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ntracranial pressure (ICP) monitoring is the

cornerstone for treatment and management of

patients, especially following traumatic brain
injury (TBI) but also other clinical conditions
such as non-traumatic bleeds, hydrocephalus,
space-occupying lesions and cerebral oedema.
The key target to monitor and treat ICP is to
optimise the cerebral perfusion pressure (CPP).
CPP is obtained by calculating the difference
between the mean arterial blood pressure (MAP)
and the ICP [CPP= MAP-ICP].

There is an association between increased
ICP and increased mortality in patients follow-
ing TBI. This can be due to a decrease in CPP
which leads to cerebral ischemia or due to
herniation of brainstem secondary to expanding
volume in the brain. The latter phenomenon
was described in the late 18th century, known
as the Monroe-Kellie hypothesis.

The other key component to maintain an
optimum CPP is the MAP, which determines the
cerebral blood flow (CBF).The CBF is controlled
by an autoregulatory process which ensures a
constant, optimum CPB, even if there is a varia-
tion in the MAP. An insult or injury to the brain
not only increases the ICP but also affects the
autoregulatory process which affects the CBF,
together which affects the CPP

There are various goal-directed therapies
to control the raised ICP and maintain an
optimal MAP; therefore it is essential to have a

MATRIX

Intracranial pressure
monitoring devices

monitoring system, which should help guide
these interventions. Currently, there are no
universally accepted guidelines and hospitals
have developed local policies to monitor ICP
(Raboel et al 2012). The following section
looks at various devices available to monitor ICP

ICP monitoring

The current recommended gold standard tech-
nique to measure ICP is invasive. However, it
is important to visit other modalities, which
can be broadly classified into noninvasive and
invasive methods.

Noninvasive methods

In a recent review (Zhang et al. 2017) nonin-
vasive ICP monitoring was divided into five
categories (Table 1).This section will review
some key noninvasive techniques which are
established and can be used in the emergency
and acute settings.

Transcranial Doppler

Technique

Transcranial Doppler (TCD) ultrasound is
performed using a 2-MHz phased array ultra-
sound probe and obtains information regard-
ing tissue motion and blood flow velocities
(Figure 1). This is Doppler sonography and
when combined with tissue imaging it is called
duplex sonography. The four common acoustic
windows in the adult skull are the temporal,
orbital, suboccipital and submandibular (Bathala
etal. 2013).The views help to determine flow
velocities of vessels involved in cerebral circula-
tion (Table 2).

The TCD most commonly is measured at
the middle cerebral artery (MCA).The Doppler
calculates the pulsatality index (PI) in cerebral
vessels which then is put in a formula to give
calculated ICP. There are several indications
to perform TCD. In a recent review (Lau et al
2017) four key areas were reviewed:

1. Diagnosis of midline shift

2. Vasospasm (post sub-arachnoid haem-
orrhage)
3. Intracranial pressure
4. Cerebral circulatory arrest (brain death)
There are currently several limitations to
measure ICP using TCD; some of them are
mentioned below (Lau et al 2017).

Table 1. Noninvasive ICP monitoring methods

Fluid dynamic Magnetic resonance imaging
Transcranial Doppler
ultrasonography

Cerebral blood flow velocity
Near-infrared spectroscopy

Transcranial flight-of-light

Ophthalmic Spontaneous venous pulsations
Venous ophthalmodynamometry
Optical coherence tomography
of retina

Optic nerve sheath diameter

Pupillometry

Otic Sensing tympanic membrane
displacement
Otoacoustic emissions/
acoustic measure and
transcranial acoustic signals

Electrophysiological  Visual evoked potentials
Electroencephalogram

Others Skull vibrations
Brain tissue resonance
Jugular vein

Table 2. TCD views and vessels

Trans-temporal Middle cerebral artery
Anterior cerebral artery
Posterior cerebral artery

Posterior communicating artery

Trans-orbital Ophthalmic artery

Internal carotid artery
Suboccipital Vertebral artery

Basilar artery
Submandibular Distal cervical internal carotid

artery
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Figure 1. Transcranial Doppler probes and position

Figure 2. Ocular sonography - probe position

Raised ICP is calculated by the Gosling’s PI, which is a reflection of peripheral resistance.
Pl= Peak systolic velocity - Peak diastolic velocity

Mean Velocity
The formula to correlate Pl to ICP in clinical practice was derived by (Bellner et al 2004) .
ICP=(10.93 x PI) - 1.28

* TCD PI correlation to ICP has a wider
confidence interval when compared to
directly invasive ICP monitors.

* Decreased PaCO, or increased arterial
blood pressure can independently influ-
ence PI and CBE.

* Patients on extracorporeal membrane
oxygenation (venous-arterial) and left
ventricular assist devices will have a low
flow state and hence it will be impos-
sible to calculate PI and therefore ICP
interpretation.

Optic nerve sheath diameter (ONSD)
Technique

The optic nerve is surrounded by dura mater;
any rise in ICP leads to increase in size of the
ONSD. This can be measured by performing
an ocular sonography. A high frequency linear
ultrasound probe is placed on the closed upper
eyelid, 3mm behind the globe at an axis perpen-
dicular to the optic nerve. The measurements
are made in sagittal and transverse plane and
then averaged (Figure 2). ONSD varies with
gender but is not influenced by age, weight
and height. The mean ONSD measurement
for men was 3.78mm compared to 3.60mm
in women (Sinha et al. 2017).The ONSD
expansion can be compared to papilloedema,
but unlike papilloedema, ONSD expansion

occurs within seconds of an acute rise of ICP
(Sinha et al 2017).

The systematic review by Sinha et al. (2017)
looked at various aspects of ONSD which can
help determine ICP and its diagnostic utility in
patient following cardiac arrest (CA).

* An ONSD of 5.7mm corresponded to
an ICP >20mm Hg (sensitivity=74%,
specificity=100%).

d  future intracranial
pressure monitoring should
be, ideally, noninvasive,
able to give continuous
readings and to be used in

outpatient settings pp

* It has a good diagnostic accuracy when
compared with invasive monitoring for
detecting an ICP >20mm Hg

* An ONSD <5.4mm was an indicator of
survival with a favourable neurological
outcome (Glasgow outcome scale of 4 or
higher), sensitivity 83%, specificity 73%,
positive likelihood ratio 3.1 and negative
likelihood ratio of 0.23

* In the post resuscitation period ONSD

measured on Day 1, 2 and 3 was signifi-
cantly higher in non survivors compared
to survivors. (7.2mm vs 6.5mm, P=0.008)
* Anincrease of every Imm above 5.5mm
was associated with a significant increase

in mortality (odds ratio 6.3, P=0.03)
ONSD measurements based on ocular sonog-
raphy is an accurate, noninvasive technique for
detection of ICP performed by an experienced
operator, but internal institutional validation
of optimal ONSD for ICP detection may be

required (Rajajee etal 2011).

Infrared pupillometry

Technique

This is more useful to measure cerebral function
and cerebral perfusion. Quantitative pupillom-
eters use infrared light to measure pupillary
size, amplitude and velocity. The pupillary light
response (PLR) leads to pupillary constriction,
but a noxious stimulus may elicit a pupillary
reflex dilatation (PRD). An analysis can be
performed by using variables such as latency
of onset, maximum amplitude, reflex duration,
and constriction and dilatation velocities.

The PLR is affected by diminished CBF and
therefore useful to measure the CBF. It can be
used during CPR or even in the post resuscitation
phase, as the vaso-active drugs may affect the
pupillary size but the PLR is under the influ-
ence of the Edingar-Westphal nucleus which is
supplied by the posterior cerebral circulation
(Sinha et al. 2017).

* Behrends etal. (2012) showed that pres-
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Table 3. Invasive methods of ICP monitoring

External ventricular
drainage (EVD)

ability; inexpensive

Lumbar puncture Extracranial procedure

Easy technique to release CSF for therapy

Epidural and Subdu-
ral device

Intraparenchymal
device (fibreoptic or
strain gauge) Easy patient transport
Minimal artefact and rift
High waveform resolution

Low risk of infection

Gold standard for ICP measurement; CSF
drainage, CSF sampling and administra-
tion of drugs: in vivo calibration/control

Easy to insert; doesn’t penetrate the brain,
lower risk of infection compared to EVD

Insertion and handling simpler than EVD
Lower complication rate than EVD

Invasive and challenging insertion
High infection rate

Occlusion of catheter

Sensor repositioning if head is moved
False reading if CSF leakage

May reflect only instantaneous and not aver-
age high ICP

May be hazardous if CSF flow obstruction is
present and ICP is high

Low accuracy

Drift of sensor over time

In vivo calibration not possible
Cannot drain or sample CSF

Inaccurate if Intraparenchymal gradient
present

Cannot be recalibrated after placement,
unless an EVD is used simultaneously for
reference.

Cannot drain or sample CSF

Potential breakage of fibreoptic cable
High cost

Source: Reprinted by permission from Zhang X et al.[2017) Invasive and noninvasive means of measuring intracranial pressure: a
review, Physiol Meas, 38(8): R143-R182. Published 24 July. https://doi.org/10.1088/1361-6579/aa7256

ence of PLR during CPR at any point was
associated with early survival from CA
(p=0.0002)

*  The absence of PLR >5mins during CPR was
associated with poor neurological outcome

* Suysetal. (2014) showed higher PLR in CA
survivors with better neurological outcome
compared to poor outcome measured on
cerebral performance category (CPC) score

Invasive methods

Invasive measurement of ICP is the current
recommended standard. This can be measured by
inserting a catheter into the various anatomical
locations of the brain which are determined by
the technique: intraventricular, intraparenchymal,
subdural, epidural and subarachnoid. The first
two techniques are widely used and recom-
mended. ICP can also be measured by lumbar
puncture for patients with communicating CSF
pathways (Zhang et al. 2017).The Brain Trauma
Foundation in their latest updated edition looked
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Telemetric ICP measurement

There has been a non-commercialised attempt
to create a system which has long term usability,
sensors which do not have wires exiting out
of the body and have wireless communication
to outside with a limited drift potential. These
microelectromechanical types of devices can
help measure the ICP. The telemetric way is
invasive with the risk limited to implantation
of the probe only. It can be left in for several
months and can monitor ICP under normal
daily living conditions in outpatient settings.
However, this technology is not yet reliable
and cannot be implemented in clinical practice.

Conclusion

ICP monitoring is a very important clinical tool
in clinical practice to determine brain function.
It has been established from several studies that
continuous ICP monitoring following severe
brain injury can help dictate the management
and positively influence the final outcome of
the patients. There is lack of universal guidance
and significant variability in practice around use
of ICP monitors and brain pressure monitoring,
The current recommended invasive techniques
are associated with significant complications;
however, noninvasive techniques are available
but not widely used. The current situation does
highlight a need for integrating ICP monitoring
into a multimodal and individualised approach
to clinical care. Future ICP monitoring should be,
ideally, noninvasive or at least less invasive with
minimal complications, able to give continuous
readings and to be used in outpatient settings. ll
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