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Abstract: Cerebrospinal fluid disorders have a wide-ranging impact on vision, headache, cognition and a person’s quality of life. Due
to advances in technology and accessibility, intracranial pressure measurement and monitoring, usually managed by neurosurgeons, are
being employed more widely in clinical practice. These developments are of direct importance for Ophthalmologists and Neurologists
because the ability to readily measure intracranial pressure can aide management decisions. The aim of this review is to present the
emerging evidence for intracranial pressure measurement methods and interpretation that is relevant to Neuro-ophthalmologists.
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Introduction

Understanding the physiology of intracranial pressure (ICP) is essential in conditions where the cerebrospinal fluid (CSF)
dynamics are altered. The majority of techniques to measure ICP are invasive and for ethical reasons there is a scarcity of
literature on normal physiological ICP conditions. This gap in knowledge results in debate over normal, threshold and
abnormal values of all ICP parameters, and clinical correlation has yet to be fully determined.

There are many variables to be considered when measuring ICP. Fundamentally, the majority of CSF is produced
from the choroid plexus, and flows into the ventricles and flows to the subarachnoid space. Movement is influenced by
many factors including the cardiac and respiratory cycles.! ICP measurements are known to be different when measured
in the cranium or spine,” and are known to change when measured in different postures.>> There are also alterations
observed between children and adults and ICP measures continue to change throughout life.*” Lumbar puncture remains
the most common way to measure ICP, providing a single reading. Other direct ICP measurements are more invasive,
befitting directed inpatient care, and resulting in continuous data regarding the CSF system.’

CSF circulatory disorders have a wide-ranging impact. Vision can be at risk; headaches and cognition can directly
affect quality of life.*'> Due to the multidisciplinary nature of outcomes in people affected by CSF disorders,
Ophthalmologists and Neurologists require contemporary knowledge of the advancing field of ICP measurement. ICP
measurements have become primary clinical trial outcomes and are now used routinely in clinical practice utilising
intraparenchymal monitors and ICP monitors in line with CSF shunts in some centres.*'*'* Thus, the aim of this review
was to assess the literature and apprise neuro-ophthalmologists in the current practice of ICP measurement and

monitoring, relevant to their practice.
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Materials and Methods

To support the aims of this narrative review, a detailed search of the scientific literature included all English language
paper from three databases (PubMed, clinicaltrials.gov and Cochrane Library) were searched for relevant literature
published from inception until May 30th, 2023. In brief, search terms were organized into three main domains: 1) Normal
ICP; 2) Invasive ICP measurement and; 3) Non-invasive ICP measurement. The Boolean operator “OR” was used to
separate each term within each concept, and each concept was concatenated by the operator “AND”. When possible,
Medical Subject Heading terms were used to expand the search language. The search strategy was identical in all
databases, with minor adaptation to the coding to suit individual database settings. Key words included Cerebrospinal
fluid; Compliance; Idiopathic Intracranial Hypertension; Intracranial pressure; Intracranial pressure monitoring;
Intracranial pressure waveform; Lumbar puncture; Obstructive hydrocephalus; Papilloedema; Pseudotumor cerebri,
and Telemetric intracranial pressure monitor.

Results

Normal Physiological Conditions

Up to 10% of the cranial cavity is occupied by CSF, with 80% of the CSF being produced by the choroid plexus at a rate
of approximately 0.35 mL per minute.'> This maintains a continuous volume of between 125—150mls, the fluid being
replaced 3—4 times in any given 24-hour period.' ICP is the pressure inside the skull generated primarily by the arterial
pulsatile waves and is typically regarded as a mean ICP. CSF pressure reflects ICP. Under normal physiological
conditions, CSF pressure and ICP are not static but dynamic with the pulsations driven by the cardiac cycle. Postural
changes and body movements cause a hydrodynamic shift in the direction of gravitational force that affects the
craniospinal system. This shift results in CSF redistribution, cerebrovascular changes, alterations in cerebral venous
pressure and fluctuations in ICP. CSF pressure and ICP have been found to be dependent on the following factors:
systolic pulse wave, respiratory cycle, central venous pressure, intraabdominal pressure, physical activity, and body

position.'®!”

Normal ICP

ICP values are not absolute but represent measurements of a dynamic system that is linked to the cardiac cycle and has
a mean (or static) pressure and a pulsatile pressure. The mean ICP is more widely used in clinical practice, but an
understanding of the pulsatile ICP and its importance has increased with recent advances in ICP measurement. The mean
ICP value is a relative pressure value that represents the pressure gradient between inside and outside of the skull and can
be expressed as mmHg, cmH,0 or mbar. The zero level reference pressure is typically set at the foramen of Monro. There
are no reference values existing for normal ICP in either adults or children because it would be unethical to invasively
measure ICP in normal people. Normative values for ICP have been established from measurement of people with
neurological conditions (Table 1), typically taken from people who have suffered from a severe traumatic brain injury.'®
These ranges, traditionally accepted to be pseudonormal, with emerging evidence cause fresh debate. Overall, supine
mean ICP is likely to be much lower than previously thought.'”?' While the ICP level is known to differ through life
(Table 1), it appears that children have a higher mean ICP than adults.*? There is an accepted age decline of between 0.69

Table | Intracranial Pressure Measures (Supine Position)

Traditional Normative Pedersen et al*?> 24 Hour Chari et al'? Intraparenchymal | Anderson et al?'
ICP Range'® ICP Monitoring ICP Monitoring
Adults 7—-15mmHg Mean ICP 1.9 (#4.2) mmHg, n=21 | Median ICP 3.2] mmHg Mean ICP
(95% Cl 2.29-4.13), n=198 0.5 (+4.0) mmHg, n=3
Children 3-6mmHg 2.8 (+2.2) mmHg, n=14
Infants 1.5-6mmHg
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and 1.00 mmHg per decade of life.'>**** Most clinicians agree that abnormal thresholds for ICP, such as that of the
diagnostic threshold for idiopathic intracranial hypertension (IIH),>* or for treatment of traumatic brain injury,> are much
higher than these traditional ranges of normal.

The pulsatile ICP represents fluctuations of the pressure caused mainly by variation in the blood pressure during the
cardiac cycle and is generated primarily by the large arteries in the cranial subarachnoid space. Respiratory and
vasomotor-induced fluctuations in pressure have a smaller effect and traditionally the pulsatile ICP value was considered
to be the cardiac-induced pulsatility.”® The measure of the pulsatile ICP is the amplitude of the pulse wave, ie, the
difference between the peak and the trough of the ICP during the cardiac cycle. While mean ICP is distributed evenly
within the CSF system, the pulsatile ICP is higher in the intracranial compartment close to the large arteries, and
gradually reduces as the pulsatile wave travels along the spinal subarachnoid channels towards the lumbar theca. Pulsatile
ICP is a measure of intracranial compliance and higher values are associated with reduced compensatory reserve.
A pulsatile ICP value of >4mmHg measured at the lumbar level is considered by some to be abnormally elevated.?’ >
The typical disease that displays increased CSF pulsatility is normal pressure hydrocephalus which is characterized by
normal mean ICP, but elevated pulsatile pressure due to stiffness of the wall of the intracranial arteries that do not absorb

much energy of the arterial pulse wave.

Factors That Affect Intracranial Pressure Measurement
Changes in body position significantly affect the measurement of ICP*° (Figure 1). Movement from lying down (supine)
to standing (upright) causes the mean ICP to fall by just over 50% (Figure 1). The mean ICP is similar in the standing
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Figure | Infographic summary of changes in ICP observed. (A) Example ICP trace demonstrating pressure change in LP, supine, sitting, standing positions, with coughing and
bending and prolonged supine recording. (B) Cough: representation of ICP waveform with single maximal effort cough. (C) Bend: bending from hips to touch floor with
return to standing. (D) Prolonged supine: representation of ICP in supine position whilst intermittently ambulant during day then in supine position overnight with rise in
pressure over time.
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(upright) position to sitting (upright) position.* ICP measured in the left lateral decubitus position that is recommended
for lumbar puncture opening pressure measurements is observed to increase by approximately 13% over that of supine
ICP measurement.**' % Neck flexion and hip flexion in combination have been shown to have a significant effect on
increasing ICP in the left lateral decubitus position.” These findings have important implications for conditions such as
ITH, where the diagnostic criteria stipulate that the lumbar puncture should be measured in the left lateral decubitus
position with the hips flexed at 90°.>> Most studies have documented a rise in ICP in the supine position for a prolonged
duration of time.*** There is still debate regarding whether ICP changes due to the sleep-wake and circadian rhythm.
A recent mechanistic study has reported increased CSF secretion that is likely influenced by circadian rhythm and not the
sleep-wake cycle.’® ICP is acutely affected by Valsalva manoeuvres like coughing and bending (Figures 2 and 3). In such
actions, ICP increases substantially and returns to baseline levels within seconds.*

Understanding the ICP Waveform

ICP waveform contains valuable information about the physiology of CSF dynamics and the cerebrospinal pathophy-
siology (Table 2 and Figure 1). In general, there is a positive correlation between mean ICP and pulsatile ICP, with higher
values indicating lower brain compliance and vice versa. Fluctuations in the pulsatile ICP also occur with postural

changes, with higher values observed in the upright compared to the supine position.'***37 It is

challenging to explain
this observation from the mechanistic perspective given that compliance is considered lower in the supine position, and

fine volume-pressure regulations at the glia—neuro-vascular interface may be of particular significance here.*®

10

Figure 2 ICP curves (10 seconds recordings) with the M.scio system in five people with idiopathic intracranial hypertension and a ventricular peritoneal shunt. ICP is plotted
on the Y-axis (mmHg) and time on X-axis (seconds). Images are cropped screenshots from the ICPicture™™ software, Version: 1.1.0 Last update: 15.03.2022, Christoph
Miethke GmbH & Co. KG). Pulsatile curve of functioning shunt in sitting position with PI<P2 (mean ICP 0.6 mmHg, amplitude 8.3).

25
20

Figure 3 ICP curves (10 seconds recordings) with the M.scio system in five people with idiopathic intracranial hypertension and a ventricular peritoneal shunt. ICP is plotted
on the Y-axis (mmHg) and time on X-axis (seconds). Images are cropped screenshots from the ICPicture™ software, Version: 1.1.0 Last update: 15.03.2022, Christoph
Miethke GmbH & Co. KG). Pulsatile curve of shunt with distal block in sitting position with PI<P2 (mean ICP 14.2 mmHg, amplitude 14.9). Amplitude is a property of
pulsatile curves and not measured in non-pulsatile ones.
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Table 2 Waveform Terms

Term Relevance

\a 4! ICP waveform due to the systemic arterial cycle.

w2 ICP waveform due to the respiratory cycle.

Pl Pl is a component of W1 and is the percussion wave which is representative of systolic pulsations from the walls of the arteries

in the subarachnoid space. Reduced amplitude suggests a loss of cerebral perfusion pressure.

P2 P2 is a component of W1 and is the tidal wave which is generated by the blood bolus within the arteries a proxy for intracranial

compliance. Note: P2>P1 is an indicator of reduced intracranial compliance.

P3 P3 is a component of W1 and is the dicrotic wave which is the pressure transmission of aortic valve closure.

A-wave Lundberg A waves are sustained sharp increases in mean ICP lasting between 5-20 minutes. These are thought to cause

decreasing compliance.

B-wave Lundberg B waves are clustered cyclic elevations in ICP occurring at a rate of 0.33—-3 cycles per minutes with overall cluster
duration of between 5-30 minutes. These are non-specific indicators of diminished compliance as they can also be present in

people with normal ICP.

Methods of Invasive ICP Measurement

There are currently many methods of measuring ICP both invasively and non-invasively. Intraventricular ICP monitoring
with an external ventricular drain is considered a gold standard measurement.** Invasive ICP monitoring is accurate
with the ability for continuous monitoring but has known clinical complications of misplacement, risk of hemorrhage and
a cumulative risk of infection.*” There is not a universally accepted practice for setting the reference level and hence, in

some cases, institutional data lacks standardization for confidentially comparison.

Lumbar Puncture

Lumbar puncture is the most common method for assessing CSF pressure. There is debate regarding the normal range. In one
study, the 95% reference interval for CSF opening pressure was 10 to 25 cm CSF, and they noted that body mass index had
a small impact on the CSF opening pressure.* Few studies have investigated normal populations.** ** In the largest
population study to date, investigating aging, the 95% reference interval was found to be 82-242 mmH,0.* Lumbar puncture
has been found to be safe with rare long-term complications.*> Common complications are post lumbar puncture headache and
back pain.*** Very rare complications include cranial neuropathies, nerve root irritation, infections, cerebral herniation, and
bleeding complications.*>**” Guidelines help minimise the risks and discomfort.**

Lumbar puncture is relied on as a diagnostic criterion for idiopathic intracranial hypertension and idiopathic intracranial
hypertension without papilloedema.*>*’ There have been detailed discussions on the threshold for the diagnosis of in both
adults and children.>**> In the United Kingdom, consensus amongst neurologists, neuro-ophthalmologists and neurosur-
geons who manage idiopathic intracranial hypertension suggest a “grey zone” between an opening pressure of 25 and 30cmH,
0, and with an increased opening pressure pathology more likely.* A further factor for those living with obesity and idiopathic
intracranial hypertension is the influence of body mass index, where it is well documented that the CSF pressure has been
found to be increased with body mass index.****>! In a paediatric study, CSF opening pressure increased by 3cmH,0 for every
10 unit increase in body mass index.’? Lumbar puncture closing pressure is often quoted; however, there is little clinical
significance of this measure, unless it is extremely low. Serial lumbar puncture for therapeutic reasons in idiopathic intracranial
hypertension is no longer recommended, primarily because the entire volume of CSF is replaced every 6-7 hours.**3-*
However, in pregnancy with increasing papilloedema in the first trimester, serial lumbar puncture has been recommended as

a temporising measure.>>>°
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ICP Monitoring Devices

Microtransducer ICP monitoring devices are becoming more frequently used. These have the ability to monitor ICP in
various locations such as the parenchyma, epidural space, subdural space, subarachnoid space and ventricles. They can
be characterized by their method of measurement using fiber optic devices (Camino'™ ICP monitor (Integra
LifeSciences, Plainsboro, NJ, USA)), strain gauge devices (Codman™ Microsensor (Codman and Shurtleff Inc.,
Raynham, MA, USA), Raumedic'™ Neurovent P-Senor (Raumedic AG, Helmbrechts, Germany)) and Pressio™ ™
(Sophysa, Orsay, France), and pneumatic sensor (Spiegelberg'™ (Spiegelberg GmbH & Co KG, Hamburg, Germany)).
The M.scio (Miethke™, Potsdam, Germany) is a telesensor that has a measuring cell housed within a reservoir that can
also be integrated into a shunt. The systems have sampling frequencies 5-200 Hz and have been shown to be accurate
with low incidences of complications.'>7~%°

All the ICP monitors have a safety profile that includes known complications of misplacement, intracerebral
hemorrhage and infection.*® Another challenge is zero level drift, especially with intraparenchymal monitors secondary
to gliosis around the probe over time, that may affect the accuracy of the ICP reading. Not all ICP monitors are
compatible with magnetic resonance imaging (MRI) as they contain ferromagnetic components (Camino™ and
Pressio™ sensor), whereas the Codman MicroSensor, Neurovent-p-Tel ™, Miethke ™ M.scio and the Spiegelberg sensor
are MRI safe.

These wireless telemetric devices are becoming increasingly used in research and clinical practice.®’ The ability
to interrogate the ICP without having to perform additional procedures (ie, repeated lumbar punctures) has been
particularly beneficial in research where the CSF pressure has been used as the primary outcome.'*®* In clinical
practice, having a telemetric ICP monitor has been instrumental in understanding how the ICP changes as a person
when idiopathic intracranial hypertension becomes fulminant.®> ICP telemetry also is of particular importance in
IIH headache. The differentiation between phenotypes of the raised ICP headache and non-pressure related head-
aches such as migrainous headaches or medication over-use headache is a challenge and can lead to over
investigation.®*

The ICP monitors used in line with a ventricular shunt, such as M.scio telesensor (Aesculap-Miethke, Germany),
have clear clinical utility in avoiding excessive valve adjustment where symptoms of over- and under-drainage are
reported; in exclusion of shunt malfunction; and to reassure the patient who presents with exacerbation of
headache.'*%® While the number of CSF diversion surgeries for idiopathic intracranial hypertension has declined
over the last decade,®’ the COVID-19 pandemic saw an acute rise in people with IIH presenting with sight threatening
disease.®® This leads in one neuroscience centre to an opportunity to evaluate the M.scio telesensor (Aesculap-
Miethke, Germany) in a large cohort of people with idiopathic intracranial hypertension requiring surgery for sight
threatening papilloedema.’” In the cohort of fifty-seven people, 37 had the proGAV2.0 set at 15 cmH,O and 20 had the
proGAV2.0 set at 10 cmH,O. The average value of mean sitting ICP was —2.7 mmHg versus —5.6 mmHg (p = 0.08),
and mean supine ICP was 18.4 mmHg versus 12.9 mmHg (p = 0.001) at the valve settings of 15 cmH,O versus 10
c¢cmH,O0, respectively.

Interpretation of the ICP recording with this technology requires assessment of both mean and pulsatile ICP. The
presence of a pulsatile ICP waveform indicates that there is patency of the proximal catheter, and the interpretation is
clinically meaningful. A mean ICP and a pulsatile ICP within a range expected in the specific patient population with
P1>P2 (Figure 4a and b) are suggestive of a functioning shunt with a compliant intracranial compartment. P1 with ICP
values still within the expected range (Figure 2) may indicate low compliance, in which case adjusting the valve to drain
more CSF may help, but further research on waveform analysis is needed to explore this assumption. A high mean and
pulsatile ICP with P1<P2 (Figure 3) is typical of blockage distal to the telesensor with reduced compliance. Low mean
ICP is suggestive of over-drainage and should be assessed with possible postural symptoms. The absence of pulsatility is
more challenging to interpret because it can occur in both patent and proximally blocked shunts (Figures 5 and 6), but
this scenario is less common. A possible explanation of the absence of pulsatility in patent shunts is intermittent collapse

of the ventricular wall on the catheter.?’
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Figure 4 ICP curves (10 seconds recordings) with the M.scio system in five people with idiopathic intracranial hypertension and a ventriculoperitoneal shunt. ICP is plotted
on the Y-axis (mmHg) and time on X-axis (seconds). Images are cropped screenshots from the ICPicture™ software, Version: I.1.0 Last update: 15.03.2022, Christoph
Miethke GmbH & Co. KG). (a) Pulsatile curve of functioning shunt in sitting position with PI1>P2 (mean ICP —3.4 mmHg, amplitude 6.3), (b) Same patient in supine position
with PI>P2 (mean ICP 16.3 mmHg, amplitude 5.5).
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Figure 5 ICP curves (10 seconds recordings) with the M.scio system in five people with idiopathic intracranial hypertension and a ventricular peritoneal shunt. ICP is plotted
on the Yeaxis (mmHg) and time on X-axis (seconds). Images are cropped screenshots from the ICPicture™" software, Version: 1.1.0 Last update: 15.03.2022, Christoph
Miethke GmbH & Co. KG).Irregular curve of functioning shunt in sitting position (mean ICP —18mmHg). Amplitude is a property of pulsatile curves and not measured in

non-pulsatile ones.

Surrogate Methods of Measuring Intracranial Pressure
There are many non-invasive methods for measuring ICP that have emerged. Most of the work centres around an ICP

level of >20cmH,0, as if the ICP is sustained at this level worse outcomes are reported for many intracranial conditions.’

Ultrasound measurement of the optic nerve sheath diameter requires high-quality ultrasound images performed by an
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Figure 6 ICP curves (10 seconds recordings) with the M.scio system in five people with idiopathic intracranial hypertension and a ventricular peritoneal shunt. ICP is plotted
on the Yeaxis (mmHg) and time on X-axis (seconds). Images are cropped screenshots from the ICPicture™ software, Version: 1.1.0 Last update: 15.03.2022, Christoph
Miethke GmbH & Co. KG).Irregular curve of shunt with proximal block in sitting position (mean ICP —13.9mmHg).

expert. As the optic nerve sheath is distensible, CSF pressure variations influence the volume of CSF around the optic
nerve particularly in the anterior, retro-bulbar compartment, about 3 mm behind the globe. A linear relationship between
peri-optic CSF pressure and ICP has been found.®®””! The threshold to detect ICP >20 cm H20 has been reported to be an
optic nerve sheath diameter of >5 mm, with a sensitivity of 88% and specificity of 93%.”* Limitations of ultrasound to
assess the optic nerve sheath include other hypoechoic artifacts that can be confused with the optic nerve-optic nerve
sheath complex, interexamination variability based on sonographer experience, and the small size of the structure relative
to the tiny differences differentiating normal vs abnormal optic nerve sheath diameters.”' Transcranial Doppler measures
the blood flow characteristics and cerebrovascular hemodynamics within the basal arteries of the brain. The transcranial
Doppler waveform can provide a calculated non-invasive measure of ICP. ICP measured by transcranial Doppler has
a reported sensitivity of 92.3%, and a specificity of 70%.”* It is highly operator dependent and requires detailed three-
dimensional knowledge of cerebrovascular anatomy.

Optical Coherence Tomography (OCT) imaging of the retina and optic nerve has a central role in managing
papilloedema and a number of measures have been found to correlate with ICP.>*7* A positive association between the
optic nerve head volume OCT measures and ICP has been found. Surrogacy analysis demonstrated its ability to inform
ICP changes, at 12 months reported decrease in central thickness of 50 um was associated with a decrease in ICP of 5
emH,0.”* Very minor changes can be detected on OCT, particularly in the presence of optic atrophy that can help
guide management.””> Assessment of the peripapillary Bruch’s membrane angle and the optic nerve head height has
been found to predict elevated mean ICP wave amplitude representing pulsatile ICP and mean ICP in another study.”®
OCT imaging has also been used for the sole for detection of raised ICP utilising the infrared videos documenting
spontaneous venous pulsations.”” While OCT imaging is ubiquitous in eye clinics all over the world, the majority of
devices are table top with only a few flexible enough for supine measurements.”® Care must also be taken that the
images are segmented properly before readings are taken, as proprietary software is prone to artefact at the optic nerve
head.”®

Neuro-imaging provides recognised features of raised ICP such as changes in venous sinuses calibre, stenosis of
transverse sinus, empty or partially empty sella turcica, and volumetric alterations of the optic nerve, including optic
nerve tortuosity, optic nerve sheath distension and posterior optic globe-sclera flattening; MRI is now being used to
predict ICP.5%¥! MRI-ICP is an advanced quantitative MRI technique that enables calculation of compliance: it utilises
phase-contrast sequences to measure flow of cerebrospinal fluid (CSF), internal carotid arteries, vertebral arteries, and
internal jugular veins. This information is then used to compute intracranial volume and pressure changes, ie,
compliance.®® This has recently been evaluated in IIH and found to replicate well-established physiological relations
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with opening pressure. The technique also showed a biologically plausible compliance reduction in IIH which might
contribute to headache disability. This study also found that compliance improved with successful treatment.*> While
further work is required to evaluate these findings in IIH, MRI remains a relative inaccessible method for routine
measures of ICP.

Conclusion

Neuro-ophthalmologists need to be aware of the increasing sophistication of the technologies that are being used to
measure ICP, and understand the clinical utility of the wireless ICP monitors. Future work will focus on interpretation of
the morphology of the ICP waveform and understanding brain compliance in neuro-ophthalmic disorders affected by
CSF disorders.
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