypothermia than normothermia
group (25.6% vs. 51.2%,
respectively). Significantly better
outcomes (good recovery or moderate
disability on 2-year GOS) in
hypothermia than normothermia
group (65.1% vs. 37.2, respectivly;
p  0.05.

Significantly more pulmonary
infection in hypothermia than
normothermia group (60.5% vs.
32.6%, respectively) and more
thrombocytopenia in hypothermia
than normothermia group (62.8% vs.
39.5%, respectively; p  0.05).
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IV. Infection Prophylaxis

I. RECOMMENDATIONS
A. Level 1

There are insufficient data to support a Level I rec-
ommendation for this topic.

B. Level 11

Periprocedural antibiotics for intubation should be ad-
ministered to reduce the incidence of pneumonia. How-
ever, it does not change length of stay or mortality.

Early tracheostomy should be performed to reduce me-
chanical ventilation days. However, it does not alter mor-
tality or the rate of nosocomial pneumonia.

C. Level IIl

Routine ventricular catheter exchange or prophylactic
antibiotic use for ventricular catheter placement is not
recommended to reduce infection.

Early extubation in qualified patients can be done with-
out increased risk of pneumonia.

II. OVERVIEW

In severe traumatic brain injury (TBI) patients, the inci-
dence of infection is increased with mechanical ventilation
and invasive monitoring techniques. Infections contribute
to morbidity, mortality, and increased hospital length of
stay.”!1-2l For example, as many as 70% of mechanically
ventilated patients can develop pneumonia,?! and ICP mon-
itoring infection rates can be as high as 27%.'# While there
is no current evidence that short-term use of ICP monitors
leads to increased morbidity and mortality, health care costs
can increase with device reinsertion and administration of
antibiotics. Infection prophylaxis for TBI can be divided
into several aspects of care, including external ventricular
drainage (EVD) and other ICP monitoring devices, and pro-
phylaxis to prevent nosocomial systemic infections.

III. PROCESS

For this new topic, Medline was searched from 1966
through April of 2006 (see Appendix B for search strat-
egy). A second search was conducted using the key words
tracheostomy and TBI. Results were supplemented with
literature recommended by peers or identified from ref-
erence lists. Of 54 potentially relevant studies, 7 were in-
cluded as evidence for this topic (Evidence Tables I and
1D).

IV. SCIENTIFIC FOUNDATION

Pressure Monitors

The incidence of infection for ICP devices is reported
tobe 1%-27%,"* but this incidence also depends upon
the method of ascertaining infection. Ventriculostomy
colonization is easier to detect because of CSF sampling.
Few studies have actually sent ICP devices for culture
after usage. When ICP device bacterial colonization is
compared, ventricular (by CSF culturing) has an average
infection rate of 8% and parenchymal (by culturing the
device tip) has an infection rate of 14%.> Several factors
have been identified that may affect the risk of EVD in-
fection: duration of monitoring; use of prophylactic par-
enteral antibiotics; presence of concurrent other systemic
infections; presence of intraventricular or subarachnoid
hemorrhage; open skull fracture, including basilar skull
fractures with CSF leak; leakage around the ventricu-
lostomy catheter; and flushing of the ventriculostomy
tubing.2-3:9-14-16.18.22.25.27

In studies of patients with neurological processes other
than or including TBI, contradictory results were found
when analyzing infection risk factors for EVD. Mayhall
et al.'® published a sentinel, prospective, observational
study of 172 patients with 213 ventriculostomies. The au-
thors found that the cumulative infection risk increased
if monitoring duration exceeded five days. However, no
increased infection risk was noted if patients had multi-
ple catheters, leading to the conclusion that routine, pro-
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phylactic catheter exchanges at 5 days would potentially
lower the overall infection rate. Winfield et al.>> chal-
lenged the analysis of cumulative risk in terms of infec-
tion and catheter duration. In 184 monitors over a 12-
year period, they found the daily infection rate to be less
than 2% through the monitoring period. No correlation
was noted between daily infection rate and monitoring
duration. Age, hospital site of monitor placement, and di-
agnosis (trauma vs. non-trauma) had no effect on infec-
tion rate. The authors concluded that prophylactic
catheter exchange was not substantiated.

In a cohort of 584 severe TBI patients, Holloway et al.”
reevaluated the EVD infection rate and monitoring dura-
tion at the same institution as Mayhall.>> The authors in-
cluded patients from the multi-centered Traumatic Coma
Data Bank. They found that the risk of EVD infections rose
over the first 10 days, but, thereafter, decreased signifi-
cantly. There was no difference in the infection rate in pa-
tients who had catheter exchange prior to or after 5-day in-
tervals, concluding that routine catheter exchange offered
no benefit. EVD infection was positively associated with
systemic infection and ventricular hemorrhage.

Studies that included non-TBI patients support the find-
ings discussed above. Park et al.!® studied 595 patients
with ventricular drains, 213 of which were catheterized
for more than 10 days. The authors found a non-linear
relationship between daily infection rates and monitoring
duration, increasing over the first 4 days, reaching a
plateau after day 4, and subsequently ranging between
1% and 2% regardless of catheter duration for catheters
originally placed at the authors’ institution. Twenty-two
percent received prophylactic exchanges, which did not
affect infection rates. Hospital site of insertion, age, and
diagnosis (trauma vs. no trauma), again, had no effect.
Wong, et al.?® performed a randomized trial of routine
catheter exchange on 103 patients, only 18 of whom had
TBI. There was no significant difference in outcome or
infection rate, the latter of which was slightly higher in
the catheter exchange group. Indeed, the risk of infection
has not been shown to exceed the risk of complications
resulting from the catheter exchange procedure (5.6%).!7

Prophylactic antibiotic use was also studied in ICP mon-
itors. 13192024 SQundbarg et al.?>* analyzed 648 patients
who underwent “prolonged” (greater than 24 h) ventricu-
lar drainage, 142 of which were severe TBI. None were
given prophylactic antibiotics for the catheters, but 76%
received antibiotics for systemic illnesses. The TBI pa-
tients had no positive CSF cultures but did have the high-
est rate of other infections among the cohorts studied.

Several studies, which included a substantial number
of non-TBI patients, have addressed prophylactic antibi-
otic usage in patients with EVD. Aucoin et al.> showed
no significant difference in infection rate between pa-

tients treated with and without procedural or peri-proce-
dural antibiotics. However, patients receiving routine
bacitracin flushes to maintain patency experienced sig-
nificantly higher infection rate (18% vs. 5.7%). The lack
of prophylactic antibiotic effect on infection rate was also
found by others.!20

Poon et al.!” prospectively studied 228 patients, only
22 of whom had TBI, using peri-procedural Unasyn
(Group 1) versus Unasyn/aztreonam (Group 2) for EVD
monitoring duration (mean duration, 4 3 days). Rou-
tine catheter exchanges were performed on most patients.
Group 2 had a significantly lower infection rate than
Group 1 (11% vs. 3%). It is not clear why a different reg-
imen was used between the two groups, and no placebo
group was used for this study. Group 1 had a higher in-
cidence of extracranial infections (42% vs. 20%). How-
ever, the infections in the second group were diagnosed
to be resistant staphylococcus and fungal infections.

A multi-centered, randomized controlled trial (RCT)
by Zambramski et al.?’ studied the effects of antibiotic-
impregnated (minocycline and rifampin) catheters on
CSF infection rates and catheter colonization. Such
catheters are designed to cover gram-positive pathogens,
specifically, staphylococcal species. Among 288 patients
(37 were TBI patients and not separately analyzed), there
was a significant difference in infection rate in the im-
pregnated versus non-impregnated catheters (1.3% vs.
9.4%). The colonization rate was also significantly dif-
ferent (17.9% vs. 36.7%) with all positive cultures sen-
sitive to minocycline. However, some rifampin resistance
was noted. Overall, the catheters were judged to be safe
and effective in reducing infection rates.

Systemic Nosocomial Infections

Systemic infection rates increase with TBI severity and
coexisting chest trauma.® In general, for trauma patients
receiving prolonged (greater than 48 h) antibiotic pro-
phylaxis, an increase in the incidence of resistant or gram-
negative pneumonias was noted, with a higher incidence
of antibiotic-related complications than those patients not
receiving such prophylaxis.!?

In the available studies of TBI patients, prophylactic
antibiotics have not shown a reduction in nosocomial in-
fections.”® Goodpasture et al.” conducted a prospective
trial on a small number of severe TBI patients. The au-
thors reported an increased infection rate in patients not
treated with prophylactic antibiotics for intubation com-
pared to those who received antibiotics, the duration of
which was not well defined. However, the former group
was noted to have mild gram-positive infections,
whereas the treated patients had a higher incidence of
gram-negative infections, which were deemed more se-
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vere. Furthermore, antibiotics did not alter the rate of
bacterial colonization of the respiratory tract and was
associated with an earlier appearance of gram-negative
organisms.

Sirvent et al.?! conducted a RCT of 100 critically ill
patients, 86% of whom had severe TBI, evenly divided
into a treatment group of cefuroxime 1.5 g for two doses
within 6 h after intubation and a control group not given
antibiotics after endotracheal intubation. There was a sta-
tistically significant decrease in the incidence of pneu-
monia in the treated group (23% vs. 64%, p  0.016),
but no difference in mortality.

Liberati et al.!3 did a meta-analysis of 36 randomized
trials for respiratory tract infection prophylaxis in 6922
adult intensive care patients, mostly without TBI. They
studied a combination of topical and systemic antibiotics
to reduce infection and mortality. Topical antibiotics were
usually a mixture of antibiotics applied enterally and/or as
a paste or gel applied to the mouth or oropharynx. Only
topical antibiotic usage reduced the infection rate.

Early tracheostomy has been proposed to decrease the
incidence of pneumonias in critically ill patients.'> Re-
cent randomized trials,"*?3 though small in numbers,
found no differences in pneumonia rates or mortality in
severe TBI patients undergoing early tracheostomy ( 1
week). As an alternative to tracheostomy, Hsich et al.!!
found that extubation of severe TBI patients, as long as
they satisfied respiratory criteria and possessed an intact
gag and cough reflex, did not result in increased inci-
dence of pneumonia. In a later study by the same group,
including patients with other neurological conditions, a
delay in extubation was associated with an increased in-

cidence of pneumonia, whereas extubation itself was
6
not.

V. SUMMARY

Good clinical practice recommends that ventricu-
lostomies and other ICP monitors should be placed un-
der sterile conditions to closed drainage systems, mini-
mizing manipulation and flushing. There is no support
for routine catheter exchanges as a means of preventing
CSF infections.

There is no support for use of prolonged antibiotics for
systemic prophylaxis in intubated TBI patients, given the
risk of selecting for resistant organisms. However, a sin-
gle study supports the use of a short course of antibiotics
at the time of intubation to reduce the incidence of pneu-
monia. Early tracheostomy or extubation in severe TBI
patients have not been shown to alter the rates of pneu-
monia, but the former may reduce the duration of me-
chanical ventilation.

VI. KEY ISSUES FOR FUTURE
INVESTIGATION

There is a lack of RCTs with sufficient numbers of TBI
patients to study the effect of prophylactic antibiotics for
external ventricular drains and other ICP devices. Due to
the preponderance of Class III evidence and continued clin-
ical uncertainty, such trials, including those with antibiotic
impregnated catheters, would be both ethical and useful.

VII. EVIDENCE TABLES

EVIDENCE TABLE I. INTRACRANIAL PRESSURE MONITORING AND EXTERNAL VENTRICULAR DRAINS

Data
Reference Description of study class Conclusion
Holloway Retrospective analysis of 584 I Sixty-one patients were found to have
et al., severe TBI patients from the ventriculostomy-related infection.
1996° Medical College of Virginia Overall, the infection rate rose over the

Neurocore Data Bank and the
multicenter Traumatic Coma Data
Bank. Authors evaluated the
effect of catheter exchange on the
incidence of infection.

first 10 days of catheterization,
thereafter dropping off to near zero.
There was no difference in infection
rates between groups based on length
of catheterization: 5 days (13%)
versus 5 days (18%). Catheter
exchange, either within or greater than
5 days, had no effect on infection rate.
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Sundbarg Retrospective analysis of 648 I The TBI patients had no incidence of
et al., patients undergoing ventricular definitive CSF infection and a 3.7%
1996° catheter placement for ICP rate of positive CSF cultures deemed

monitoring and “prolonged contaminants.
drainage,” 142 of whom had
severe TBI. None were given
prophylactic antibiotics, but a
high percentage (76%) received
antibiotics for other systemic
illnesses.

EviDENCE TABLE II. SysTEMIC NOSOCOMIAL INFECTIONS

Data

Reference Description of study class Conclusion

Bouderka et Randomized trial of 62 patients I There was no difference in the rate
al., 20044 with severe TBI, who, on the of mortality or pneumonia between

fifth hospital day, were the groups. Early tracheostomy

randomized to early group showed a decrease in the

tracheostomies (Group 1, n number of overall mechanical

31) or prolonged intubation ventilation days, and mechanical

(Group 2, n 31). ventilation days after the diagnosis
of pneumonia. ICU days were not
reduced.

Goodpasture Prospective study of 28 patients 11 An increased respiratory tract
et al., with severe TBI; 16 (Group 1) infection rate was noted in Group
19777 were given prophylactic 2, but usually with Gram positive

antibiotics for endotracheal organisms. Antibiotic prophylaxis

intubation. A subsequent cohort did not alter the rate of bacterial

of 12 TBI patients (Group 2) colonization and was associated

were not given prophylactic with an earlier appearance of Gram

antibiotics. negative organisms, the infections
of which were more severe.

Hsieh et al., Retrospective review of 109 I Forty-one percent of the patients
199211 severe TBI patients on developed pneumonia, which

mechanical ventilation for 24 h increased the duration of intubation
h. Extubation was and ventilation, and hospital/ICU
performed when patients met length of stay, but not mortality.
respiratory criteria for Extubation was not significantly
extubation and possessed an associated with an increased risk of
intact cough and gag reflex. pneumonia.

Sirvent et RCT of 100 mechanically 1I The overall incidence of
al., 199721 ventilated ICU patients (86% of pneumonia was 37%, 24% in

which were severe TBI)

assigned to a treatment group

(n 50, 43 TBI) of cefuroxime
1.5 grams IV for two doses or no
treatment group (n 50, 43 TBI)
after endotracheal intubation.
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Sugerman et Multicenter RCT (with I There was no difference in rate of
al., 199723 crossover) of early tracheostomy pneumonia or death in TBI patients
in critically ill patients receiving undergoing early tracheostomy.
intubation and mechanical
ventilation. Of the 127 patients,
67 had severe TBI. Thirty-five
were randomized to the
tracheostomy group on days 3-5
and 32 to continued
endotracheal intubation.
Twenty-five of the latter
underwent late (days 10-14)
tracheostomy.
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V. Deep Vein Thrombosis Prophylaxis

I. RECOMMENDATIONS
A. Level 1

There are insufficient data to support a Level I rec-
ommendation for this topic.

B. Level 11

There are insufficient data to support Level II recom-
mendation for this topic.

C. Level 111

Graduated compression stockings or intermittent pneu-
matic compression (IPC) stockings are recommended,
unless lower extremity injuries prevent their use. Use
should be continued until patients are ambulatory.

Low molecular weight heparin (LMWH) or low dose
unfractionated heparin should be used in combination
with mechanical prophylaxis. However, there is an in-
creased risk for expansion of intracranial hemorrhage.

There is insufficient evidence to support recommenda-
tions regarding the preferred agent, dose, or timing of phar-
macologic prophylaxis for deep vein thrombosis (DVT).

II. OVERVIEW

Patients with severe TBI are at significant risk of de-
veloping venous thromboembolic events (VTEs) with
their accompanying morbidity and mortality. In a review
of data from the National Trauma Databank, Knudson et
al. found TBI (AIS  3) to be a high risk factor for VTE
(odds ratio 2.59).° The risk of developing deep venous
thrombosis (DVT) in the absence of prophylaxis was es-
timated to be 20% after severe TBIL.®

Rates of DVT vary depending on the methods used for
detection. Clear distinctions need to be made between clin-
ically evident DVTs and those detected by laboratory in-
vestigations (Duplex scanning, venography, radiolabeled
fibrinogen scans) in asymptomatic patients. Most DVTs di-
agnosed by screening tests are confined to the calf, are clin-
ically silent, and remain so without adverse consequences.>

However thrombi involving the proximal leg veins are more
likely to produce symptoms and result in a pulmonary em-
bolus (PE). A review of the Pennsylvania Trauma Out-
comes Study by Page et al, found an incidence of PE of
0.38% in TBI patients during their acute hospital stay.'?

PE is known to be associated with high rates of mor-
bidity and mortality in hospitalized patients. Treatment
of PE in neurosurgical patients is often complicated by
uncertainty regarding the safety of anticoagulation among
patients who have recently undergone craniotomy or suf-
fered intracranial hemorrhage from trauma. Furthermore,
a high proportion of patients who develop DVTs have
residual venous abnormalities: persistent occlusion
and/or venous incompetence, leg swelling, discomfort, or
ulcers that diminish quality of life. All these manifesta-
tions of VTEs, make prevention critical.

Options for prevention of VTE in neurosurgical patients
include both mechanical (graduated compression stock-
ings, intermittent pneumatic compression stockings), and
pharmacological (low-dose heparin, and low-molecular-
weight heparin) therapies. Intuitively, mechanical thera-
pies carry less associated risk. A study by Davidson et al.
did not find any change in mean arterial pressure, in-
tracranial pressure, or central venous pressure in TBI pa-
tients receiving ICP monitoring with the initiation of se-
quential pneumatic compression devices.* However, lower
extremity injuries may prevent or limit their use in some
trauma patients and the devices may limit physical ther-
apy and progressive ambulation. Risks associated with the
use of LMWH and low-dose heparin include both in-
tracranial and systemic bleeding, the effects of which may
range from minor morbidity to death. Any decision re-
garding the use of these anti-VTE therapies must weigh
efficacy against harm from the proposed intervention.

III. PROCESS

For this new topic, Medline was searched from 1966
through April of 2006 (see Appendix B for search strat-
egy), and results were supplemented with literature rec-
ommended by peers or identified from reference lists. Of
37 potentially relevant studies, 5 were included as evi-
dence for this topic (Evidence Table I).
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IV. SCIENTIFIC FOUNDATION

Mechanical Interventions

In 1986, Black et al. published a prospective cohort
study of 523 patients, of whom 89 had TBI, all treated
with intermittent pneumatic compression stockings.?
Rates of clinically apparent DVT and PE were deter-
mined. The incidence of VTE in the entire study group
with intracranial disorders was 3.8%, with no cases of
VTE detected in patients with TBI.

A number of studies have assessed the efficacy of me-
chanical interventions in preventing DVT in neurosurgical
patients. The first such report by Skillman et al. in 1978 en-
rolled 95 patients randomized to treatment with intermittent
pneumatic compression stockings and no treatment.!3 Pa-
tients were screened for DVT with daily radiolabeled fib-
rinogen scans, and those with positive scans underwent
venography to confirm the diagnosis. The authors found an
8.5% incidence of DVT in the treatment group compared
with a rate of 25% in untreated controls (p  0.05). How-
ever, no data regarding patients specifically with TBI were
presented. In 1989, Turpie et al. reported the results of a
randomized study in 239 neurosurgical patients of whom
57 had TBL'# Radiolabeled fibrinogen scanning or impe-
dence plethysmography was used to screen for DVT, with
venography performed if either test was abnormal. Patients
were randomized to graduated compression stockings, grad-
uated compression stockings plus IPC, or no treatment, with
DVT rates of 8.8%, 9%, and 16%, respectively. Ten deaths
were reported in the group treated with compression stock-
ings alone, none thought to be due to VTE. One case of PE
was found on post-mortem examination in this group, but
cause of death was attributed to massive cerebral edema. In
each of the two other groups, four deaths were reported,
none attributed to VTE.

The demonstrated efficacy of mechanical measures to
prevent DVT in neurosurgical, multisystem trauma, and
TBI patients, along with the minimal side effects, lead us
to recommend their use in all patients with severe TBI.
However, because of the lack of Class II data specific to
TBI on this topic, the recommendation must be made at
Level III. Obviously, the use of graduated compression and
IPC stockings may be limited by lower extremity injuries.

Pharmacological Interventions

In 2002, Kim et al. reported a case series of 64 patients
admitted to a Level I trauma center with severe TBIL”
DVT prophylaxis consisted of 5000 units of subcuta-
neous heparin given twice daily. For analysis patients
were grouped according to time of prophylaxis initiation:
less than or greater than 72 h following admission. No
differences in rates of DVT, PE, or death were found be-

tween groups. However, the small sample size and ret-
rospective nature of the study preclude any conclusions
regarding efficacy or safety of early versus late prophy-
laxis with low-dose heparin after TBI. Also in 2002, Nor-
wood et al. conducted a prospective study of 150 patients
with TBI treated with enoxaparin 30 mg twice daily be-
ginning 24 h after arrival to the emergency department.'?
The rate of clinically evident DVT was 4%. Notably, dur-
ing this study the protocol for initiation of enoxaparin
therapy was changed to 24 h following any neurosurgi-
cal intervention, after two of 22 patients (9.1%) who un-
derwent craniotomy, developed post-operative bleeding
while receiving surgical evacuation. The rate of bleeding
complications in patients treated non-operatively was
3%. The rate of Doppler-detected DVT reported by Nor-
wood was lower compared to historical controls; how-
ever, there was a higher incidence of bleeding complica-
tions with early initiation of enoxaparin therapy.

In 2003, Kleindienst et al. reported a case series of 940
neurosurgical patients, including 344 patients with TBI
who were treated with compression stockings and cer-
toparin 18 mg once daily within 24 h of admission or
surgery.® Prophylaxis with certoparin was initiated in TBI
patients only when a head CT within 24 h of admission
or surgery did not show any progression of intracranial
bleeding. Patients did not receive certoparin if they were
chronically treated with oral anti-coagulant or anti-
platelet therapy, or had abnormal coagulation studies,
platelet aggregation test, or platelet count below
100,000/mL on admission. Among patients in whom
DVT was suspected on clinical grounds, the diagnosis
was confirmed with Duplex sonography or venography.
Among the 280 TBI patients who received certoparin,
none were diagnosed with VTE. However, nine study pa-
tients (3.2%) with TBI had progressive intracranial
hematoma, eight of whom received re-operation. Four of
the nine TBI patients with an expanding intracranial
hematoma received certoparin prior to the screening CT
scan. Nevertheless, the observed rate of patients with ex-
panding intracranial hematoma receiving reoperation in
this retrospective series again raises concern for harm.

In 2003, Gerlach et al. reported a prospective cohort
study of 2,823 patients undergoing intracranial surgeries
who were treated with nadroparin (0.3 mL/day) and com-
pression stockings within 24 h of surgery.’ This study in-
cluded 231 patients with TBI (81 subdural hematomas, 47
epidural hematomas, 42 cranial fractures, and 61 decom-
pressive craniectomies). No clinically apparent VTE was
reported among patients with these lesions. However,
DVT was identified in one patient undergoing surgical re-
construction of the basal frontal cranial region after severe
TBI and in another after evacuation of a chronic subdural
hematoma. The rate of clinically significant post-opera-
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tive hematomas in patients undergoing evacuation of acute
subdural hematomas was 2.5%, 0% in patients with
epidural hematomas, and 1.6% following decompressive
craniectomy. This study raises the possibility that differ-
ent TBI pathologies have different risks from prophylaxis
with LMWH. However, subset analysis is limited by both
small sample size and lack of a control group.

Though studies regarding pharmacologic DVT prophy-
laxis in patients with severe TBI along with studies from
elective neurosurgical patients suggest that low-dose he-
parin or LMWH is efficacious in reducing the risk of VTE,
the available data show a trend toward increased risk of in-
tracranial bleeding. Case studies suggest that pharmaco-
logic prophylaxis should not be initiated peri-operatively,
but when it is safe to begin such therapy in patients with
severe TBI remains poorly defined. Moreover, no recom-
mendations regarding drug choice or optimal dosing in neu-
rosurgical patients can be made based on current evidence.

Mechanical versus Pharmacological Interventions

Several studies have compared the efficacy and com-
plication rates of LMWH or low-dose heparin in prevent-
ing DVT in patients undergoing elective neurosurgical pro-
cedures against treatment with mechanical prophylaxis.
Agnelli et al. compared enoxaparin (40 mg once daily) be-
gun 24 h post-operatively with compression stockings
alone in patients undergoing elective cranial or spinal
surgery.! Lower rates of DVT were found in patients re-
ceiving enoxaparin in comparison to those treated with
graduated compression stockings alone (17% vs. 32%, p
0.004). Lower rates of proximal DVT (5% vs. 13%, p
0.04) were also seen. No significantly increased risk of
major (3% vs. 3%) or minor (9% vs. 5%) bleeding com-
plications was noted between groups. Similarly, Nurmo-
hamed et al. found non-significant lower rates of proximal
DVT or pulmonary embolism (6.9% vs. 11.5%,p  0.065)
in patients treated with nadroparin and graduated com-
pression stockings, compared to those treated with gradu-
ated compression stockings alone.'! However, a trend to-
wards a higher rate of major bleeding complications (2.5%

vs. 0.8%, p  0.087) was found in nadroparin-treated pa-
tients. These studies suggest that DVT prophylaxis with
pharmacological agents is more efficacious than mechan-
ical measures alone in preventing DVT in neurosurgical
patients. However, any attempt to extrapolate data from
elective neurosurgical patients to patients with TBI must
be viewed with caution, as the later frequently have in-
tracranial hemorrhages at risk of expansion.

V. SUMMARY

Level III evidence supports the use of graduated com-
pression or IPC stockings placed for DVT prophylaxis for
patients with severe TBI, unless lower extremity injuries
prevent their use. Level III evidence supports the use of
prophylaxis with low-dose heparin or LMWH for preven-
tion of DVT in patients with severe TBI. However, no re-
liable data can support a recommendation regarding when
it is safe to begin pharmacological prophylaxis. Moreover,
no recommendations can be made regarding medication
choice or optimal dosing regimen for patients with severe
TBI, based on the current evidence.

VI. KEY ISSUES FOR FUTURE
INVESTIGATION

A randomized controlled trial (RCT) of mechanical
prophylaxis alone versus with the addition of pharmaco-
logical prophylaxis of DVT in patients with severe TBI
is needed. Such a study should specifically address the
issue of when it is safe to begin pharmacological ther-
apy, ideal agent, and dosing regimen in the patient with
traumatic intracranial bleeding.

Whether the risks of pharmacological DVT prophylaxis
are greater in specific traumatic intracranial lesions (con-
tusions, subdural hematomas), than in others (small trau-
matic subarachnoid hemorrhage) needs to be explored. In
addition, the indications, risks, and benefits of vena cava
filters in severe TBI patients requires investigation.

VII. EVIDENCE TABLE

EVIDENCE TABLE I. DEEP VEIN THROMBOSIS PROPHYLAXIS

Data
Reference Description of study class Conclusion
Black et al., Prospective, observational study of 111 Overall, rates of DVT were 3.8% in
19862 523 neurosurgical patients intracranial disorders and 0% in patients

including 89 TBI patients treated
with external pneumatic calf
compression.

with TBI. Use of external pneumatic calf
compression may be associated with low
rates of DVT in TBI patients.
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Gerlach et

Kim et al.,

Kleindienst

Norwood et
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Prospective observational study of
2,823 patients undergoing
intracranial surgery including 231
patients with TBI (81 acute
subdural hematomas, 47epidural
hematomas, 42 cranial fractures, 61
decompressive craniectomies)
treated with compression stockings
plus nadroparin 0.3 mL/day within
24 h of surgery.

al., 20033

Retrospective study of 64 patients
20027 with severe TBI admitted to a Level
I trauma center. Patients were
divided into those in whom
prophylaxis with 5000 units of
subcutaneous heparin was begun
less than or greater than 72 h

after admission.

Retrospective analysis of 940
neurosurgical patients including
344 patients with TBI treated with
compression stockings and
certoparin 18 mg/day within 24
h of admission or surgery
whenever a control CT scan did not
show progression of an intracranial
hematoma.

Prospective, observational study of
150 TBI patients treated with
enoxaparin 30 mg twice daily for
DVT prophylaxis beginning 24
h after arrival to the emergency
department. Observed rate of DVT
was 2%. (Study protocol was
changed to initiation of enoxaparin
at 24 h after any surgical
intervention rather than arrival to
ED after two of 24 (8%) of patients
developed post-operative bleeding
and received repeat craniotomy.)

et al., 200310

al., 20027

I No clinically apparent VTE was identified
in patients with subdural hematomas,
epidural hematomas, decompressive
craniectomies, or cranial fracture. Early
initiation of nadroparin after TBI may be
associated with lower rates of DVT
compared with historical controls;
however, increased incidence of
intracranial bleeding may occur.
Different TBI pathologies may be
associated with different rates of post-
operative bleeding.

I No significant difference between patients
begun on heparin prophylaxis early or late
after admission for TBI. Rates of DVT
were 4% in those whom heparin
prophylaxis was begun less than 72 h
after admission and 6% in those whom
prophylaxis was initiated after 72 h.
(Study was underpowered to detect
efficacy of intervention or complication
rates from intervention.)

11T No TBI patients were diagnosed with
DVT. Nine TBI patients (3.2%) had
progression of intracranial hematomas,
eight of whom received re-operation.
Early initiation of certoparin after TBI
may be associated with lower rates of
DVT compared with historical controls;
however, increased incidence of
intracranial bleeding may occur.

I The rate of hematoma progression on CT
after initiation of enoxaparin was 4%
Early initiation of enoxaparin after TBI
may be associated with lower rates of
DVT compared with historical controls;
however, increased incidence of
intracranial bleeding may occur.
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VI. Indications for Intracranial Pressure Monitoring

I. RECOMMENDATIONS
A. Level 1

There are insufficient data to support a treatment stan-
dard for this topic.

B. Level 11

Intracranial pressure (ICP) should be monitored in all
salvageable patients with a severe traumatic brain injury
(TBI; Glasgow Coma Scale [GCS] score of 3-8 after re-
suscitation) and an abnormal computed tomography (CT)
scan. An abnormal CT scan of the head is one that re-
veals hematomas, contusions, swelling, herniation, or
compressed basal cisterns.

C. Level 111

ICP monitoring is indicated in patients with severe TBI
with a normal CT scan if two or more of the following
features are noted at admission: age over 40 years, uni-
lateral or bilateral motor posturing, or systolic blood pres-
sure (BP) 90 mm Hg.

II. OVERVIEW

It is now clear that only part of the damage to the brain
during TBI occurs at the moment of impact. Numerous
secondary insults compound the initial damage in the en-
suing hours and days. A large body of published data
since the late 1970s reports that significant reductions in
mortality and morbidity can be achieved in patients with
severe TBI by using intensive managemenst proto-
cols.?20-22.28 These protocols emphasize early intubation,
rapid transportation to an appropriate trauma care facil-
ity, prompt resuscitation, early CT scanning, and imme-
diate evacuation of intracranial mass lesions, followed by
meticulous management in an intensive care unit setting,
which includes monitoring ICP.

The main objective of intensive monitoring is to main-
tain adequate cerebral perfusion and oxygenation and
avoid secondary injury while the brain recovers. Cere-
bral perfusion is reduced and poorer outcomes are asso-

ciated with systemic hypotension® and intracranial hy-
pertension (ICH).!8-33 Cerebral perfusion pressure (CPP),
an indirect measure of cerebral perfusion, incorporates
mean arterial blood pressure (MAP) and ICP parameters.
CPP values below 50 are associated with poor outcome
(see CPP topic). The only way to reliably determine CPP
and cerebral hypoperfusion is to continuously monitor
ICP and blood pressure.*>-23-31

As with any invasive monitoring device, ICP moni-
toring has direct costs, uses medical personnel resources
for insertion, maintenance, troubleshooting, and treat-
ment, and has associated risks (see ICP Technology
topic). These must be outweighed by the benefits or use-
fulness of ICP monitoring which can be captured in se-
lecting patients that are at risk for ICH. This would also
minimize the risks of prophylactic treatment of ICH in
the absence of ICP monitoring.

There are three key questions addressing the utility of
ICP monitoring in TBI patients:

1. Which patients are at risk for ICH?

2. Are ICP data useful?

3. Does ICP monitoring and treatment improve out-
comes?

III. PROCESS

For this update, Medline was searched from 1996
through July of 2004 (see Appendix B for search strat-
egy), and results were supplemented with literature rec-
ommended by peers or identified from reference lists. Of
36 potentially relevant studies, 12 were added to the ex-
isting table and used as evidence for this question (Evi-
dence Tables I, II, and III).

IV. SCIENTIFIC FOUNDATION
Which Patients Are at Risk for ICH?

The correlation between ICH and poor outcome in pa-
tients with severe TBI has been demonstrated in several
studies.>17-18:2225 Comatose (GCS  9) TBI patients
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constitute the group at highest risk for ICH.'%-2¢ Admis-
sion CT scans are variable predictors of ICH in severe
TBI patients as evidenced in the following studies:

In 1982, Narayan et al. reported a prospectively stud-
ied series of patients with severe TBI and found that, in
comatose TBI patients with an abnormal CT scan, the in-
cidence of ICH was 53-63%.%¢ In contrast, patients with
a normal CT scan at admission had a relatively low in-
cidence of ICH (13%). However, within the normal CT
group, if patients demonstrated at least two of three ad-
verse features (age over 40 years, unilateral or bilateral
motor posturing, or systolic BP 90 mm Hg), their risk
of ICH was similar to that of patients with abnormal CT
scans.

Others also have found a relatively low incidence of
ICH in severe TBI patients with a normal CT scan. In
1986, Lobato et al. studied 46 patients with severe TBI
who had completely normal CT scans during days 1-7
after injury.'® They reported “sustained elevation of the
ICP was not seen in these patients, indicating that ICP
monitoring may be omitted in cases with a normal scan.”
However, since one-third of the patients with a normal
admission scan developed new pathology within the first
few days of injury, the authors recommended a strategy
for follow-up scanning. In 1990, in a prospective multi-
center study of 753 severe TBI patients, Eisenberg et al.
found that a patient whose admission CT scan does not
show a mass lesion, midline shift, or abnormal cisterns
has a 10-15% chance of developing ICH.’

In 1998, Poca et al. correlated the Marshall CT clas-
sification of admission CT scans in severe TBI patients
with incidence of ICH and found that three out of 94 pa-
tients had diffuse injury I (no visible intracranial pathol-
ogy on CT).?° These patients had ICP less than 20 mm
Hg; however, one patient had an evolution of the CT to
diffuse injury II, demonstrating one out of three severe
TBI patients with a normal admission CT evolved into
new intracranial lesions.

In 2004, Miller et al. conducted a retrospective review
of 82 patients with severe TBI without surgical mass le-
sions.?? They did not correlate CT characteristics of mid-
line shift, basal cisterns, ventricular effacement, sulci
compression, and gray/white matter contrast with initial
ICP, although there was a correlation with later high ICP
values.

Lee et al. (1998) studied the relationship of isolated
diffuse axonal injury (DAI) to ICH in 36 out of 660 se-
vere TBI patients.!” Patients were mildly hyperventilated
and maximal hourly ICP values were recorded showing
90% of all the readings below 20 mm Hg. Ten patients
had all ICP readings below 20 mm Hg, and the remain-
der had readings above 20 mm Hg, with four having read-

ings above 40 mm Hg (which were associated with fever).
Four patients died and discharge outcome was correlated
with severity of DAL

In summary, there is a markedly lower incidence of
ICH in severe TBI patients with completely normal ad-
mission and follow up CT scans that do not have asso-
ciated admission parameters.26 Abnormal CT scans are
variable predictors of ICH except in CT scans showing
severe intracranial pathology.

Are ICP Data Useful?

ICP data can be used to predict outcome and worsen-
ing intracranial pathology, calculate and manage CPP, al-
low therapeutic CSF drainage with ventricular ICP mon-
itoring and restrict potentially deleterious ICP reduction
therapies. ICP is a robust predictor of outcome from TBI
and threshold values for treatment are recommended
based on this evidence!®2022.25 (see ICP Threshold
topic).

ICP monitoring can be the first indicator of worsening
intracranial pathology and surgical mass lesions. Ser-
vadei et al. (2002) studied 110 consecutive patients with
traumatic subarachnoid hemorrhage, of which 31 had se-
vere TBI and ICP monitoring.3* ICP monitoring was the
first indicator of evolving lesions in 20% of the severe
TBI group, four out of five of whom received an opera-
tion.

CPP management cannot be done without measuring
ICP and MABP. CPP levels are used for therapeutic in-
tervention that targets both MABP and ICP (see CPP
topic).

Prophylactic treatment of ICP without ICP monitoring
is not without risk. Prolonged hyperventilation worsens
outcome?* and significantly reduces cerebral blood flow
based on jugular venous oxygen saturation monitor-
ing.!1:35 Prophylactic paralysis increases pneumonia and
ICU stay.'3 Barbiturates have a significant risk of hy-
potension and prophylactic administration is not recom-
mended.3? Mannitol has a variable ICP response in both
extent of ICP decrease and duration.'®?!

In summary, ICP data are useful for prognosis and in
guiding therapy.

Does ICP Monitoring and Treatment
Improve Outcome?

A randomized trial of ICP monitoring with and with-
out treatment is unlikely to be carried out. Similarly, a
trial for treating or not treating systemic hypotension is
not likely. Both hypotension and raised ICP are the lead-
ing causes of death in severe TBI, and are treated if ei-
ther is suspected, regardless of whether ICP or blood
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pressure is monitored. The question remains, does ICH
reflect an irreversible, evolving pathology sustained at
the time of injury? The question can be answered par-
tially by examining the outcome of those patients that re-
spond to therapies that lower ICP.

Eisenberg et al. (1988) reported in a multi-center study
of the use of pentobarbital to treat patients with ICP el-
evations refractory to all other therapy.® In their study,
patients whose ICP could be controlled had a much bet-
ter outcome than those in whom it could not be controlled.

Saul and Ducker?? prospectively studied 127 severe
TBI patients who were treated with mannitol and CSF
drainage for an ICP 20-25 mm Hg, and were compared
to a similar group of 106 patients treated at a lower ICP
of 15 mm Hg. They found a significant reduction in mor-
tality in the lower ICP threshold treatment group.

Howells et al. found that patients who respond to CPP
treatment which incorporated ICP had better outcomes.'?
They studied 64 patients treated according to a CPP di-
rected protocol (CPP 70 and ICP 25 mm Hg). Pa-
tients with intact pressure autoregulation who responded
to the CPP protocol by decreasing ICP had a significantly
better outcome compared to those patients who re-
sponded by increasing ICP (pressure passive autoregula-
tion). It may be that patients with intact pressure au-
toregulation would have tolerated high ICP and low CPP
without a change in outcome, but determining this would
have required a “do not treat” arm of the study.

Decompressive craniectomy for ICH is associated with
better outcomes in those patients that have a decrease in
ICP. Aarabi et al. studied 50 consecutive severe TBI pa-
tients, 40 of whom had intractable ICH and underwent
decompressive craniectomy, leading to a significantly
lowered ICP from a mean of 24 to 14 mm Hg.! For the
30-day survivors of the original sample (n  39), good
outcome (Glasgow Outcome Scale score [GOS] of 4 or
5) occurred in 51.3%. Similar results were reported by
Timofeev et al. in 49 severe TBI patients with ICH that
underwent decompressive craniectomy.3¢

Does ICP monitoring per se make a difference in out-
come? Cremer et al. reported a retrospective analysis
of severe TBI patients managed at two different trauma
centers who differed in the use of ICP monitoring.” One
center with 122 patients that did not monitor ICP but
used ICP lowering treatment (82% sedatives and para-
lytics, 25% mannitol, 22% hyperventilation and 2%
ventricular drainage) was compared to another with 211
patients that used ICP monitoring in 67% of severe TBI
patients and treated ICP significantly more except for
hyperventilation and ventricular drainage which was

equally used in both centers. There was no difference
in mortality or 12-month GOS. However, differences
between the groups in the sample render the findings
minimally useful. More than twice the patients in the
ICP monitoring center had hypotension on admission
compared to the center that did not monitor ICP, which
also had a significant number of patients transferred
from other hospitals.

Protocols that incorporate ICP monitoring and other
advanced monitoring have demonstrated improved out-
comes when compared to earlier time periods without a
protocol.?”-1928 In addition the frequency of ICP moni-
toring in trauma centers has been reported to be associ-
ated with improved outcomes.>!*

In summary, patients who do not have ICH or who re-
spond to ICP-lowering therapies have a lower mortality
than those who have intractable ICH. There are no data
on patients with untreated ICH compared to treated ICH
and little data on the outcome of patients that respond to
ICP lowering therapies.3°

V. SUMMARY

There is evidence to support the use of ICP monitor-
ing in severe TBI patients at risk for ICH. ICP cannot be
reliably predicted by CT scan alone. ICP data are useful
in predicting outcome and guiding therapy, and there is
an improvement in outcomes in those patients who re-
spond to ICP lowering therapies. The limited data on im-
provement in outcome in those patients that respond to
ICP lowering treatment warrants ICP monitoring to treat
this group of patients. Not monitoring ICP while treating
for elevated ICP can be deleterious and result in a poor
outcome.

VI. KEY ISSUES FOR FUTURE
INVESTIGATION

A randomized clinical trial (RCT) of ICP monitoring,
with and without treatment, would be extremely useful
in establishing the value of ICH treatment, but it is un-
likely considering that most TBI experts consider ICP or
CPP parameters to be the primary basis for ICU man-
agement decisions in the care of the severe TBI patient.
Further studies on sequential normal CT scans in severe
TBI patients and the incidence of ICH and evolving le-
sions would be useful to identify a group that may not
require ICP monitoring and treatment.
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VII. EVIDENCE TABLES

EvVIDENCE TABLE I. WHicH PATIENTS ARE AT HiGgH Risk ror ICH?

Data
Reference Description of study class Conclusion
Eisenberg et Prospective multicenter study in I “Severe TBI patients whose initial

al., 1990°

Lobato et al.,
1986'¢

Marmarou et
al., 199118

Miller et al.,
198122

Narayan et al.,
198226

CT scan does not show a mass
lesion, midline shift, or abnormal

which authors examined the CT
scans of 753 patients with severe

TBI who were treated in a
consistent fashion.

Study of 46 severe TBI patients
who had normal CT scans days 1
through 7 post-injury.

cisterns have a 10-15% chance of
developing elevated pressure.”

“A sustained elevation of ICP was

not seen in these patients, indicating
that ICP monitoring may be omitted

in cases with a normal scan.”
However, a strategy for controlled
scanning was recommended because
one-third of patients with a normal
admission scan developed new
pathology within the first few days
of the injury.

The proportion of ICP
measurements 20 mm Hg was
highly significant in explaining
outcome (p  0.0001). As ICP
increased, favorable outcomes
became less likely while worse
outcomes became more likely. The
next most significant factor in
predicting outcome was the
proportion of mean BP
measurements 80 mm Hg. Patients
with a GCS 8 are at high risk of
developing ICH.

Factors important in predicting a
poor outcome included: presence of
intracranial hematoma; increasing
age; abnormal motor responses;
impaired or absent eye movements

A study of 428 severe TBI 11
patients describing the relationship
between raised ICP (20 mm Hg),
hypotension and outcome.

Series of 225 prospective, I
consecutive patients with severe
TBI managed by a uniform and
intensive protocol in an effort to
relate outcome to several clinical

variables. or pupil light reflexes; early
hypotension, hypoxemia or
hypercarbia; elevation of ICP 20
mm Hg despite artificial ventilation.
207 consecutive patients with I Comatose patients with an abnormal

severe TBI who underwent ICP
monitoring were analyzed to
determine the efficacy and need of
ICP monitoring.

CT scan had a 53-63% incidence of
ICH, while patients with a normal
CT scan at admission had a 13%
incidence of ICP elevation.
However, in patients with normal
CT scans with two of three adverse
features (age 40 years, uni- or
bilateral posturing, or systolic
BP 90 mm Hg), the incidence of
ICH was 60%. Patients with a GCS
8 are at high risk for developing
ICH, especially if their CT scan is
abnormal.
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ICP and CPP data reviewed in 36 I
severe TBI patients with clinical
and radiological evidence of
diffuse axonal injury.

82 severe TBI patients were it

Of 2,698 hourly peak ICP
recordings, 905 were 20 mm Hg.

CT findings regarding gray/white

200423 retrospectively analyzed regarding differentiation, transfalcine
initial CT findings relative to ICP. herniation, size of ventricles, and
basilar cistern sulci are associated
with, but not predictive of,
intracranial hypertension.
Poca et al., Patterns of ICP elevations were 11 Intracranial hypertension correlated
199820 correlated with CT diagnostic with injury patterns identified on CT.
categories in 94 patients with Diffuse injury type I had no ICP
severe TBI. elevations, whereas the incidence for
type II was 27.6%, type III was
63.2%, and type IV was 100%. One
of three patients with no CT pathology
evolved new intracranial lesions.
EviDENCE TABLE II. ARE ICP DaTA USEFUL?
Data
Reference Description of study class Conclusion
Narayan et al., Clinical signs, MEPs, CT scans, 111 ICP 20 mm Hg that
198123 and ICP data were prospectively treatment was associated with a
recorded and analyzed in 133 significantly poorer prognosis (36%
severe TBI patients to ascertain Good or Moderate Disability on the
their accuracy and relative value, GOS) than if the ICP was 20 mm
either individually or in various Hg (80% Good Recovery or Moderate
combinations, in predicting one of Disability).
two categories of outcome.
New study
Servadei et al., ICP ranges assessed in patients I ICP monitoring was the first
200234 with traumatic subarachnoid indicator of evolving lesions in 20%
hemorrhage to determine if there of patients. However, in 40% of
were any identifiable changes patients, CT worsening was not
predictive of worsening CT associated with ICP elevations, thus
findings. ICP monitoring alone may be
inadequate to follow CT
abnormalities.
EviDENCE TABLE III. Doges ICP MoNITORING IMPROVE OUTCOME?
Data
Reference Description of study class Conclusion
Eisenberg et In a multicenter study, 73 Patients 1T Because all decisions relative to

al., 19888

with severe TBI and elevated ICP
were randomized to receive either a
regimen that included high-dose
pentobarbital or one that was similar
but did not include pentobarbital.

therapy were based on ICP data, ICP
monitoring was pertinent to therapy.
Patients whose ICP could be
controlled with pentobarbital had a
much better outcome than those in
whom it could not be controlled. At

(continued)
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EviDENCE TABLE III. Doks ICP MoniTorING IMPROVE OuTtcOME? (CONT’D)

Data
Reference Description of study class Conclusion
1 month, 925 of the patients who
responded to treatment survived and
83% who did not respond had died.
Saul et al., Prospective study of 127 severe TBI 111 Mortality was 46% in the patients
198232 patients who were treated with treated for ICP 20-25 mm Hg and
mannitol and CSF drainage for 28% in the 106 patients treated at an
ICP  20-25 mm Hg and 106 patients ICP level of 15 mm Hg.
who were treated similarly except at
a lower ICP level (15 mm Hg).
New studies
Aarabi et al., Prospective observational study of I Of the subgroup of 40 whose ICP
2006! 50 severe TBI patients, 40 with had been measured before
intractable ICH whose ICP was decompression, the mean ICP
measured before decompressive deceased after decompression from
craniectomy. 239 to 144 mm Hg (p  0.001).
Of the 30-day survivors of the total
original group of 50 (n  39), 51.3%
had a GOS score of 4 or 5.
Cremer et Retrospective study with 11T No significant difference in mortality
al., 20057 prospective outcome data collection or GOS at 12 months. Baseline
comparing mortality and 12 month differences between groups in
GOS in severe TBI patients treated hypotension on admission and number
in two hospitals, one with ICP of patients transferred from other
monitoring (n 211) and the other hospitals.
without (n  122).
Fakhry et al., Retrospective comparison of 11 Significant decrease in mortality
200410 mortality and outcomes for severe between patients from 1991-1996
TBI patients in three groups: and those from 1997-2000 (4.55,
(1) before the use of guidelines- (p  0.047). Significantly more
based protocol (1991-1994, n  219); patients with GOS scores of 4 or 5 in
(2) after initiation of the protocol the 1997-2000 cohort (61.5%) than in
with low compliance (1995-1996, the 1995-1996 (50.3%) or 1991-1994
n  188; (3) after initiation of the (43.3%) cohorts (p  0.001).
protocol with high compliance
(1997-2000, n 423).
Howells et Prospective comparison of I Among the 64 patients treated with
al., 20052 outcomes for severe TBI patients the CPP-oriented protocol, those with
treated in two hospitals, one using an intact pressure autoregulation who
ICP-oriented protocol (ICP 20 responded to the CPP protocol by
mm Hg, CPP 60 mm Hg, n  67) decreasing ICP had a significantly
and the other using a CPP-oriented better outcome compared to those
protocol (CPP at least 70 mm Hg, patients who responded by increasing
ICP below 25 mm Hg as a ICP.
secondary target, n  64).
Lane et al., Retrospective review of the Ontario I When severity of injury was
20004 Trauma Registry evaluating 541 controlled for, ICP monitoring was
severely TBI patients with ICP associated with improved survival.
monitoring.
Palmer et al., Prospective and retrospective cohort II Mortality at 6 months was

200177

at a single level I trauma center
comparing mortality and outcomes
for patients treated before (n  37)
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significantly reduced from 43 to 16%
with the protocol. ICU days
remained the same and hospital costs
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Timofeev et
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and after (n  56) implementation of
a protocol based on the Brain
Trauma Foundation guidelines.

Comparative retrospective review of
severe TBI patients from two time
periods, pre (1991-1993) and post
(1994-1997) establishment of a
dedicated Neurosciences Critical
Care Unit (NCCU).

200228

Retrospective analysis of outcomes
for severe TBI patients (n  49)
treated for intractable ICH with
decompressive craniectomy.

al., 200636

were increased. GOS scores of 4 or
5 increased from 27% in the pre-
guidelines group to 69.6% in the
post-guidelines group (odds ratio
9.13, p  0.005).

I 53 patients treatead in the pre-
establishment group had 59% ICP
monitoring. 129 patients in the post-
establishment group had 96% ICP
monitoring. Significantly better
outcomes were found in the post-
establishment group.

I Of 27 patients for whom pre- and post-
surgical ICP was measured, mean ICP
decreased from 25 6 mm Hg to
16 6 mm Hg (p 0.01). Of the
entire sample, 61.2% had a good
recovery or moderate disability score
on the GOS.
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VII. Intracranial Pressure Monitoring Technology

I. CONCLUSIONS

In the current state of technology, the ventricular
catheter connected to an external strain gauge is the most
accurate, low-cost, and reliable method of monitoring in-
tracranial pressure (ICP). It also can be recalibrated in
situ. ICP transduction via fiberoptic or micro strain gauge
devices placed in ventricular catheters provide similar
benefits, but at a higher cost.

Parenchymal ICP monitors cannot be recalibrated during
monitoring. Parenchimal ICP monitors, using micro strain
pressure transducers, have negligible drift. The measure-
ment drift is independent of the duration of monitoring.

Subarachnoid, subdural, and epidural monitors (fluid
coupled or pneumatic) are less accurate.

II. OVERVIEW

In patients for whom ICP monitoring is indicated, a
decision must be made about what type of monitoring de-
vice to use. The optimal ICP monitoring device is one
that is accurate, reliable, cost effective, and causes min-
imal patient morbidity.

The Association for the Advancement of Medical In-
strumentation (AAMI) has developed the American Na-
tional Standard for Intracranial Pressure Monitoring De-
vices in association with a Neurosurgery committee.> The
purpose of this standard is to provide labeling, safety, and
performance requirements, and to test methods that will
help assure a reasonable level of safety and effectiveness
of devices intended for use in the measurement of ICP.
According to the AAMI standard, an ICP device should
have the following specifications:

* Pressure range 0—100 mm Hg.
e Accuracy 2 mm Hg in range of 0-20 mm Hg.
e Maximum error 10% in range of 20-100 mm Hg.

Current ICP monitors allow pressure transduction by
external strain, catheter tip strain gauge, or catheter tip

fiberoptic technology. External strain gauge transducers
are coupled to the patient’s intracranial space via fluid-
filled lines whereas catheter tip transducer technologies
are placed intracranially. There is evidence that external
strain gauge transducers are accurate.l They can be re-
calibrated, but obstruction of the fluid couple can cause
inaccuracy. In addition, the external transducer must be
consistently maintained at a fixed reference point rela-
tive to the patient’s head to avoid measurement error.
Micro strain gauge or fiberoptic devices are calibrated
prior to intracranial insertion and cannot be recalibrated once
inserted, without an associated ventricular catheter. Conse-
quently, if the device measurement drifts and is not recali-
brated, there is potential for an inaccurate measurement.

III. PROCESS

For this update, Medline was searched from 1996
through April of 2006 (see Appendix B for search strat-
egy), and results were supplemented with literature rec-
ommended by peers or identified from reference lists. Of
39 potentially relevant studies, 7 were added to the ex-
isting tables and used as evidence for this question (see
Evidence Tables I and II).

IV. SCIENTIFIC FOUNDATION

The scientific discussion of ICP monitoring technol-
ogy is divided into the following sections:

A. ICP monitoring device accuracy and reliability
B. Optimal intracranial location of monitor

C. Complications

D. Cost

A. ICP Monitoring Device Accuracy
and Reliability

As specified in the Methods section of this document,
the strongest evidence for the accuracy and reliability of
ICP monitors would be derived from well designed stud-
ies that compare simultaneous readings from the moni-
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tor being tested to those of an established reference stan-
dard and that, among other things, would include large
samples of broad-spectrum patients. The ventricular fluid
coupled ICP monitor is the established reference standard
for measuring ICP.!” Fourteen publications were identi-
fied that simultaneously compared the ventricular moni-
tor to other monitors in a total of 273 patients with TBI
(see Evidence Table ).5-7-10.15.19.20.24.27.2831.32.34.36 [ _
cation of pressure transduction devices varied across
studies. Sample sizes for the individual studies ranged
from five to 51 patients. Due to changes in technology,
only more current publications were considered relevant.

Four studies compared readings from the reference
monitor to those of parenchymal strain gauge catheter tip
pressure transducer device.!327-28:36 Of those, two were
published since 1995,'3-3¢ one of which indicated that
readings from the parenchymal strain gauge device var-
ied within 2 mm Hg from those of the reference standard.

In four studies that compared readings from the refer-
ence monitor to those of parenchymal fiberoptic catheter
tip pressure transduction devices,!0>432.34 only one was
published since 1995,34 and reported a strong correlation
between initial parenchymal and ventricular measure-
ment.

Precision of parenchymal ICP monitors has also been
assessed by comparing the measurement value at the time
of ICP monitor removal with zero atmosphere (degree of
difference  drift).1,3-121518.21.29.30.38 Daia from eight
studies published since 1995 are presented in Evidence
Table II. Of these, two publications report accuracy for
the micro strain gauge transducer'>!> and six for the
fiberoptic.3-18-2129:30.38  However, the literature on
fiberoptic transducers is outdated, as there were signifi-
cant improvements for the fiberoptic transducer in the
manufacturing and testing processes in 1999 (manufac-
turer correspondence), and studies were conducted with
data collection from populations treated before the im-
provements were made. In 153 separate parenchymal ICP
probe measurements there were less than 1% of readings
above or below 5 mm Hg, when compared to zero at-
mosphere, at the time of the ICP device removal.!?!3

B. Optimal Intracranial Location of Monitor

A pressure transduction device for ICP monitoring can
be placed in the epidural, subdural, subarachnoid,
parenchymal, or ventricular location. Historically, ven-
tricular ICP is used as the reference standard in compar-
ing the accuracy of ICP monitors in other intracranial
compartments. The potential risks of catheter misplace-
ment, infection, hemorrhage and obstruction have led to
alternative intracranial sites for ICP monitoring.

The following statements regarding ICP monitor loca-

tion are derived from the primarily Class III evidence in-
cluded in this review:

* Ventricular pressure measurement is the reference
standard for ICP monitoring.2>~7:10:12.15.16,18,19-21.27,
28,31,32,33,36,40,41

* ICP measurement by parenchymal micro strain
gauge!'>-3° pressure transduction is similar to ven-
tricular ICP. Some investigators have found that sub-
dural and parenchymal fiberoptic catheter tip pres-
sure monitoring did not always correlate well with
ventricular ICP (note that currently available
fiberoptic transducers have not been the subject of a
clinical publication),!8-21,29.30.34,38

* Fluid coupled epidural devices or subarachnoid
bolts?*8:16:19.2040  and  pneumatic epidural de-
vices”31:33 are less accurate than ventricular ICP
monitors. Significant differences in readings have
been demonstrated between ICP devices placed in
the parenchyma versus the subdural space.!?

C. Complications

ICP monitoring complications include infection (see
Infection Prophylaxis topic), hemorrhage, malfunction,
obstruction, or malposition. While the current literature
suggests these complications generally do not produce
long term morbidity in patients, they can cause inaccu-
rate ICP readings, and they can increase costs by requir-
ing replacement of the monitor.

i. Hemorrhage. Hemorrhage associated with an ICP
device is not defined in the majority of reports reviewed
in terms of volume of hematoma on head CT, or in terms
of morbidity. There were eight publications on ventricu-
lostomy associated hematomas®:!421,22:23.26.37.39 renort-
ing an average incidence of 1.1% versus an article on
subarachnoid bolts (no hematomas), subdural catheters
(no hematomas),?3 and micro strain gauge devices (three
hematomas in 28 patients, 11%).!5 There have been no
publications on the complication rate of an improved
fiberoptic transducer in populations studied since 1999.
Significant hematomas receiving surgical evacuation oc-
curred in 0.5% of patients in published reports with more
than 200 patients receiving ICP monitoring.?226-34

ii. Malfunction. Malfunction or obstruction in fluid
coupled ventricular catheters, subarachnoid bolts, or sub-
dural catheters has been reported as 6.3%, 16%, and
10.5% respectively.>323 In reports of ventricular catheter
malposition, 3% of patients needed operative revi-
sion.?>-26:35 There have been no publications on the com-
plication rate of an improved fiberoptic transducer in pop-
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ulations studied since 1999. Malfunctions of micro strain
gauge devices are reported as 0%.!%13

As delineated above, each type of pressure transduction
system and intracranial location of the monitor has a pro-
file of potential complications. Calibration, monitoring for
infection, and checking fluid coupled devices for obstruc-
tion are necessary tasks in maintaining an optimal ICP mon-
itoring system. Table 2 below summarizes each type of ICP
monitor by the parameters discussed above.

D. Cost

Estimated costs of the various ICP devices are pre-
sented in Tables 1 and 2. The non-disposable hardware
that need to be purchased with fiberoptic and strain gauge
catheter tip ICP devices range in cost from $6,000 to
$10,000 per bed. ICP transduction with an external strain
gauge costs $208 versus an average of $545 for micro
strain gauge or fiberoptic transducers.

TABLE 1. Cost (2005) oF ICP MONITORING DEVICES

Reusable display

Method of pressure

Device location transduction

Estimated
2005 cost

Product description and catalog number (in dollars)

monitor and/
or calibration
device
(in dollars)

FC external strain
gauge

Ventricular

FC micro strain gauge
catheter tip

FC fiberoptic

Pneumatic

Parenchymal Micro strain gauge

Fiberoptic

Pneumatic
FC external strain

gauge

Subarachnoic

Subdural Micro strain gauge

Fiberoptic

FC external strain
gauge

FC external strain
gauge

Pneumatic

Epidural

Generic:
Ventricular catheter $75
External drainage bag $80
Abbott Transpac IV transducer $53
Codman:
External CSF drainage bag $197
Microsensor ventricular Kit $600
Monitor
Integra Neuroscience:
External CSF drainage bag $80
Microventricular pressure monitoring kit $450
Multiparametric MPM-1
Speigelberg n/a
Codman:
Microsensor ventricular kit $600
Monitor
Integra Neuroscience:
Microventricular pressure monitoring kit $450
Multiparametric MPM-1
Speigelberg n/a
Generic:
Ventricular catheter $75
Abbott Transpac IV transducer $53
Codman:
Microsensor ventricular kit $600
Monitor
Integra Neuroscience:
Microventricular pressure monitoring kit $450
Multiparametric MPM-1
Generic:
Abbott Transpac IV transducer $53
Generic:
Abbott Transpac IV transducer $53
Speigelberg n/a

$6,600

$10,000*

n/a

$6,600

$10,0002
n/a

$6,600

$10,000?

n/a

aMultiparametric monitor for temperature and oxygen as well as ICP.

FC, fluid coupled.
n/a, data not available.
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V. RANKING OF ICP
MONITORING TECHNOLOGY

ICP monitoring devices were ranked based on their ac-
curacy, reliability, and cost, as follows:

1. Intraventricular devices—fluid-coupled catheter with
an external strain gauge

. Intraventricular devices—micro strain gauge or
fiberoptic

. Parenchymal pressure transducer devices

. Subdural devices

. Subarachnoid fluid coupled devices

6. Epidural devices

TABLE 2. RANKING FOR ICP MONITORING TECHNOLOGIES

Device Method of pressure Estimated 2005 cost
location transduction Accuracy Recalibration (in dollars)
Ventricular 1 FC external strain gauge $208

2 FC micro strain gauge $600

3 FC fiberoptic n/a $450
Parenchymal 4 Micro strain gauge $600

5 Fiberoptic n/a $450
Subarachnoic 6 FC external strain gauge $53
Subdural 7 Micro strain gauge $600

8 Fiberoptic n/a $450

9 FC external strain gauge $53
Epidural 10 FC external strain gauge 85

Pneumatic n/a

“There were significant improvements in the manufacturing and testing processes in 1999, which have not been the subject of a

clinical publication.
FC, fluid coupled.
n/a, data not available.

VI. SUMMARY

In patients who receive ICP monitoring, a ventricular
catheter connected to an external strain gauge transducer
is the most accurate and cost effective method of moni-
toring ICP. Clinically significant infections or hemorrhage
associated with ICP devices causing patient morbidity are
rare and should not deter the decision to monitor ICP.

Parenchymal transducer devices measure ICP similar
to ventricular ICP pressure but have the potential for mea-
surement differences due to the inability to recalibrate.
These devices are advantageous when ventricular ICP is
not obtained or if there is obstruction in the fluid couple.
Subarachnoid or subdural fluid coupled devices and
epidural ICP devices are currently less accurate.

VII. KEY ISSUES FOR FUTURE
INVESTIGATION

e The specifications standard for ICP monitoring should
include in vivo clinical ICP drift measurement. In vitro
testing of devices does not necessarily reflect clinical
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performance. Specifications for ICP devices should be
reviewed in the context of what data is useful in the
management of patients that receive ICP monitoring.
It is unclear if a difference in pressure between ven-
tricular and parenchymal ICP is normal. Studies
measuring ventricular and parenchymal ICP simul-
taneously report both positive and negative differ-
ences. However, these studies are difficult to inter-
pret if the ICP device was inaccurate. A study of
parenchymal and ventricular ICP measurements us-
ing an accurate transducer device is needed.
Research is needed to answer the question, does
parenchymal monitoring in or near a contusion site
provide ICP data that improves ICP management,
and subsequent outcome, compared to other sites of
ICP monitoring?

Further improvement in ICP monitoring technology
should focus on developing multiparametric ICP de-
vices that can provide simultaneous measurement of
ventricular CSF drainage, parenchymal ICP, and
other advanced monitoring parameters. This would
allow in situ recalibration and give accurate ICP
measurements in case of transient fluid obstruction.
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VIII. EVIDENCE TABLES

EvVIDENCE TABLE I. ICP MONITORING DEVICE ACCURACY AND RELIABILITY

Reference Description of study Conclusion
Artru et al., A prospective study of parenchymal Daily baseline drift of 0.3 mm
1992! fiberoptic catheter tip ICP monitors in Hg
100 patients
Barlow et al., Simultaneous recording of ventricular Compared to ventricular ICP,
19852 fluid coupled ICP compared to a 44% of the subdural fluid

Bavetta et al.,
19973

Bruder et al.,
19954

Chambers et al.,
1993¢

Chambers et al.,
19905

Czech et al.,
19937

Dearden et al.,

19843

Gambardella et al.,
199210

Gopinath et al.,
199512

subdural fluid coupled catheter in 10
patients and a subdural catheter tip
pressure transducer device in another 10
patients

A prospective study of 101 fiberoptic
pressure transducers (52 subdural and 42
ventricular) in 86 patients.

Comparison of an epidural ICP monitor
and a parenchymal fiberoptic catheter tip
ICP monitor in 10 severe head injury
patients.

Simultaneous recording of ventricular
fluid coupled ICP compared to a
fiberoptic catheter tip pressure transducer
device at the tip of the ventricular
catheter in 10 patients.

ICP recordings between a ventricular
fluid coupled system in 10 patients
compared to a subdural fiberoptic
catheter tip pressure transducer and the
same device situated in the ventricular
catheter in another 10 patients.

Comparison of simultaneous ICP
recordings in 15 patients using a
ventricular flid coupled ICP monitoring
system and an epidural pneumatic ICP
monitoring device.

Assessment of ICP measurement
accuracy in a subarachnoid/subdural
fluid coupled bolt device using an
infusion test in 18 patients

Comparison of a parenchymal fiberoptic
catheter tip pressure transduction device
to ventricular fluid coupled ICP readings
in 18 adults patients.

Evaluation of the measurement accuracy
and drift of a new catheter tip strain
gauge ICP device. The device was
placed in the lumen of a ventricular
catheter in 25 patients.
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coupled device measurements
and 72% of the subdural catheter
tip pressure transducer devices
were within a 10 mm Hg range.

An average of 3.3 mm Hg zero
drift was noted each day up to 5
days after insertion. 10% of
devices had functional failure.

There was a lack of measurement
agreement with the epidural ICP
on average 9 mm Hg higher
(range, 10-28 mm Hg) than
parenchymal ICP.

60% of the ICP readings with the
fiberoptic device were within 2 mm
Hg of the ventricular fluid
coupled ICP readings.

54% and 74% of the fiberoptic
subdural and fiberoptic
ventricular ICP readings
respectively were with 5 mm Hg
of the ventricular fluid coupled
ICP measurements.

In the majority of comparisons
the epidural device ICP
measurements were different
from ventricular ICP recordings
with deviations between 20 and

12 mm Hg.

Device read ICP accurately
accordin to infusion test 48%
of the time.

55% of parenchymal fiberoptic
ICP readings were 5 mm Hg
higher or lower than ventricular
ICP measurements.

No significant measurement drift
was noted over an average of
four days. The device was 63%
accurate (within 2 mm Hg)
compared to ventricular ICP
recordings.

(continued)
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EvVIDENCE TABLE I. ICP MoNITORING DEVICE ACCURACY AND RELIABILITY (CONT’D)

Reference Description of study Conclusion
Gray et al., Comparison of ICP readings in 15 ICP measurement differences of
1996'3 patients using catheter tip strain gauge 4 mm Hg were noted in 30%

Mendelow et
al., 198319

Mollman et al.,
198820

Ostrup et al.,

1987%

Piek et al.,
199027

Piek et al.,
198728

Powell et al.,
198531

Schickner et al.,
199232

Schwartz et al.,
199233

Shapiro et al.,
199634

devices simultaneously in parenchymal
and subdural locations.

Simultaneous recordings of ICP using
two types of subdural fluid coupled bolt
devices and a ventricular catheter fluid
coupled system in 31 patients.

Simultaneous recordings of ICP using a
subdural/subarachnoid fluid coupled
catheter and a ventricular fluid coupled
catheter in 31 patients.

Comparison of ICP readings between a
parenchymal fiberoptic catheter tip
pressure transducer device and
ventricular fluid coupled catheter or
subarachnoid bolt in 15 adults and 5
children.

In a series of 100 patiens, 13 had
simultaneous ICP recordings from a
parenchymal strain gauge catheter tip
pressure transducer device and a
ventricular fluid coupled catheter.

Simultaneous recordings of ICP using a
parenchymal strain gauge catheter tip
pressure transducer device and a
ventricular fluid coupled catheter in
seven patients.

Simultaneous recordings of ICP using an
epidural pneumatic pressure transducer
and a ventricular fluid coupled catheter
in 17 patients.

Comparison of ICP readings between a
parenchymal fiberoptic catheter tip
pressure transducer device and
ventricular fluid coupled catheter in 10
patients.

Comparison of ICP readings between an
epidural pneumatic pressure transducer
device and a subdural strain gauge,
subdural fiberoptic or ventricular fluid
coupled catheter 6 patients.

Review of clinical performance of
parenchymal fiberoptic catheter tip ICP
monitors in 244 patients (180 head
injury) of which 51 also had ventricular
catheter placement.
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of the readings. Daily baseline
drift of 0.3 mm Hg in
parenchymal location.

ICP recordings were within 10
mm Hg of ventricular ICP in
41% of the recordings using one
type of bolt and 58% using the
other kind.

The difference between the ICP
readings was 0.12 mm Hg with
a standard deviation of 5.29 mm
Hg.

Measurement drift up to 1 mm
Hg per day. Parenchymal ICP
readings were generally within 2—
5 mm Hg of ventricular or
subarachnoid ICP measurements.

An initial drift up to 4 mm Hg in
the first day. Parenchymal ICP
measurements were generally 4-8
mm Hg below ventricular ICP.

Parenchymal ICP was 4-12 mm
Hg lower than ventricular ICP
but parallel changes in pressure
were noted.

Marked differences in pressure
up to 30 mm Hg were recorded.

66% of the parenchymal
fiberoptic measurements
exceeded ventricular ICP and
21% were lower. Absolute
pressure differences of up to 40
mm Hg were recorded.

ICP readings from the epidural
device correlated with the other
device readings in only one case.

A strong correlation was found
between initial parenchymal and
ventricular measurements.
Fiberoptic breakage and
malfunction was seen in 17% and
14% of patients, respectively.
The mean length of monitoring
was 7 days.



Weaver et al.,
198240

New studies

Koskinen et al.,
200515

Martinez-Manas

et al.,
20008

Munch et al.,
199821

Piper et al.,
200132

Poca et al.,
200230

Signorini et al.,
199836

Comparison of ICP measurements
between two subarachnoid fluid coupled
pressure transducers in the same patient.
Twenty patients were studied, four of
them had unilateral mass lesions

A prospective study in 28 patients with
parenchymal micro strain gauge ICP
transducer and in 22 patients with
parenchymal microstrain gauge ICP
transducers and concurrent
ventriculostomies.

Prospective study done in 1997 of 101
patients (71% TBI) all patients had
GCS 9 who had 108 consecutive
fiberoptic ICP monitors placed (63%
parenchymal, 28% subdural and the rest
intraventricular.

Parenchymal (n  104) and ventricular

(n  32) fiberoptic transduced ICP devices

were placed. Accuracy of expected ICP
was assessed by neurological exam and
CT scan. 118 patients studied
prospectively over an 18-month period.
Fiberobtics (104) and ventrics (32)
placed. Reliability assessed by neuro
exam and CT, complications assessed
Zero drift characteristics of 34

parenchymal fiberoptic probes studied in

50 patients with a 4-day mean
duration of ICP monitoring (range 1-12
days)

163 patients who had 187 fiberoptic
parenchymal bolts placed prospectively
and studied over a three year period. all
patients had TBI and GCS 9. Mean

duration of monitoring was 5 2.2 days.

10 patients (8 TBI) had placement of
micro strain gauge parenchymal ICP

monitor and comparisons with fiberoptic

parenchymal monitors (5) and
intraventricular fluid coupled monitors
(5) were performed.
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More than 50% of patients

demonstrated significant
differences in ICP. Patients
harboring intracranial mass
lesions showing clear
differences.

Only 21% of the probes showed

zero drift greater than 2 mm
Hg when removed. 22% of the
probes read more than 2 mm
Hg compared to ventricular CSF
pressure readings. Three
hematomas (nonoperable) and no
significant infections (probes
were not cultured).

Probe tips were sent for culture

and 13.2% were positive.
Intracranial hematoma occurred
near the probe placement in 4%.
89% of the probes showed a
positive or negative drift after
removal (range 24 to 35 mm
Hg which was not correlated
with duration of monitoring.

85% of the ICP devices were

deemed reliable. Complications
included 18.1% needed
replacement due to failure.
23.5% were dislocated. Only one
positive CSF culture noted.

50% of the parenchymal probes

had measurements greater than
3 mm Hg after removal when
compared to zero drift. There
was no correlation with the
duration of monitoring.

89% of probes showed drift (12

to 7 mm Hg) when removed and
17% had positive culture of the
probe tip. 10% sensor mal
function and 2.8% hematoma

rate (nonoperable) was reported.

A difference of 9 mm Hg was

noted between the two
parenchymal monitors.
Following removal, 33% of the
micro strain gauge monitor
readings and 50% of the
fiberoptic monitor readings were
greater than 2 mm Hg from
zero drift, respectively.

(continued)



VII. INTRACRANIAL PRESSURE MONITORING TECHNOLOGY

EvIDENCE TABLE I. ICP MoNITORING DEVICE AcCURACY AND RELIABILITY (CONT’D)

Reference

Description of study

Conclusion

Stendel R et al.,

Prospective comparison testing of the

Hematomas were noted in 2%

200338 Neurovent ICP and fiberoptic and 1% of fiberoptic (C) and
parenchymal probes in 148 patients (72% Neurovent (N) probes
TBI) of whom an early group of 50 respectively. Technical problems
patients received fiberoptic probes and in the following: dislocation 14%
then 98 had Neurovent parenchymal (C) and 2% (N), damage 6% (C)
monitors placed. and 5% (N), Error 8% (C) and
0% (N) and drift 3.5 mm 3.1
(C) and 1.7 mm  1.36 (N) were
reported.
EVIDENCE TABLE II. COMPARISON TO ZERO DRIFT IN PARENCHYMAL ICP PRESSURE DEVICES*
Percentage Percentage
difference difference
Year of TBI Number Parenchymal from Sfrom Range
Author study patients%  of probes transducer type 2 mm Hg 5 mm Hg (mm Hg)
Koskinen et 1996-2004 NA 128 Micro strain gauge 20% 1% 5 4
al., 200513
Gopinath et N/A 72% 25 Micro strain gauge 11% 0% 2, 2
al., 19952
Stendel et 2000 72% 50 Fiberoptic® 46% 36% 0, 12
al., 200338
Poca et al., 1993-1996 100% 126 Fiberoptic® 51% 24% 12, 7
20023
Piper et al., NA NA 40 Fiberopticb 50% NA 13, 22
2001%°
Martinez et 1997 71% 108 Fiberoptic® 74% 52% 24, 35
al., 2000'8
Munch et 1993-1998 83% 95 Fiberoptic® 45% 26% 5 12
al., 19982!
Bavetta et NA NA 83 Fiberoptic 65% 23% 12, 14
al., 19973 (60% subdural
and 40%
parenchymal)®

8Studies found no association between measurement differences and the duration of monitoring. Fiberoptic and micro strain
gauge parenchymal ICP devices are listed by manufacturer on Table 4. All studies are from after 1990.

bThere were significant improvements in the manufacturing and testing processes in 1999, which have not been the subject of a
clinical publication.
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