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Abstract
Traumatic brain injury frequently causes an elevation of intracranial pressure (ICP) that could lead to reduction of cerebral
perfusion pressure and cause brain ischemia. Invasive ICP monitoring is recommended by international guidelines, in order to
reduce the incidence of secondary brain injury; although rare, the complications related to ICP probes could be dependent on the
duration of monitoring. The aim of this manuscript is to clarify the appropriate timing for removal and management of invasive
ICPmonitoring, in order to reduce the risk of related complications and guarantee adequate cerebral autoregulatory control. There
is no universal consensus concerning the duration of invasive ICP monitoring and its related complications, although the
pertinent literature seems to show that the longer is the monitoring maintenance, the higher is the risk of technical issues.
Besides, upon 72 h of normal ICP values or less than 72 h if the first computed tomography scan is normal (none or minimal
signs of injury) and the neurological exam is available (allowing to observe variations and possible occurrence of new-onset
pathological response), the removal of invasive ICP monitoring can be justified. The availability of non-invasive monitoring
systems should be considered to follow up patients’ clinical course after invasive ICP probe removal or for substituting the
invasive monitoring in case of contraindication to its placement. Recently, optic nerve sheath diameter and straight sinus systolic
flow velocity evaluation through ultrasound methods showed a good correlation with ICP values, demonstrating their potential
role in place of invasive monitoring or in the early weaning phase from the invasive ICP monitoring.
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Introduction

Traumatic brain injury (TBI) is defined as sudden damage that
occurs to the brain after a traumatic event. TBI is often follow-
ed by an elevation of intracranial pressure (ICP) due to intra-
cranial hemorrhage, cerebral edema, or hydrocephalus which
results in the reduction of cerebral perfusion pressure (CPP)
and ultimately brain ischemia [29, 61].

Invasive intracranial pressure (I-ICP) monitoring is recom-
mended by international guidelines and supported by internation-
al studies [10, 13, 14, 16, 29, 59, 61, 62] to reduce the incidence
of secondary brain injury [16]. I-ICP monitoring is suggested for
patients with TBI and abnormalities on computed tomography
(CT), for selected patients with a normal CT scan but with clin-
ical signs suggestive of secondary brain injury, and for those
patients in whom a neurological examination is not available.
The accepted ICP threshold for starting treatment is >
22 mmHg [10, 61]. In the event of ICP elevation, a CT scan
should be repeated in order to exclude surgically treatable lesions
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before escalating other therapies. Therefore, I-ICP monitoring is
crucial to guide the staircase approach (Fig. 1), which includes a
step-by-step increase in treatment aggressiveness to control ICP,
with more aggressive treatment reserved to specific cases when
more conservative treatments have failed [13, 16, 29, 59]. A risk
versus benefit analysis concerning the insertion of an ICP mon-
itoring probe should be taken into account because of the risk of
hemorrhage (1‑7%) and infection (1‑27%) [61]. Moreover, it is
questioned whether ICP monitoring is accurate after prolonged
monitoring time [5, 48, 49]. Taken together, these findings sug-
gest that the early positioning of I-ICP is fundamental in those
patients who fulfill the criteria for monitoring to reduce second-
ary brain injury; however, questions remain in borderline situa-
tions when the patients might not benefit from monitoring and
could be at risk for probe-related complications.

The aim of our narrative review is to briefly describe the
current practice concerning the I-ICP monitoring, ICP man-
agement, the possible duration of invasive ICPmaintenance to
reduce the risk of ICP probe-related complications, and the
indications for non-invasive ICPmonitoring. For this purpose,
we performed a literature search on PubMed, using the fol-
lowing terms: (ICP OR “intracranial pressure”) AND (timing
OR removal OR remove OR weaning) (Fig. 2). Titles and
abstracts were analyzed and independently assessed for eligi-
bility by three authors (PA, DB, AB); disagreements were
resolved by discussion and, if required, input from a third
author (AP) (Fig. 2).

The staircase approach

The escalation treatment for the management of intracranial
hypertension has become the standard of care in intensive care
unit (ICU) [10, 16, 61] (Fig. 1). In 2019, the Seattle

International Severe Traumatic Brain Injury [12, 27] devel-
oped a management algorithm for TBI through evidence-
based treatment protocols for helping physicians in the man-
agement of TBI patients with I-ICP monitoring [27]. The first
step of this approach includes analgesia and sedation, which
are mandatory to treat those cases of hypertension related to
pain and agitation, to prevent seizures, and to avoid asyn-
chronies between the patient and the mechanical ventilator.
Hypotension is the most common risk related to deep sedation
which belies the importance of maintaining a normal intravas-
cular volume [10, 16, 43, 61]. Continuous CSF drainage may
be useful if an external ventricular drainage is placed, al-
though the evidence regarding its efficacy on long-term intra-
cranial hypertension control is not strong [10]. In fact, intra-
ventricular devices for I-ICP detection are catheters with a
transducer (fiber-optic strain gauge or pneumatic sensor)
placed into the cerebral ventricular system and connected to
an external monitoring system, which allow the drainage of
CSF through the catheter in case of intracranial hypertension,
facilitating the ICP control [42]. The use of lumbar CSF drain-
age has to be avoided for the risk of tonsillar herniation [12,
61]. Hyperosmolar therapies reduce ICP elevation by increas-
ing plasma osmolarity, moving free water from the brain to the
blood circuit, due to the gradient between the two compart-
ments across the blood‑brain barrier [54]. Besides, mannitol
non-bolus continuous infusion is not recommended [27].
Another step includes hyperventilation with induced blood
hypocarbia with partial pressure of carbon dioxide (PaCO2)
below 35‑38 mmHg [12] which results in vasoconstriction
followed by CBF and ICP reduction. It should be noted that
this maneuver carries the risk of brain ischemia, making the
use of advanced monitoring systems of cerebral oxygenation
(e.g., monitoring of jugular bulb and brain tissue oxygenation)
essential [60]. Moderate hypothermia (32‑34 °C) is another

Fig. 1 Indications for invasive ICP (I-ICP) monitoring and staircase approach in case of refractory intracranial hypertension, consisting in a step-by-step
escalation therapy
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useful technique to effectively decrease ICP, although there
are no current evidences supporting its general use in TBI
patients because of unproven clinical benefit [10, 12, 15].
The final step of the medical therapy for ICP treatment is
represented by barbiturates, which depress the cerebral metab-
olism reducing CBF and ICP. Barbiturate administration is
characterized by potentially damaging side effects like cardiac
depression, hypotension, and risk of infection, therebymaking
its use reserved for refractory intracranial hypertension [53,
63]. High-dose barbiturate therapy is generally started after a
demonstrated response to a test dose. Moreover, electroen-
cephalographic (EEG) monitoring during barbiturates infu-
sion should be available, and further increases of the dose
must be avoided if burst suppression is reached. Of note, the
primary endpoint of barbiturate therapy is ICP control and not
burst suppression, because of dose-related toxicity [27].
Decompressive craniectomy (DC) represents the ultimate
treatment for refractory intracranial hypertension, and its effi-
cacy in controlling ICP has been largely demonstrated [10, 16,
27, 29, 59, 61, 62]. Two major multicenter randomized con-
trolled trials aimed to compare decompressive craniectomy
with medical management [16, 29]. The Decompressive
Craniectomy (DECRA) trial [16] compared bifrontal decom-
pressive craniectomy with maximal medical treatment in dif-
fuse TBI with ICP > 20 mmHg for 15 min or longer,

observing similar mortality in the two groups, with a rate of
unfavorable neurologic outcomes significantly higher for sur-
gical patients. Likewise, the Randomized Evaluation of
Surgery with Craniectomy for Uncontrollable Elevation of
Intracranial Pressure (RESCUEicp) study [29] compared
medical therapy with decompressive craniectomy in patients
with ICP > 25 mmHg for more than 1‑12 h and resistant to
initial medical therapy. Decompressive craniectomy resulted
in lower mortality and higher rates of vegetative state, lower
severe disability, and upper severe disability at 6 months, with
similar rate of moderate disability and good recovery in re-
spect to the medical group. The results of RESCUEicp should
be interpreted referring to the implications related to an in-
creased number of vegetative state and increased number of
patients with less severe disability. Moreover, the indication
for DC should involve the assessment of priorities, modulat-
ing the medical choice to the socio-economical contexts.

Several meta-analyses on DC in TBI population and its
effects on long-term outcome are available in literature [20,
22, 24, 37, 45, 55, 65, 68, 69]. All these studies demonstrated
the efficacy of DC in controlling ICP, reducing mortality and
hospital length-of-stay, with an increased rate of unfavorable
outcome when compared with medical treatment.

Sahuquillo et al. [55] performed a meta-analysis on three
randomized trials on 590 severe TBI patients assessing the

Fig. 2 Search methodology and
results on Medline database
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effects of decompressive craniectomy on outcome. Authors
confirmed that DC reduces mortality, determining heterogenic
effects on long-term neurological outcome. Besides, they con-
cluded that further studies focusing on the clinical and radio-
logical prognostic factors implicated in survival and accept-
able quality of life should be performed.

Invasive ICP monitoring

The first monitoring tool for ICP was introduced by
Guillaume [25] and Lundberg [38], referring to an external
ventricular drainage connected to a transducer measuring
ICP. The knowledge of ICP values in severe TBI is mandatory
to direct care, although its influence on outcome is still not
well known because of the lack of well conducted randomized
controlled trials [10, 13]. A systematic review [13] tried to
clarify the rational for I-ICP monitoring, showing that there
are no strong evidences on outcome between patients with or
without ICP monitoring. However, a large amount of obser-
vational data suggests that ICP monitoring and management
can have a beneficial effect on long-term outcome. I-ICPmon-
itoring is suggested for patients with traumatic brain injury
and abnormalities on CT scan in whom neurological exami-
nation is not available, as well as in patients with a normal CT
scan and two or more of the following criteria: age > 40 years,
hypotension, and abnormal flexion/extension in response to
pain, but the choice of placing an I-ICP should be weighted on
each individual case [10, 13]. Many studies tried to repurpose
the invasive ICP monitoring, showing a similar [17] or worse
outcome [58] in patients with monitoring compared to those
without. The only large multicenter randomized controlled
trial available was published in 2012 [14] and it did not show
any advantage on outcome in patients with I-ICP monitoring
in comparison to those with only imaging and clinical exam-
inations. In addition, this study did not discuss the occurrence
of serious catheter-related adverse events [14]. However, sev-
eral criticisms have been raised on this study, some related to
its design, while others to the inadequate sample size and the
randomization criteria. Besides, this study highlighted the
need for a correct interpretation of I-ICP monitoring, promot-
ing the role of novel alternative non-invasive monitoring sys-
tems. In summary, it is not the ICP monitoring per se, but
instead is the information obtained from ICP monitoring that
affects outcome. In fact, the improvement of outcome should
result from different therapeutic choices guided by ICP mon-
itoring, and not from the monitoring alone. To better define
this concept, the Brain Trauma Foundation [10] highlight the
fact that, in absence of clear evidence, the decision to insert an
invasive I-ICP monitoring should be considered case by case
[59, 62]. A main concern is the definition of an initial abnor-
mal CT scan, because a small amount of blood within the
subarachnoid space may not be considered a pathological

CT scan. In fact, the Milan Consensus Conference [62] did
not recommend I-ICP monitoring in comatose patients with
normal CT scan or with initial evidence of minimal signs of
injury (subarachnoid hemorrhage or petechiae). In these cases,
a second CT scan is indicated, in order to exclude a worsening
of the initial radiological findings [62]. Moreover, since the
standardization of guidelines for each individual patient is not
reliable and feasible in clinical practice, no specific indications
for the positioning of I-ICP monitoring have been reported in
the last Consensus Conference and in the new edition of Brain
Trauma Foundation Guidelines, leaving the choice to the clin-
ical experience [10, 47].

Complications of invasive ICP monitoring

Although invasive ICP monitoring placement is considered a
minor and safe surgery, complications could be potentially
devastating. Table 1 summarizes possible complications of
I-ICP monitoring. Hemorrhage rates are not well character-
ized, mainly due to the different definitions of hemorrhage
across different studies [5, 7, 19, 23, 26, 34, 39, 64].
Gelabert-Gonzalez et al. [23] found an overall bleeding rate
of 2.5% (25 patients) and 6 of them required surgical evacu-
ation (4 intraparenchymal hemorrhages, 2 epidural hemato-
mas). Interestingly, postoperative bleeding rate was 1.9% in
patients without coagulopathy and 8% in patients with at least
1 abnormal coagulation parameter. Irrespective of its retro-
spective design, the results of this study should be taken into
account because the use of antithrombotic drugs is increasing
worldwide [21]. Two meta-analyses on intracranial hemor-
rhage caused by external ventricular drainage (EVD) place-
men t[5, 7] observed significant hemorrhage in 0.7% and
0.61%, despite a higher cumulative rate of bleeding. The com-
plications related to the placement of ICP probe are justified
by the “state of need,” whereas the complications related to
infections result more controllable because of their correlation
with ICP probe maintenance and management [64].

Infection is the most common complication that signifi-
cantly affects patients’ outcome in terms of mortality, morbid-
ity, length of stay, and cost of care [41]. In 1984,Mayhall et al.
[39] reported an unacceptable cumulative rate of infection
5 days after the ICP ventricular monitoring, but the daily risk
of monitoring was not reported. To date, the devices used for
I-ICP monitoring are technologically different, and a use time
longer than 5 days is guaranteed bymanufacturing companies.
Kanter et al. [30] retrospectively reviewed data on I-ICP mon-
itoring observing a daily infection rate of 1.5%, with a cumu-
lative risk of 6% on day 5, 16% on day 9, and 21% on day 11.
They observed a higher risk of infection within the first week,
with a subsequent fall after day 6, suggesting that the infection
is usually related to the insertion of ICP probe. In the study of
Chatzi et al. on EVD, which can be considered equivalent to
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the intraventricular ICP device, the authors showed that the
application of a protocol, including education of the person-
nel, meticulous handling of the EVD, minimization of CSF
sampling, and routine replacement of the catheter on day 7,
induced the drop in rates of associated infections from 28 to
10.5% [11].

Assuming the fact that I-ICP monitoring carries the risk of
infection, the real impact of a longer duration of probe main-
tenance on its incidence remains debated. Lozier et al. [36]
observed a rate of 0‑22%; however, considering data from the
23 major studies included in the final analysis only, the au-
thors found an overall incidence of 8.8%/patient and 8.08/
EVD placement.

Park et al. [44] found that the rate of infections reached a
peak at day 4, while Holloway et al. found that the rate of
infections steadily increased until day 10 [28]. The use of I-
ICP monitoring is largely recommended in TBI and aneurys-
mal SAH but its removal should be performed as soon as
possible, weighing the therapeutic benefits of continued mon-
itoring versus the risk of infection.

The duration of I-ICP monitoring carries at least two other
concerns. The first is related to the risk of inaccurate readings.
In fact, that some bolts could drift is known [3, 23], resulting
in progressive imprecise analysis and inaccurate readings [2].
Other technical complications include breakage of the optical

fibers, dislocation of the fixation screw or the probe, and fail-
ure of ICP recording for unknown reasons. The rate of I-ICP
monitoring technical problems ranges from 4.5 to 25% [2, 23,
57], according to the fact that most of these complications
occurred during nursing maneuvers, transport of the patient,
or patient’s activity. In light of these, it seems reasonable that
the risk of a technical problem varies directly with the length
of I-ICP monitoring.

In case of intraventricular pressure monitoring devices, ob-
struction of the ventriculostomy catheter represents another
issue. This problem is often caused by cellular debris, such
as blood clots and/or tissue fragments. Mechanical EVD fail-
ure, such as kinking of the device, failure of any part of the
system, migration of EVD catheter, and physiologic factors
such as over drainage or tight ventricles and/or CSF leak, may
also result in obstruction [33, 40]. Dampening of the ICP
waveform, reduction or absence of CSF flow, and lack of
pulsation of the CSF meniscus of the drain tube during respi-
ration can ultimately result in catheter obstruction. If mechan-
ical failure is suspected, the EVD collection system should be
substituted, whereas if cellular debris is suspected, catheter
irrigation using a small volume (less than 2 ml) of sterile
isotonic normal saline should be performed under strict sterile
conditions to restore the flow [18, 26]. As stated above for
technical complications, the risk of EVD blockage also seems

Table 1 Complications associated with invasive ICP monitoring and EVD placement

Author No. of patients Type of study Hemorrhage (%) Infection (%) Technical problems

Dimitriou et al. [15] 288 Retrospective 3/296 (1.01)
2/173 (1.16) *
1/123 (0.8) °

16/173 (9.2)*
1/123 (0.8)°

NR

Koskinen et al. [29] 549 Retrospective 27/549 (4.9%) NR NR

Gelabert-González et al. [19] 1000 Retrospective 25/1000 (2.5) 46/547 (8.5) 49/1000 (4.9)

Chatzi et al. [7] 139 Retrospective NR Pre-education 23/82 (28)*
Post-education 6/57 (10.5)*

NR

Park et al. [37] 595 Retrospective NR 51/595 (8.6)* NR

Holloway et al. [24] 584 Retrospective NR 61/584 (10.4)*
1° catheter 50/584 (8.6)
2° catheter 10/92 (10.9)
3° catheter 1/19 (5.3)

NR

Kanter et al. [26] 65 Retrospective NR 9/72 (12.5) NR

Schürer et al. [48] 95 Prospective NR NR 24/95 (25.3)

Guyot et al. [22] 536 Retrospective 15/536 (2.8)
13/274 (4.7)*
2/262 (0.8)°

21/536 (3.9)
20/274 (7.3)*
1/262 (0.38)

NR

Mayhall et al. [33] 172 Prospective 19/213 (8.9)* NR NR

Lozier et al..[30] 5261 Meta-analysis NR 463/5733 (8.08)* NR

Bauer et al. [3] NR Meta-analysis 203/2428 (8.4)* NR NR

Binz et al. [4] NR Meta-analysis 102/1790 (5.7) NR NR

NR not reported

*EVD catheters

°Other devices
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influenced by the duration of EVD placement. Besides, intra-
ventricular I-ICP device is considered the gold standard for
intracranial compliance evaluation, although it is related to a
potential higher rate of complications such as infection, hem-
orrhage, and technical problems [2, 5, 6, 8, 23, 56, 57] that
require a careful management of the device during ICU stay.
The antibiotic and silver impregnated catheters, the use of
intraventricular catheter for less than 5 days, and the position-
ing with sterile techniques in the operating room have shown a
reduction of infection rate [7]. Furthermore, ventricular I-ICP
monitoring systems are difficult to position in younger patient
because of the smaller ventricle volume, and in some TBI
patients whose intracranial hypertension has caused the col-
lapse of their ventricular system [42]. Although intraventricu-
lar monitoring is considered the gold standard for ICP man-
agement, studies comparing this type of monitoring with other
devices have shown variable results [1, 31, 35, 66]. A recent
study analyzed the outcome of TBI patients with intraventric-
ular monitoring and intraparenchymal devices, finding a sig-
nificantly higher mortality, and worse neurological and neu-
ropsychological outcome in case of early positioning of intra-
ventricular device in comparison to intraparenchymal moni-
toring [4].

I-ICP monitoring weaning

A common question raised in clinical practice is how long to
maintain I-ICP monitoring in non-neurologically detectable
patients. The literature is very poor on this theme, and clini-
cians have to consider the risk/benefit ratio to decide when I-
ICP monitoring removal could be indicated. The complica-
tions related to the length of device monitoring have to be
considered [5, 30, 32, 48, 49, 64, 67] (Table 1). In the study
of Kanter et al. [30], ICP monitoring was maintained for less
than 7 days but no more than 28 days in half of cases. Picard
et al. [46], in a retrospective multicenter international survey,
reported the maintenance of ICP monitoring probe for 7 days
in TBI patients. By contrast, Winfield et al. [67] did not de-
scribe a positive correlation between the duration of I-ICP
monitoring and the rate of daily infection, reporting 2 weeks
as the maximal period of monitoring. They concluded that the
decision to remove I-ICP monitoring should be based only on
the necessity to continually observe the ICP values. In the
Seattle International Severe Traumatic Brain Injury
Consensus [12, 27], the theme of I-ICP monitoring weaning
was analyzed. A heat map to guide decision-making based on
ICP values for definite periods (for 24 h, 48 h, 72 h, > 72 h),
the CT scan classification, the presence of evacuated mass
lesion, and the line of therapy used to treat intracranial hyper-
tension [10] were carried out. In conclusion, they decided that
72 h of acceptable ICP values should be considered for mon-
itoring removal, whereas removal after 24 h is recommended

only for cases with a benign CT scan and an acceptable neu-
rological evaluation.

Summarizing, there is no universal consensus about the
relation between duration of I-ICP monitoring and complica-
tions, but the review of the pertinent literature strongly sug-
gests that a longer period of I-ICP monitoring portends a
higher risk of technical problems. Therefore, clinicians have
to consider the risk/benefit ratio of I-ICP monitoring mainte-
nance, and the necessity of continual observation of ICP
values. The therapeutic aggressiveness to obtain ICP control
could also influence the decision to remove I-ICP monitoring.

The role of non-invasive ICP monitoring

Invasive ICP monitoring is considered the standard of care
after severe TBI [10]. Severe complications have been ob-
served during I-ICP monitoring, thereby limiting its use to
those patients who fully meet the selection criteria.
Therefore, the search for non-invasive ICP monitoring to re-
place the invasive assessment started many years ago [51].
Several non-invasive methods have been proposed, and the
methods based on ultrasounds such as transcranial Doppler
(TCD) or optic nerve sheath diameter (ONSD) gained more
popularity for their safety, availability, and reliability charac-
teristics [51]. Actually, non-invasive ICP monitoring is divid-
ed into the following: (1) imagine techniques such asmagnetic
resonance, tomography scan, and ONSD; (2) indirectly trans-
mitted ICP such as TCD and eyeball ophthalmic artery meth-
od; (3) monitoring of metabolic alterations such as near-
infrared spectroscopy; and (4) registration of functional activ-
ity such as electroencephalography, visual-evoked potential,
and acoustic potential [50]. Of note, the ideal non-invasive
monitoring method should be easily performed, suitable in
emergency setting, operator-independent, risk free, accurate,
precise, and low cost. The main advantages of non-invasive
monitoring systems are the potential multiple times reproduc-
ibility without further costs, the bilateralism of the assess-
ments , and the low risk of compl ica t ions [50] .
Disadvantages include insufficient accuracy, operator-depen-
dency, and the difficult clinical applicability in some cases,
thus suggesting that non-invasive monitoring systems are not
efficacious enough to substitute invasive ICP measurement
[50]. Besides, an accurate method available in literature is
represented by 2-depth-high-resolution-transcranial Doppler
insonation of the ophthalmic artery, which allows to select
the intersection point for which the blood flow velocity wave-
form in the intracranial segment of the ophthalmic artery is
equal to the blood flow velocity of the extracranial vessel.
Robba et al. recently assessed an observational study on the
ultrasound non-invasive measurement of ICP, demonstrating
that ONSD and straight sinus systolic flow velocity (FVSV)
have a good correlation with ICP, whereas the mean arterial
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carotid pulsatility index and the estimator based on diastolic
flow velocity (FVd) did not correlate with ICP [51]. Although
the search for the most accurate non-invasive monitoring sys-
tem is still ongoing, ultrasound-based methods have been
proved to guarantee an acceptable accuracy [9]. In summary,
we suggest the application of these novel non-invasive ICP
neuromonitoring methods in those TBI patients where an in-
vasive ICP probe is contraindicated or those at high risk for
invasive ICP monitoring-related complications. Moreover,
continuous monitoring with less invasive measures should
follow invasive probe removal in order to guarantee adequate
monitoring in the early weaning phase from the invasive ICP
monitoring [52].

Conclusions

Nowadays, I-ICP monitoring represents a standard of care in
patients with TBI and abnormal CT scan in whom neurolog-
ical evaluation is not feasible, as well as in those patients with
normal CT scan and risk factors for secondary brain injury
[10, 62]. The risks of I-ICP monitoring-related complications
are related not only to its insertion maneuver, but also to the
duration of maintenance, as confirmed by most of the records
found in the present review. Considering both the possible
issues related to monitoring duration, and the clinical condi-
tions that could guide the clinicians, I-ICP monitoring remov-
al is justified after 72 h of normal ICP values, or earlier if the
first CT scan is normal and the neurological exam is viable.
Moreover, the availability of non-invasive monitoring sys-
tems should be considered to follow the patient’s clinical
course after ICP probe removal, or for substituting the inva-
sive monitoring in the event of contraindication to invasive
monitoring.
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