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Abstract

Intracranial pressure (ICP) measurements are fundamental in the present protocols for intensive care of
patients during the acute stage of severe traumatic brain injury. However, the latest report of a large scale
randomized clinical trial indicated no association of ICP monitoring with any significant improvement in
neurological outcome in severely head injured patients. Aggressive treatment of patients with therapeutic
hypothermia during the acute stage of traumatic brain injury also failed to show any significant beneficial
effects on clinical outcome. This lack of significant results in clinical trials has limited the therapeutic
strategies available for treatment of severe traumatic brain injury. However, combined application of
different types of neuromonitoring, including ICP measurement, may have potential benefits for under-
standing the pathophysiology of damaged brains. The combination of monitoring techniques is expected
to increase the precision of the data and aid in prevention of secondary brain damage, as well as assist in
determining appropriate time periods for therapeutic interventions. In this study, we have characterized
the techniques used to monitor patients during the acute severe traumatic brain injury stage, in order to
establish the beneficial effects on outcome observed in clinical studies conducted in the past and to fol-
low up any valuable clues that point to additional strategies for aggressive management of these patients.
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Introduction

Intensive neuromonitoring of patients with severe
traumatic brain injury in clinical studies has
enhanced the scientific knowledge concerning the
pathophysiological conditions of this type of brain
injury at the acute stage. Although elimination of the
primary brain damage resulting from the mechanical
stress of a traumatic injury is not currently possible,
neuromonitoring during the acute stage is conducive
to gaining control of the intracranial physiological
environment and providing better management of
traumatically injured patients at the acute stage.
Neuromonitoring is therefore potentially a reasonable
approach for avoiding the occurrence of secondary
brain damage. The guidelines for the management of
severe head injury formulated in developed countries
have been continually updated. The recent version
of the guideline used in Japan also advocates the
importance of neuromonitoring for management
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traumatic brain injury, intracranial pressure, pressure reactivity index, cerebral oxygena-

of severe traumatic brain injury.” In this context,
intracranial pressure (ICP) monitoring is considered
to be a fundamental” neuromonitoring procedure
for management of severe traumatic brain injury
during the acute stage.

The accumulation of scientific knowledge regarding
ICP monitoring over the last decades has served as
the foundation for the establishment of the guidelines
presently in use for the management of severe traumatic
brain injury.®>*® Monitoring of jugular venous oxygen
saturation (SjvO,) is another conventional practice
that serves as an extended approach for evaluation of
cerebral oxygen metabolism. Other recently developed
devices include intracerebral microdialysis probes and
other catheters for measurement of partial pressure of
brain tissue oxygen (PbtO,) and regional cerebral blood
flow (rCBF). These advanced devices offer extended
monitoring options and provide valuable information
that cannot be obtained from morphological images
such as computed tomography (CT) and magnetic
resonance imaging. However, monitoring using these
technologies can sometimes be difficult.
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In some situations, the use of advanced tech-
nologies requires technical assistance as well as
correct interpretation of the data. Therefore, in
some cases, monitoring using only one of these
advanced technologies creates the risk of misinter-
preting the underlying pathophysiological condi-
tions. Therefore, a combination of several of these
technologies would be more likely to lead to a
correct interpretation of the clinical conditions.
Monitoring of data derived from different threshold
values would allow the application of additional
therapeutic interventions and enable experienced
clinicians to better manage their patients.

Previous clinical studies on the effects of intensive
neuromonitoring of patients with severe traumatic
brain injury were expected to achieve breakthrough
results; however, whether this type of monitoring results
in any dramatic improvement in outcome in these
patients remains controversial.®'® This study reviews
the current situation of intensive neuromonitoring
in patients with severe traumatic brain injury at the
acute stage (Table 1), with the aim of consolidating
the available knowledge obtained in past clinical
studies in order to discuss the outlook for treatment
strategies for these patients.

ICP Monitoring

A clinical study in 1977 reported that intracranial
hypertension was significantly associated with poor
neurological outcome of patients who had suffered
severe traumatic brain injury.? Several subsequent
clinical studies published since the late 1970s have
suggested that aggressive control of intracranial
hypertension would be expected to improve the
neurological outcome of these patients.!'® Several
multicenter clinical studies, including randomized
clinical trials and retrospective data collection from
huge quantities of trauma registry around 2000,
have shown a significant correlation between ICP

Table 1 Neuromonitoring techniques during the acute
stage of severe traumatic brain injury

Type of monitoring Monitoring techniques

Cerebrovascular circulation ICP, rCBF
Cerebrovascular autoregulation PRx, Mx, PAx, ORx
Cerebral oxygenation PbtO,, NIRS
Cerebral metabolites Microdialysis

ICP: intracranial pressure, Mx: mean flow index, NIRS: near
infrared spectroscopy, ORx: brain tissue oxygen pressure
reactivity index, PAx: pressure-amplitude index, PbtO,: partial
pressure of brain tissue oxygen, PRx: pressure reactivity index,
rCBF: regional cerebral blood flow.
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monitoring during the acute stage of severe trau-
matic brain injury and improved survival rate of
the patients.’*'” The Brain Trauma Foundation in
the United States incorporated indications for ICP
monitoring into a guideline for the management
of severe traumatic brain injury.® The formulation
of guidelines for traumatic brain injury care in the
United States led to compliance rates of 68% in
Level 1 trauma centers; however, full compliance
with these guidelines was only 16%.? A revision of
the current guidelines now recommends enforcement
of ICP monitoring during the acute stage of traumatic
brain injury.® A recent clinical study investigating
the large scale prospective database including a
population of 2,134 patients with severe traumatic
brain injury® reported that a treatment targeting ICP
control with placement of ICP sensor during the acute
stage significantly lowered patient mortality. This
study included 1,446 patients who were treated for
intracranial hypertension: 1,202 patients had injuries
that indicated the use of an ICP monitor, while the
remaining 244 patients were treated without ICP
monitoring. In contrast to these positive findings
obtained from this large-scale prospective database
analysis, the latest multicentric randomized clinical
controlled trial (BEST TRIP study), which generated
highly reliable evidence, indicated that a targeted
treatment focused on maintaining the monitored ICP
at 20 mmHg or less during the acute stage of severe
traumatic brain injury failed to show any significant
difference in the mortality when compared to the
treatment without ICP monitoring.” The patients in
the control group were treated based on imaging
and clinical examination. The six-month mortality
was 39% in the ICP monitored group and 41% in
the imaging clinical examination group (P = 0.60).
The median length of stay in the intensive care
unit (ICU) was 12 days in the ICP monitored group
and 9 days in the imaging clinical examination
group (P = 0.25). The director of the BEST TRIP
study stated that their results did not support the
superiority of treatment based on ICP monitoring
over treatment guided by neurologic testing and CT
imaging regarding patient mortality; however, their
results also did not argue against the use of ICP
monitoring since both groups underwent treatment
to lower intracranial hypertension. The purpose of
their study was to determine whether the guideline-
based protocol used in their study provided any
significantly improved outcome.

In conclusion, the consensus based on the current
evidence is that ICP monitoring is recommended for
patients with severe traumatic brain injury, even
though the benefits regarding improved outcome
remain controversial.
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Pressure Reactivity Index

Optimizing cerebral perfusion pressure (CPP) remains
essential for cerebral oxygenation. The therapeutic
threshold of CPP to the target lies within the range
of 50 mmHg to 70 mmHg.'® However, during the
acute stage of severe traumatic brain injury, optimal
CPP varies with the pathological condition of each
individual case. When cerebrovascular autoregulation
is preserved, the elevation of CPP induces a reduction
in the volume of the cerebrovascular beds, which
maintains a consistent level of cerebral blood flow
(CBF) and reduces ICP. In contrast, cases of severe
traumatic brain injury with impaired cerebrovascular
autoregulation showed elevation of ICP that is posi-
tively correlated with CPP elevation.!” Identification
of the optimal CPP to compensate for the impaired
cerebrovascular autoregulation is therefore difficult
and varies by degree in each individual.

The pressure reactivity index (PRx) has recently
drawn attention as a useful indicator that allows
assessment of the severity of cerebrovascular autoregu-
lation.?*2? PRx is calculated as a moving correlation
coefficient between averaged values of arterial blood
pressure and ICP. Negative values of PRx from -1 to
0 reflect a negative correlation between mean arte-
rial blood pressure (MABP) and ICP, meaning that
an active vasomotor reactivity of cerebrovascular
autoregulation exists. In contrast, positive values
of PRx from 0 to +1 indicate a passive vasomotor
reaction suggestive of an impaired cerebrovascular
autoregulation. A clinical study of 82 patients with
head injuries who had an average Glasgow Coma
Scale (GCS) score of 6 reported a positive value
of PRx that was significantly correlated with high
ICP, low admission GCS score, and poor outcome
at 6 months after head injury.?® The results from
another study targeted at 98 head injured patients
stated that a PRx value above 0.2 was indicative of
defective cerebrovascular autoregulation.?V) Another
clinical study suggested that the pressure reactivity
of cerebrovascular autoregulation can be used to
determine the validity of ICP-oriented or CPP-
oriented therapy for the individual cases of severe
traumatic brain injury.?? In that study, pressure
reactivity was calculated as the slope of a regres-
sion line fitted to the data points of the mean ICP
and MABP for each hour of computer monitoring.
Results of another study based on data from 131
patients with traumatic brain injury suggested that
ICP-oriented treatment should be used in patients
who showed a slope of their MABP/ICP regression
line of at least 0.13. A slope value for less than 0.13
was also considered an indication for hypertensive
CPP therapy to produce a better patient outcome.

In addition, when the optimal CPP was defined
as the CPP where PRx reaches its minimum value
in an individual patient,?*?* head injured patients
treated with a mean CPP that was close to the
optimal value were reported to have a favorable
outcome, unlike those whose mean CPP was far
from optimal.?¥ The CPP value that allowed PRx to
reach its lowest value produced a better outcome,
consistent with the prevailing notion that a high
value for PRx during the acute stage was associ-
ated with poor outcome in patients with severe
traumatic brain injury.

Other techniques besides PRx have also been
suggested for monitoring of cerebrovascular autoregu-
lation. The mean flow index (Mx) is calculated as a
moving correlation coefficient between spontaneous
fluctuations of mean flow velocity and CPP.202520)
In this approach, mean flow velocity of the middle
cerebral artery is derived from transcranial Doppler
flow measurements. Mx monitoring has been reported
to be useful as an approach to assess CBF autoregula-
tion. Studies that included patients with subarachnoid
hemorrhage in addition to traumatic brain injury
reported that the pulse amplitude of ICP (AMP) was
a better marker of the patient’s state and a better
predictor of neurological outcome than were the
mean values of ICP.2”

Elevated AMP is considered to indicate a brain
metabolism crisis and subsequently increases the
risk of mortality or severe disability at follow
up.?29 Another index, the pressure-amplitude
index (PAx), calculated as the Pearson correlation
between MABP and AMP, has shown a significant
correlation between Mx and PAx in patients with
severe traumatic brain injury at the acute stage.’”
Further prospective studies are still required to
evaluate the benefits of this autoregulation-oriented
approach for these patients.

Monitoring of Cerebral Oxygenation

Cerebral hypoxia, attributed mainly to impaired
autoregulation, systemic hypotension, and intracra-
nial hypertension, has been identified as a principal
cause of secondary brain damage following severe
traumatic brain injury.**% This secondary damage
occurs even in some patients with severe traumatic
brain injury who have controlled ICP and adequate
CPP. Recent clinical studies have suggested that
direct monitoring brain tissue O, can detect brain
hypoxia during the acute stage of severe traumatic
brain injury.®3¢-*® At present, commercially avail-
able products are available for measuring the partial
pressure of oxygen in brain tissue (brain tissue PO,:
PbtO,) in practical use. This approach was used
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in a clinical study that investigated a group of 25
patients with severe traumatic brain injury, where
29% of patients with ICP levels of 25 mmHg or less
and 27% of patients with CPP levels of 60 mmHg
or greater had severe cerebral hypoxia (PbtO, <10
mmHg). In addition, even in 21% of the patients
with optimal ICP (<25 mmHg) and CPP (>60 mmHg),
severe cerebral hypoxia of PbtO, less than 10 mmHg
was confirmed.?® Poor neurological outcome was
also associated with hypoxic PbtO, values.?”*®

Monitoring of brain tissue oxygen coupled with the
conventional ICP/CPP monitoring has been reported
to improve the outcome of the patients with traumatic
brain injury.®” One clinical study showed a trend
toward improved outcome in a group of 53 patients
with severe traumatic brain injury treated with ICP/
CPP and PbtO, monitoring when compared to another
group of 40 patients treated with conventional ICP/
CPP monitoring.? A separate report indicated that the
mortality rate was significantly reduced in patients
with severe traumatic brain injury who underwent
PbtO,-directed treatment, compared to patients who
underwent ICP monitoring alone (25% vs. 44%,
P <0.05).9 However, a later report that included a
relatively extensive analysis of retrospective data
from 629 patients admitted to a Level I trauma
center with a diagnosis of severe traumatic brain
injury, concluded that clinical management guided
by PbtO, monitoring did not reduce the mortality
rate when compared with ICP monitoring alone.!”
The median length of hospital stay was also 27%
longer in the PbtO, monitored group than in the
group that underwent ICP monitoring alone. The
patients who underwent ICP/PbtO, monitoring were
also younger in age and more severely injured, as
determined by the admission GCS score and the head
abbreviated injury scale (AIS) score, when compared
to the patients treated with ICP monitoring alone.
The authors of the study suggested that randomized
clinical trials were needed to eliminate these demo-
graphic differences in order to verify the beneficial
effects of direct brain tissue oxygen monitoring on
the neurological outcomes of patients with severe
traumatic brain injury.

As with the PRx, the correlation coefficient between
PbtO, and CPP has been advocated as an index of
brain tissue oxygen pressure reactivity (ORx). The
ORx has been considered to serve as an indicator
of cerebral autoregulation after subarachnoid hemor-
rhage.’® A clinical study investigating a group of
patients after subarachnoid hemorrhage reported
that the ORx indicated impaired autoregulation in
patients who develop delayed infarction following
cerebral vasospasms after subarachnoid hemorrhage.
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The mean ORx value was significantly higher in the
infarction group than in the noninfarction group.
However, any beneficial effects of treatment guided
by the ORx on clinical outcome of traumatic brain
injury patients remain controversial at present.*-4?

Near infrared spectroscopy (NIRS) is an optical
technique used to examine the oxygenation state of
tissues such as the injured brain of patients. This
technique continuously and non-invasively monitors
the changes in oxygenation of brain tissue. Several
studies have already shown the usefulness of NIRS
for detecting cerebral ischemia in stroke patients.**-4%
NIRS appears to be particularly useful for detecting
the changes in cortical oxygen saturation due to
vasospasm following subarachnoid hemorrhage.*-4?
However, insufficient clinical studies have been
targeted thus far at patients with traumatic brain
injury.®sY At present, the evidence obtained from
clinical investigations is not sufficiently convincing
to support the usefulness of NIRS in the manage-
ment of patients with traumatic brain injury during
the acute stage. Hence, NIRS still has not attained
widely prevalent use in clinical settings.

Microdialysis

Excitatory amino acids, typified by glutamate and
aspartate, have received strong interest because of
their potential role as causative factors of neuronal
damage.? Intracerebral microdialysis is a method
for harvesting of endogenous substances from extra-
cellular fluid and is presently considered to be a
clinically useful method for neurometabolic moni-
toring.***¥ This technique was initially introduced
for clinical use in the brain in 1990.% A clinical
study using microdialysis targeted at traumatically
head injured patients reported in 1998% showed
that sustained high ICP and poor outcome were
significantly correlated with high extracellular levels
of excitatory amino acids. However, intracerebral
microdialysis is a local monitoring technique similar
to PbtO, monitoring, and not a global method like
ICP or SjvO, monitoring. Clinical studies comparing
the data between dialysate obtained from the cath-
eters located at a region close to focal traumatic
lesions and remote from the focal lesions have
demonstrated that changes in lactate/pyruvate (L/P)
ratio and levels of glutamate were deterministi-
cally dependent on the location of microdialysis
probes.®®%® In addition, another clinical study of
21 severe traumatic head injured patients reported
that the L/P ratio obtained from the dialysate
collected at a pericontusional lesion was increased
in parallel with CPP reduction, while no change
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in L/P ratio was observed in the simultaneously
harvested dialysate from a normal lesion.’” This
result may imply that intracerebral microdialysis
monitoring could be potentially meaningless as the
data obtained depend on the location of catheters.
This issue is presumably one of the reasons why
intracerebral microdialysis has not seen widespread
practical use in the clinical setting.

Monitoring of rCBF

A study investigating patients with severe traumatic
brain injury, monitored continuously with thermal
diffusion probe, showed that rCBF monitoring was
useful for hastening interventions aimed at restoring
adequate tissue perfusion.’® Recently advanced
technologies available in Europe and in the United
States have led to commercially availability of a
thermodiffusion probe for measuring rCBF. The
probe is placed intraparenchymally into the brain of
patients, and makes it technically possible to measure
the rCBF continuously at the bedside.*®®® However,
the number of cases recruited in studies that have
used the rCBF measuring probe is low. Therefore,
large clinical trials are needed for investigating the
usefulness of the thermodiffusion probe for patients
with severe traumatic brain injury.

Conclusion

In this review, we have documented the results of
several different neuromonitoring techniques used
during the acute stage in patients with severe trau-
matic brain injury. These techniques are basically
able to record various parameters continuously in
real time, at the bedside, and they also allow thera-
peutic interventions to be established by detecting
changes in intracranial pathophysiology. In the past,
a multitude of novel agents with potential have
been applied to the treatment of patients to reduce
secondary brain damage following head trauma.
Nevertheless, all of these clinical trials have ended
in anticlimax. The introduction of a revolutionary
neuroprotective treatment is unlikely in the imme-
diate future. However, an increase in the precision
of understanding of the intracranial pathophysiology
of patients that can be obtained with continuous
monitoring at each moment should be conducive
for a better outcome for these patients. Accurate
diagnosis and mediation of therapeutic interventions
will require the establishment of patient-specific
thresholds for each parameter used in continuous
neuromonitoring during the acute stage of traumatic
brain injury. The hope is that these approaches will

result in a significant improvement in neurological
outcomes of patients with traumatic brain injury
in the future.
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