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Abstract
Continuousmonitoring ofmean intracranial pressure (ICP)has been an essential part of neurocritical
care formore than half a century. Cerebrospinal pressure–volume compensation, i.e. the ability of the
cerebrospinal system to buffer changes in volumewithout substantial increases in ICP, is considered
an important factor in preventing adverse effects on the patient’s condition that are associatedwith
ICP elevation.However, existing assessmentmethods are poorly suited to themanagement of brain
injured patients as they require externalmanipulation of intracranial volume. In the 1980s, studies
suggested that spontaneous short-term variations in the ICP signal over a single cardiac cycle, called
the ICP pulse waveform,may provide information on cerebrospinal compensatory reserve. In this
reviewwe discuss the approaches that have been proposed so far to derive this information, frompulse
amplitude estimation and spectral techniques tomost recent advances inmorphological analysis
based on artificial intelligence solutions. Eachmethod is presentedwith focus on its clinical
significance and the potential for application in standard clinical practice. Finally, we highlight the
missing links that need to be addressed in future studies in order for ICP pulse waveform analysis to
achievewidespread use in the neurocritical care setting.

1. Introduction

Traumatic brain injury (TBI) is one of themajor contributors to death and disability worldwide, with estimated
incidence of approx. 69million cases every year (Dewan et al 2018). Although only a small percentage of those
patients (estimated at approx. 5.5million, i.e. 8% (Iaccarino et al 2018)) are diagnosedwith severe TBI that
requires extensive neurocritical care, it still poses a significantmedical and socioeconomic challenge.
Management of severely brain injured patients inmodern neurocritical care units (NCCUs) is often supported
bymultimodalmonitoring of the brain (Carney et al 2017). Since Lundberg’s seminal paper (Lundberg et al
1965) on continuous intracranial pressure (ICP)measurement, various attempts have beenmade to precisely
characterize the volume–pressure relationships in the cerebrospinal space and predict impending deterioration
of the patient’s condition.Monitoring ofmean ICP remains one of the cornerstones of neurocritical care. It has
been suggested that information about the cerebrospinal system’s ability to buffer changes in volume before
substantial changes inmean ICP occurmay complement current guidelines-supportedmanagement protocols.
However, themajority of existingmethods of assessing cerebrospinal compensatory reserve are not verywell
suited to theNCCUas they require external volume addition to the cerebrospinal spacewhichmay be harmful
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for the patient and does not allow for continuousmonitoring. Themorphology of the ICP pulse waveform, i.e.
the shape of the signal over a single cardiac cycle, has been proposed as an alternative indicator of cerebrospinal
compensatory reserve four decades ago (Cardoso et al 1983). Still, despite promising early reports, it has only
started receivingmore attention in recent years as the available processingmethods improved. In this paper, we
present a narrative review of the developments in the area of ICP pulsewaveform analysis and its potential utility
in themanagement of patients with intracranial pathologies, especially in terms of continuousmonitoring of
brain injured patients to identify states of diminished volume compensation capacity.

2. Volume–pressure relationships in the cerebrospinal space

In adult humans, the skull is viewed as a rigid, nondistensible box offixed volumefilledwith threemajor
components: brain tissue (approx. 80%), cerebrospinal fluid (CSF; approx. 10%), and cerebral blood (approx.
10%) (Greenberg 2016). The cerebrospinal compartment, enclosed by a boundarywith severely limited ability
to deform, presents unique biomechanical conditionswith a high degree of coupling between different
biological subsystems (Zamir et al 2018). Traditionally, ICPwas defined as the pressure of CSF in the brain.
Nowadays, withwidespread use of intraparenchymalmicrotransducers, this definition had to be slightly
modified.Hence, ICP is considered as the pressure in the intracranial compartment and includes the
contribution (but not themathematical sum) of different components such as cerebral blood, CSF, interstitial
fluid, parenchymal cells, and in case of pathologies, additional space-occupying lesions (Gomes and
Bhardwaj 2009). Depending on the location of the sensor, it could refer to pressure within the lateral ventricles,
brain parenchyma, or the subdural or epidural spaces.

According to a theoretical description called theMonro–Kellie doctrine (first outlined in theworks of
Monro (1783) andKellie (1824) and later refined byCushing (1926)), in normal circumstances the volumes of
the threemajor intracranial components exist in a state of equilibrium such that increases in the volume of one
component are balanced by decreases in the volume of another. The ‘static’Monro–Kellie doctrine gives equal
weight to all three components. In reality, the equilibrium is not immediate as the changes in the volumes are
dynamic, owing to different rates of changes in blood versus CSF circulation or edema growth, and themodel
tends to underappreciate the role of the venous system in causing the imbalance between arterial blood inflow
and venous outflow (Wilson 2016,Wilson and Imray 2016). Nevertheless, theMonro–Kellie doctrine identifies
the basis of the volume–pressure relationship in the intracranial space. As neither of the intracranial
compartments is considered compressible, volume compensationmostly occurs through outflowof venous
blood outside the intracranial space and displacement of CSF into the spinal subarachnoid space (SAS)
(Germon 1988). In contrast to the cranial dura which is closely adherent to the cranial bone, the spinal dura is
only partially attached to the spinal canal. Due to its elastic collagen structures, the spinal dura can be distended,
particularly in perpendicular directions (Tunturi 1978), allowing spinal SAS volume to vary. These volume
variations also depend on the transmural pressure gradient betweenCSF and epidural venous pressure. By
allowing fast withdrawal of CSF from the cranial compartment to the spinal compartment, the spinal SAS
participates in buffering cerebrospinal volume changes (Magnæs 1976, Gehlen et al 2017).Within the range
permitted by the compensatory reserve, addition of volume into the intracranial space is accompanied by
relatively small changes inmean ICP; but after the compensatory reserve is exhausted, further volume expansion
results in ICP elevation. Consequently, at each time instant ICP depends on themechanical balance between the
intracranial compartments and the ability of each compartment to buffer variations in volume.

The dynamic relationship between volume and pressure in the intracranial space ismathematically
expressed by a nonlinearmodel derived fromobservational studies called the pressure–volume (P–V ) curve
(Ryder et al 1953, Löfgren and Essen 1973). Although the range of volumes and pressures covered by the
characteristic varies in individual patients, generally themodel can be divided into three regions (figure 1(a)). At
low intracranial volume (regionA), withworking compensatorymechanisms, increases in volume produce
slight and proportional changes in pressure. In the steep exponential portion (region B), as intracranial volume
increases and the compensatory reserve is gradually exhausted, even small volume increments result in
progressively larger changes in pressure. The third part (regionC) corresponds to a breakpoint in the P–V curve
observed at critically elevated ICPwhere the volume–pressure relationship is disturbed by collapse of cerebral
arterial blood vessels and derangement of cerebrovascular reactivity (Löfgren and Essen 1973).

Cerebrospinal compliance (figure 1(b)) is ameasure derived from theP–V curve, expressed as the inverse
slope of the curve, or the ratio of change in volumeΔV to change in pressureΔP (units:ml/mmHg) (Marmarou
et al 1975):
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Compliance describes quantitatively the ability of the craniospinal space to adapt to changes in volume. If the
change in pressure produced by a given increase in volume is small, the system is characterized by high
compliance. As the compensatory reserve decreases and the pressure response to a given volume increment
becomes larger, a reduction in compliance is observed. Although often presented as a single parameter, brain
compliance is in fact a combination of the compliances of the CSF compartment, subjected to the pressure of the
CSF, and the compliance of the vascular system, subjected to blood pressure andCSF pressure on either side of
the vascular walls. In this review the term ‘compliance’ is used to refer to cerebrospinal, and not arterial
compliance, unless explicitly stated otherwise.

3. Clinical significance ofmonitoring the volume–pressure relationships

In the clinical setting, ICP is primarily characterized by itsmean value averaged over a longer period of time
(usually 5–30min (Czosnyka et al 2007)). Based on a systematic review of studies on normal ICP values (Norager
et al 2021), the reference range for intracraniallymeasured ICP in the upright and supine positions is 6–8 mmHg
and 1–16 mmHg, respectively. For lumbarmeasurements, which are exclusively performedwith the patient’s
head at the level of the puncture site to avoid the influence of gravity, the reference range is 7–17 mmHg in the
lateral position and 6–16 mmHg in the supine position. Certain variations in ICP are also associatedwith factors
such as age, head elevation, respiration, and systemic blood pressure (Gomes andBhardwaj 2009), and the
criteria for raised ICP vary between specific disorders. For instance, in patients suspected of hydrocephalus, ICP
over 15 mmHgmay already be considered elevated (Czosnyka et al 2017). In TBI, current clinical guidelines
recommend ICP-lowering treatment over 22 mmHg (Carney et al 2017). However, despite its widespread use,
the utility of ICPmonitoring, particularly with one general treatment threshold for thewhole population,
remains the subject of controversy (Czosnyka et al 2007, Lavinio andMenon 2011, Chesnut et al 2014,
Hawthorne and Piper 2014,Heldt et al 2019), and some authors attribute the limitations of the current approach
to themissing information on cerebrospinal buffering capacity.

Figure 1. Schematic representation of the relationship between (a) the pressure–volume (P–V ) curve and (b) changes in cerebrospinal
compliance (C). RegionA: baseline intracranial volumewith high compliance and good compensatory reserve. This region is
considered flat, with little to no change in pressure for a given volume increment. Region B: gradual reduction in compliance
accompanying the increase in intracranial volume and corresponding exponential increase in intracranial pressure. RegionC: collapse
of cerebral vasculature at critically high intracranial pressure. Secondary rise in cerebrospinal compliance. See also: Czosnyka (2021).
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As shown by theP–V curve, high ICP is by itself an indicator of decreased compliance (unless ICP exceeds
the critical threshold associatedwith vessel collapse), and upon detection of elevated ICP appropriate ICP-
lowering strategies should be introduced to reduce it to a safe level. However, normal ICP alone cannot be
regarded as a sign of sufficient compensatory reserve.Within themargin of volume compensation, ICPmay still
be relatively low, but significant amounts of volumemay have already been displaced and further increasesmay
not be tolerated. Elevatedmean ICPmay signify that adverse effects on the brain have already occurred. In order
to introduce therapeutic interventions at a sufficiently early point in time clinical protocols should include not
onlymonitoring ofmean ICP but also the state of cerebral compensatory reserve. Such a strategy would shift
management from a reactive approach based onmitigating damage to preventing it fromhappening in the first
place as it aims to identify in advance patients at risk of ICP elevation due to reduced buffering capacity.

TBI in particular is amultifactorial conditionwhere the primary insult is often followed by complications
leading to changes in intracranial volume, such as disturbances inCSF flowpathways, accumulation of cerebral
blood, obstruction of venous outflowor brain swelling as well as evolving contusions (Stocchetti et al 2017).
While in chronic conditions (e.g. nontraumatic hydrocephalus or tumor growth) the deterioration of the
intracranial pressure–volume equilibrium ismore gradual, in acute brain injury the intracranial volume changes
may occur at a rapid rate, and the state of volume compensation needs to bemonitored continuously in order to
detect them in time.

4. Volume–pressure tests

Given the definition expressed by equation (1), direct assessment of compliance requires simultaneous
measurement of changes in volume (i.e. the stimulus) and pressure (i.e. the system’s response). A number of
different approaches to this task have been proposed,mostly in the 1970s, and they are used to this day in
chronic conditions such as hydrocephalus.Miller et al (Miller andGaribi 1972,Miller et al 1973) introduced a
metric called the volume–pressure response (VPR), defined as the change in ICP induced by a 1ml addition or
withdrawal offluid from theCSF space, which expresses cerebrospinal elastance (the inverse of compliance).
Marmarou et al (1975) proposed an approachwhere the pressure response ismeasured following the injection of
a known volume into theCSF space, usually via bolus injection, producing a straight linewhose slope is called
the pressure–volume index (PVI); PVI expresses the volumenecessary to increase the pressure tenfold. In the
infusion test, first proposed byKatzman andHussey (1970) and nowusually performed in amodernized form
called the computerized infusion test (Børgesen et al 1992), volumetricmanipulation is performed in a slow,
continuousmanner by adding known volumes offluid to theCSF space at a constant rate rather than through
bolus injection. Based on amathematicalmodel of CSF dynamics (Marmarou 1973), the resulting ICP recording
can befitted to an analytical solution of themodel to produce cerebral compensatory parameters, including
cerebrospinal compliance. Interestingly, PVI estimated using slow infusion is generally lower than the value
assessed using bolus injection. The explanation for this difference remains largely unknown. Some authors
proposed that the slow infusion and bolusmethods explore different components of compliance based on the
different time constants of the injected volumes. The bolusmethodwould be fast enough to prevent the effect of
CSF and blood transfer, allowing tomeasure the ‘physical’ compliance of the system; on the contrary, the slow
infusionmay take long enough for the fluid transfer aswell as cerebral autoregulation, influencing the total
craniospinal volume and allowing tomeasure ‘physiological’ compliance (Anile et al 1987).Moreover, the
viscoelastic behavior of brain tissue probably has a substantial impact on the dynamic pressure response,
increasingwith the speed of volumemanipulation (Bottan et al 2013).

Compliance estimation based on addition offluid to (orwithdrawal from) the cerebrospinal space is the
established ‘gold standard’method and the only technique capable ofmeasuring absolute values of compliance
expressed inml/mmHg.However, the requirement for external volumemanipulation remains itsmajor
drawback and the likely reason for the limited use of compliance in clinicalmanagement, especially in critically
unstable brain injury patients. In order to assess compliance using either of themethods described above, one
has to obtain pressure readings at different volume levels. As a result, themeasurement can only be performed
intermittently,making it unsuitable for routinemonitoring in settings such as theNCCU (Robertson et al 1989).
The Spiegelberg brain compliancemonitor (Piper et al 1999)was an attempt to translate this approach for
continuous usewith a periodically expanding intraventricular balloon acting as ameans ofmanipulating
intracranial volume, but it has not been introduced to standard practice, presumably due to unsatisfactory
performance (Kiening et al 2003). Additionally, the changes in volume required by the ‘gold standard’methods
may result in unintentional, potentially dangerous increases in ICP, such as the plateauwaves of ICPwhich are
related to uncontrollable rise in arterial blood volume andmay drive ICPwell above 60 mmHg. This is of
particular importance in acute brain injury patients already at risk of uncontrolled intracranial hypertension
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(IH); external volumemanipulation also carries the risk of infection due to the invasive nature of the procedure
(Chopp and Portnoy 1980, Robertson et al 1989).

5. Analysis of ICPpulsewaveform

While the clinical applications of ICPmonitoring focus primarily on itsmean value, ICP is in fact ‘more than a
number’, and detailed analysis of the signal can providemuchmore information than the simple average value
(Kirkness et al 2000, Czosnyka et al 2007,Wagshul et al 2011); seefigure 2. In the time domain, the signal consists
of three overlapping components superimposed on the fluctuations inmean ICP level, which are separated in
the frequency domain by different oscillation periods into slowwaves (0.3–3 cycles min−1;figure 2(b)),
respiratory waves (8–20 cycles min−1; figure 2(c)), and the cardiac waves (40–160 cycles min−1;figure 2(d))
(Kasprowicz et al 2016). Slowwaves and respiratory waves (however the latter to a lesser extent) are considered
useful in the assessment of cerebral autoregulation. Thewaveformof the cardiac waves (commonly called the

Figure 2. Illustrative examples of different components of a high-resolution intracranial pressure (ICP) recording. (a) ICP plateau
wave—a sudden, rapid elevation of ICP lasting usually from 5 to 20min. (b)B-waves—slow oscillationswith a frequency of 0.3–3
cycles min−1. (c)Respiration-related oscillationswith a frequency of 8–20 cycles min−1. (d) ICP pulse waveform—cardiac-related
oscillations with a frequency of 40–180 cycles min−1. Pulse onset points aremarked by blue dots. Peaks P1, P2, and P3 aremarked by
red dots.
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pulsewaveform) is in turn believed to containmeaningful information on cerebrospinal pressure–volume
compensation.

In general, the pulsewaveform is associatedwithfluctuations in cerebral blood volume that occur naturally
with each heartbeat. During each cardiac cycle, arterial blood inflow and subsequent asynchronous venous
outflowproduce short-term changes in intracranial blood volume, and consequently, rhythmic pulsatile
changes in the ICP signal synchronizedwith heart rate (Ambarki et al 2007). The ICP pulsewaveformusually
exhibits three distinct localmaxima, or peaks, denoted P1 (‘percussionwave’), P2 (‘tidal wave’), and P3 (‘dicrotic
wave’), with P2 and P3 separated by the dicrotic notch (Germon 1988) (figure 2). This observationwasmade in
the late 1970s byCastel andCohadon (1976) aswell asGega et al (1980)who identified the three peaks as
components waves of the ventricular pulse and noted the relative increase in P2 and P3 during increase inmean
ICP. To date, the precise origin of the peaks remains a subject of debate (Czosnyka andCzosnyka 2020), but the
overall waveform shape has been linked for a long time to a combination of arterial and venous factors and
intracranial volume–pressure relationships (Dardenne et al 1969). The earliest peak, P1, is synchronous with the
systolic peak of the arterial blood pressure (ABP) pulse and associatedwith the propagation of the arterial pulse
and immediate distention of the arterial walls (Fan et al 2008, Carrera et al 2010). Peaks P2 and P3 are related to
the interaction between changes in cerebral blood volume and the volume compensationmechanisms, with P2
shown to be synchronouswith themaximumof estimated cerebral arterial blood volume pulse (Carrera et al
2010).

In contrast to the volume–pressure tests based on controlled, externally induced changes in intracranial
volume, ICP pulsewaveform analysis assesses the pressure response to naturally occurring volume changes.
Under normal conditions, specifically at lowmean ICP, the ICP pulsewaveformpresents the three characteristic
peaks arranged in a descending saw-tooth pattern, with P1 as the dominant peak (Castel andCohadon 1976,
Gega et al 1980, Portnoy andChopp 1980). Asmean ICP increases, the cardiac-related oscillations in cerebral
blood volume produce progressively larger short-term changes in ICP,manifested as increased ICP pulsatility,
and the peaks gradually become less defined, with thewaveform eventually reaching a ‘rounded’ or ‘monotonic’
shape.Due to the unknown extent of volume change in each heartbeat, compliance estimators derived from the
ICP pulsewaveform cannot be translated into absolutemeasures obtainedwith the volume–pressure tests
(Czosnyka andCiterio 2012). However, they present a strong advantage for acute brain injurymanagement as
they allow for continuous assessment of compliance and in this sense overcome themajor disadvantage of the
‘gold standard’ approachwhich can only be performed intermittently through external and invasive
intervention. Belowwe discuss the variousmethods of ICP pulse waveform analysis proposed so far, with a
summary of themajor approaches presented in table 1.

5.1. ICPpulse amplitude and related indices
The earliest applications of pulse pressure analysis in compliance assessmentwere proposed in the late 1970s.
Szewczykowski et al (1977) investigated the changes in pulse amplitude of ICP (AmpICP) associatedwith
alterations inmean ICP to estimate cerebrospinal elastance. Based on the simplifying assumption that the
cerebral fraction of cardiac stroke volume is constant in each heartbeat, and therefore AmpICP differs from
elastance only by the constant factor 1/δV (where δV denotes the intracranial volume increment in each cardiac
cycle), the authors proposed to analyze elastance by calculating the slope of the amplitude–pressure (AMP–P)
characteristic (figure 3(a)). The study showed that the AMP–Pplot consists of two regions, representing the
baseline state of nearly constant elastance and then a gradual increase in elastance, respectively. It has since been
established that the AMP–Pplotmay contain onemore region,matching the right-side deflection of theP–V
curve at very high ICP, where AmpICP decreases again following the breakpoint associatedwith the collapse of
cerebral blood vessels (Czosnyka et al 1996).

Around the same time a study byAvezaat et al (1979) compared the changes in AmpICP andVPR at different
mean ICP levels in dogs. The authors observed that AmpICP increases linearly withmean ICPup to the level of
60 mmHg, which led to the conclusion that the cerebral fraction of stroke volume can be assumed to be constant
over awide range ofmean ICP and the AMP–P slope is an adequatemeasure of cerebrospinal elastance.
Diverging trends inAmpICP andVPRover that thresholdwere attributed to a failure of cerebral autoregulation
at highly elevatedmean ICP.However, the authors noted that in order to use the AMP–P approach in clinical
practice as an absolutemeasure of the volume–pressure relationship, the change in cerebral blood volume
should be estimated for each patient at the beginning of the ICP recording.Moreover, the same group
highlighted in a later study (Avezaat andVan Eijndhoven 1986) that the variability of pulsatile cerebral blood
volume in humans is in fact quite high,meaning that the AMP–P slope cannot be taken as an absolute index of
elastancewithoutmeasuring themagnitude of change in cerebral blood volume in each cardiac cycle, a variable
that is difficult to estimate andmostly ignored in studies onAmpICP.
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Still, to date AmpICP is arguably themost frequently studied feature of the ICP pulsewaveform (Wagshul
et al 2011). Some authors propose to estimate AmpICP directly in the time domain, as the peak-to-nadir value of
the pulsatile ICP signal (figure 4(a)) (Morgalla et al 1999, Eide 2006), while others employ spectral analysis to
calculate AmpICP as the amplitude of the fundamental component of the signal’s Fourier spectrum (figure 4(b))
(Czosnyka et al 1988). The two approaches have been said to produce strongly correlated results (Pearson
correlation coefficient of 0.97) (Czosnyka et al 2007) and neither has been conclusively proven to offermore
clinical benefit (Wagshul et al 2011), although some studies suggested that the frequency domain approach
underestimates AmpICPwhen there is heart rate variability or waveformdistortion (Holm and Eide 2008). It
should also be noted that while in recent literature spectral AmpICP is almost exclusively calculated on 10 s
fragments of the signal, the precise settings for the Fourier transform algorithm (e.g. window type and length)
are not reported and there is no universal recommendation available.

Over the last few decades changes in AmpICP have been investigated both in chronic conditions (Eide and
Brean 2006a, Czosnyka et al 2009, Eide 2016) and acute brain insult (Czosnyka et al 1996, Eide and
Sorteberg 2006, Eide et al 2011,Holm andEide 2008,Hall andO’Kane 2016). In TBI, studies indicated that
increasedAmpICP is associatedwith severity of injury (Howells et al 2012) andworse outcome (Holm and
Eide 2008). However, the validity of using elevated AmpICP as an indicator of reduced compliance in the clinical
setting has been called into question. A study byWilkinson et al (1979)noted that while increased AmpICP
generally correlated positively with increases inmean ICP and intracranial volume, the large variability of
responses rendered the parameter of limited clinical utility. It has also been shown in animals that the change in
AmpICP during hypercapnia is related to cerebral arterial vasodilation rather than the steepening of the P–V
curve (Portnoy andChopp 1981), and there is a significant correlation between the slope of AMP–P
characteristic andmean arterial pressure (Kaczmarska et al 2021), which highlights the importance of
considering vascular factors in interpreting changes in AmpICP.

A different approach, proposed byCzosnyka et al (1988), is based on combining the information contained
in both the P–V andAMP–P characteristics (figure 3(b)). The RAP index (whose namewas derived from the
common symbol for the correlation coefficient,R, and thewords ‘amplitude’ and ‘pressure’) is defined as the
moving Pearson correlation coefficient betweenmean ICP andAmpICP (usually expressed as 10 s averages)
calculated over longer periods, usually 5 min. Positive values of RAP close to 0 suggest good compensatory
reserve as the changes in AmpICP are not driven by oscillations inmean ICP (i.e. there is little to no correlation).
Values close to 1 represent decreased compensatory reserve, with changes inmean ICP producing
corresponding changes in AmpICP as expected in the steep part of the P–V curve. Finally, negative values are
associatedwith disturbed cerebrovascular reactivity following the upper breakpoint of the P–V curve.While not
a direct estimate of cerebrospinal compliance, RAP index serves as an indicator of the patient’s ‘working point’
on theP–V curve and can be calculated continuously, therefore allowing for identification of patients with
exhausted capacity for volume compensation.

Since its introduction in the 1980s, RAP index has been studiedmostly in dysfunctions of CSF circulation
(Kim et al 2009a,Weerakkody et al 2011), but also in relation to brain injury (Czosnyka et al 1994, Balestreri et al
2004, Timofeev et al 2008, Zeiler et al 2018b). The superiority of RAP index over othermeasures, primarily

Figure 3. (a) Schematic representation of the relationship between the pressure–volume (P–V ) curve (left) and the amplitude–
pressure plot (middle). RegionA: baseline intracranial volume, low intracranial pressure with pulse amplitude independent ofmean
pressure level. Region B: gradual increase in pulse amplitude accompanying the increase in intracranial volume and corresponding
increase in pressure. RegionC: decrease in pulse amplitude following the collapse of cerebral vessels and derangement of
cerebrovascular reactivity at critically highmean intracranial pressure. (b) Interpretation of the RAP index. RAP index combines the
information from theP–V andAMP–P curves and is calculated in amoving 5 minwindow as the Pearson correlation coefficient
between themean and pulse amplitude of intracranial pressure (averaged every 10 s). Values close to 0 indicate initial region of the P–
V curve (green), values close to 1 suggest reduced compensatory reserve (yellow), and negative values correspond to deranged
cerebrovascular reactivity (red). See also: Czosnyka et al (1996).
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Table 1. Summary of themajor approaches to compliance assessment bymeans of ICP pulse waveform analysis.

Analysismethod Basis and interpretation Majorfindings

Technical considerations and

limitations

Pulse amplitude (AmpICP)
(Szewczykowski et al
1977, Avezaat et al 1979)

AmpICP is treated as the pressure

response to short-term cardiac-

related changes in cerebral

blood volume. Based on theP–

V curve, AmpICP rises with

increases in intracranial volume

andmean ICP

AmpICP is elevated in TBI

patients withmore severe

injuries (Howells et al 2012)
and in thosewith poor out-

come (Holm and Eide 2008),
but the variability in AmpICP

may be too high to enable reli-

able clinical applications

(Wilkinson et al 1979)

• AmpICPmay be calculated in

the time domain (peak-to-
nadir value) or in the fre-
quency domain (amplitude of

the fundamental component)

• AmpICP describes cere-

brospinal elastancemultiplied

by unknown cerebral fraction

of blood stroke volume

• AmpICP is highly dependent

on vascular factors

RAP index (Czosnyka et al
1988)

RAP index is calculated as the

moving correlation coefficient

betweenmean ICP and

AmpICP in 5 minwindows

with the following

interpretation:

• RAP-weightedmean ICP is a

better predictor of outcome

after TBI than standardmean

ICP (Calviello et al 2018, Zei-
ler et al 2019)

•RAP index describes the indivi-

dual’s ‘working point’ along

theP–V curve rather than cer-

ebrospinal compliance

• RAP close to 0—good compen-

satory reserve

• Elevated RAP is associated

with the presence of patholo-

gies inCT scans of TBI

patients (Zeiler et al 2018b)

• RAP indexmay be influenced

by spontaneous changes in

mean ICP and differences

between sensor locations

(baseline errors)
• RAP close to 1—diminished

compensatory reserve

• RAPbelow 0—deranged cere-

brovascular reactivity

Spectral centroids (Robert-
son et al 1989, Berdyga

et al 1993)

HFC is calculated as the center of

mass of the ICP amplitude spec-

trum in 4–15Hz frequency

range

• ElevatedHFC is associated

withworse outcome and

highermortality after TBI

(Robertson et al 1989,Uryga
et al 2022)

• Fourier analysis assumes that

the signal is stationarywhich

may not be correct in clinical

conditions

HHC is calculated as the center of

mass of ICP harmonics (multi-

ples of the fundamental fre-

quency)numbered from2 to 10

• Opposite pattern of changes in

HFCdifferentiates transient

from refractory IH (Contant
et al 1995)while elevated
HHCmay be a predictor of IH

(Uryga et al 2022)

• Spectral indices cannot be

translated to units of com-

pliance andmay be difficult to

interpret by clinicians

HFC andHHC increase with

reduced compliance

P1/P2 ratio (Cardoso et al
1983)

P1/P2 ratio is calculated as the

height ratio of the first two

peaks of a single ICP pulse

waveform. In normal com-

pliance conditions, P1/P2

exceeds 1. P1/P2 ratio decrea-

ses with reduced compliance

• P1/P2 ratio is closely corre-

latedwith ‘gold standard’

compliance estimates

obtained using volumetric

manipulation (Kazimierska

et al 2021a)

• P1/P2 ratio cannot be expres-

sed in units of compliance due

to unknown cerebral fraction

of stroke volume

Some studies use the inverse P2/

P1 ratio

• P2/P1 ratio is elevated in

patients with IH episodes but

P2/P1 ratio over 0.8 is not a

reliable predictor of impend-

ing IH (Fan et al 2008)

• Peak detection is difficult due to

large variability of ICP pulse

waveforms and no existing

solution has been introduced

to the clinical setting. The

ratio cannot be calculated if

one of the peaks is not visible
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AmpICP, in clinical assessment of brain injured patients has been disputed due to its susceptibility to baseline
effect errors, i.e. shifts inmean ICP that are either spontaneous or related to sensor location (Eide et al 2014,Hall
andO’Kane 2016). It was noted that while AmpICPwas nearly identical in twomeasurement sites,mean ICP
changed substantially, producing differences in the RAP index large enough that theymay alter patient
management (Eide et al 2014). Another study demonstratedworse performance of the RAP index in terms of
differentiating patients before and after surgery or thiopental treatmentwhen compared toAmpICP (Howells
et al 2012). However, RAP-weightedmean ICP (defined as ICP * (1 –RAP)) and sometimes termed ‘true ICP’)
has been shown to outperform standardmean ICP in prediction of outcome after TBI (Czosnyka et al 2005,
Calviello et al 2018, Zeiler et al 2019).Moreover, a similar approachwas continued in defining the RAC index, a
correlation-basedmeasure calculated fromAmpICP and cerebral perfusion pressure which theoretically
includes information on both cerebrospinal compensatory reserve and cerebrovascular pressure reactivity
(Zeiler et al 2018a), and the respiratory amplitude quotient (RAQ), calculated as the ratio of the amplitude of the
respiratory wave to the amplitude of the respiration-induced variation inAmpICP that—unlike RAP—
selectively reflects effects caused by respiration rather than all changes inmean ICP (Spiegelberg et al 2020).

5.2. Spectral analysis
In addition to providing an alternativemethod of calculatingAmpICP (figures 4(a)–(b)), spectral analysis based
on the Fourier transformwas used to obtain amore detailed description of the changes the ICP pulsewaveform
undergoes at differentmean ICP levels. Chopp and Portnoy (1980) proposed a systems analysis approach to
characterize the ICP pulse waveform in relation to theABP pulse, with the latter treated as input and the former

Table 1. (Continued.)

Analysismethod Basis and interpretation Majorfindings

Technical considerations and

limitations

ICP pulse classification (Li
et al 1993,Nucci et al

2016)

ICP pulse waveforms are classified

on a scale fromnormal (P1 as
the dominant peak) to patholo-
gical (roundedwaveform). The
occurrence of pathologically

alteredwaveforms increases

with reduced compliance

Pathologically alteredwave-

forms occurmore frequently

in TBI patients who died and

may occur at relatively low

mean ICP levels (Mataczyński
et al 2022a,Uryga et al 2022)

• The classification approach is a

generalization of the P1/P2

ratio. Lownumber of recog-

nized classesmay lead to loss

of information on pulse shape

variability

• Classification results depend on

the accuracy of the underlying

model (e.g. neural network)

RelationshipwithCBFV

(Kim et al 2015)
The ICPpulse shape is compared

to theCBFVwaveformusing

spectral phase shift or the ratio

of ascending pulse slopes. Shift

between the signals increases

with reduced compliance

Increasing shift between the sig-

nals reflects changes in com-

pliance associatedwith

increasingmean ICP in

NPH (Kim et al 2015,

Ziółkowski et al 2021) but stu-
dies in TBI patients have not

been conducted

• This approach requires simul-

taneousmonitoring of two

signals. CBFVmeasurement

requires a trained operator

and is difficult to performover

long periods

• Shift between the signalsmay

reflect changes in both ICP

andCBFV, not just com-

pliance-related effects on ICP

Model-basedCi (Kim et al

2009b)
Changes in CaBV are estimated

fromCBFVbased on amodel of

cerebral circulation.Ci is calcu-

lated as the ratio of amplitudes

of ICP andCBFV.Ci decreases

with reduced compliance

Ci is closely correlated with ‘gold

standard’ compliance esti-

mates obtained using volu-

metricmanipulation

(Kazimierska et al 2021a)

• This approach requires simul-

taneousmonitoring of two

signals, as above

• Ci can be analyzed over time

but not compared between

individuals due to unknown

diameter of insonated artery

ICP—intracranial pressure, CBFV—cerebral bloodflow velocity, CaBV—cerebral arterial blood volumeCT—computed tomography;P–V

—pressure–volume (curve); TBI—traumatic brain injury, NPH—normal pressure hydrocephalus.
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as output of the cerebrospinal system. The authors reported enhanced transfer fromABP to ICP at increased
mean ICP levels, suggesting that cerebral vasodilationwhich accompanies ICP elevation diminishes the ability of
the arterioles to attenuate the arterial pulse. Takizawa et al (1987) investigated the ICP signal’s Fourier spectrum
at highermean ICP and showed that the higher harmonics of ICP are reduced compared to the fundamental
wave, leading to increased similarity between the ICPwaveform and the simple sinewave. This findingwas in
linewith the rounding of the ICP pulse observed in the time domain. Subsequent animal studies led to
characterization of the intracranial system in basal conditions as a ‘notch filter’ attenuating the cardiac frequency
more than the higher frequency components (Wagshul et al 2009) to protect cerebral vasculature from the
highly pulsatile arterial input (Kim et al 2012). Reduction in cerebrospinal compliance has been shown to
remove the ‘notch filter’ characteristics (Zou et al 2008). In TBI patients, Piper et al (1990) identified different
types of transfer function spectra between ICP andABP.Most importantly, they obtained contrasting results in
patients with relatively low ICP, thosewith relatively low ICP but likely reduced vascular tone, and thosewith
elevated ICP associatedwith vascularmechanisms. Generally, however,methods based on the transfer function
fromABP to ICP (or the ’notch filter’ properties of the system), although scientifically interesting, did notfind
wider application in clinical practice. The reason for thismay lie in the fact that the relationship betweenABP
and ICP in the higher frequency range containing heart rate and its harmonics is by nature highly nonlinear,
making both analysis and interpretation of the results very challenging.

Adifferent approachwas explored in researchon the high frequency centroid (HFC), defined as the frequency-
presented center ofmass of the ICPpower spectrum in the arbitrary 4–15 Hz range (Robertson et al1989)
(figure 4(c)). Bray et al (1986) examined the changes inHFC in relation toPVI and showed thatHFCaround7Hz is
considerednormalwhereas an increase up to 9 Hz corresponds to exhausted compensatory reserve. Later studies
usingHFCas a tool for continuousmonitoring inTBI patients demonstrated that increasedHFCcorrelateswith
highermortality andoccurrence of IH (Robertson et al 1989), andopposite directionof changes inHFCcan
differentiate transient fromrefractory hypertension episodes (Contant et al1995). A different spectral centroid,

Figure 4. (a) Intracranial pressure (ICP) recordingwith pulse amplitude of ICP estimated in the time domain (TDAmpICP)marked
as the peak-to-nadir amplitude of a single pulse. (b)Amplitude spectrumof the ICP recording cropped to the range related to the
cardiac cycle. Frequency domainAmpICP (FDAmpICP) is calculated as the amplitude of the fundamental (first) harmonic (marked
by red dot)which is identified as themaximumof the spectrum in the range 0.6–3 Hz (corresponding to approx. 40–180 bpm). (c)
Amplitude spectrumof the ICP recording cropped to the frequency range used to obtain the high frequency centroid (HFC). HFC is
calculated as theweighted average from all samples containedwithin the range from 4 to 15 Hz (green rectangle) and can be
considered the center ofmass of the spectrum,wheremass is represented by the amplitude of each frequency component. (d)
Amplitude spectrumof the ICP recording cropped to the harmonic range used to obtain the higher harmonics centroid (HHC). HHC
is calculated as theweighted average from the harmonics (i.e.multiples of the fundamental frequency)numbered from2 to 10 (green
dots). In contrast toHFCwhich is calculated inHz,HHC is expressed in harmonic number. Adaptedwith permission fromUryga et al
(2022). CCBY-NC-ND4.0.
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called the higher harmonics centroid (HHC), was proposed to obtain ameasure theoretically less dependent on
heart rate thanHFC (Berdyga et al 1993) (figure 4(d)). In contrast toHFC,which is calculated in the same frequency
range regardless of the fundamental cardiac frequency,HHCattempts to take into account variations in heart rate by
defining the analysis range inharmonicnumbers (i.e.multiples of the fundamental frequency) rather thanHz.An
increase inHHCcan therefore be interpreted as an increase in thedistortionof thewaveform irrespective of heart
rate.HHCcalculated from the 2nd through10thharmonicwas shown tobe positively correlatedwithmean ICP in
TBIpatients and todecrease significantly during ICPplateauwaves (Zakrzewska et al2021). Recently, assessment of
both centroidmetrics in the samedatabase of TBI patients demonstrated thatwhile elevatedHFC is associatedwith
mortality andpoor outcome,HHCmaypotentially serve as an earlywarning sign of IHdue to theoccurrence of a
breakpoint in the relationship betweenHHCandmean ICP at a level of approximately 25mmHg (Uryga et al2022).

However, it should be noted that the use of the Fourier transform requires that the signal in question satisfies
the stationarity condition,meaning roughly that its spectral content remains unchanged over time. During
continuous ICPmonitoring, with frequent alterations in heart rate and rapid changes in the patient’s condition,
especially during thefirst days following acute brain insult, this requirementmay not always be fulfilled,
potentiallymaking this approach imprecise for ICP analysis. Furthermore, spectral indices cannot be translated
directly to a description of thewaveform shape in the time domain, which presents a challenge for the clinician
interpreting the results.

5.3. Slope of the ICPpulsewaveform
In the 1980s, Foltz andAine (1981) proposed to analyze the upslope of the ICP pulse waveformdefined as the
pulse amplitude divided by latency of the initial ascending part of the pulse (i.e. fromonset to themaximum).
The authors noted that the difference in venous outflowbetween the inspiration (I) and expiration (E)phase of
the respiratory cycle allows for the estimation of intracranial compliance related to venous volume. The I/E ratio
was shown to differentiate hydrocephalic fromnonhydrocephalic patients as well as specific types of
hydrocephalus (Foltz et al 1990). In TBI patients, a positive correlation between the ICP slope andmean ICPwas
observed (Morgalla et al 1999,Westhout et al 2008). The slope (defined here as only the initial uptick of the
waveform)was also demonstrated to decrease following decompressive surgery/evacuation and thiopental
treatment (Howells et al 2012). However, despite its encouraging simplicity, this approach has notmetwider
application beyond the few cited studies.

5.4.Height ratio of peaks P1 andP2
As described earlier, under normal conditions the ICP pulse exhibits three distinct localmaxima, called peaks
P1, P2, andP3, whereas at elevated ICP thewaveformbecomes progressivelymore ‘rounded’ or ‘monotonic’,
with the peaks gradually disappearing (Germon 1988). In 1983, Cardoso et al (1983) investigated the changes in
the configuration of the characteristic peaks during alterations inmean ICP caused by differentmaneuvers. The
authors noted that in addition to the previously known influence onAmpICP, hyperventilation-induced ICP
reduction has a profound effect on the ICP pulse contour in the formof decreasing prominence of peak P2. It
was suggested that since hyperventilation influences cerebral bulk volume (andwith it, cerebrospinal
compliance) through vasoconstriction of arterioles, the relative height of the first two characteristic peaksmay
provide an indirectmeasure of compliance (figure 5). Based on those observations, a study in normal pressure
hydrocephalus (NPH)patients undergoing constant rate infusion studies compared changes in the P1/P2 ratio
to the ‘gold standard’method using amathematicalmodel of CSF dynamics (Kazimierska et al 2021a). It was
demonstrated that all three approaches differentiate ‘high’ and ‘low’ compliance conditions associatedwith the
baseline (lowmean ICP) and plateau (highmean ICP) phase of the infusion test, respectively. Furthermore,

Figure 5. Illustrative examples of intracranial pressure pulse waveform shapeswith different height ratio of peaks P1 and P2: (a)
normal compliance (P1/P2 ratio>1), (b) slightly reduced compliance (P1/P2 ratio close to 1), (c) substantially reduced compliance
(P1/P2 ratio<1).
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resulting time trends of compliance estimators for individual patients were strongly correlatedwith each other,
confirming the possibility ofmonitoring cerebrospinal volume compensation through analysis of the shape of
the ICP pulsewaveform.

Meanwhile, the inverse P2/P1 ratiowas proposed as a potential tool for prediction of impending ICP
elevation. Studies in TBI patients demonstrated that the P2/P1 ratio is higher in patients who exhibit IH
compared to thosewho do not (Fan et al 2008) and P2 elevationmay be predictive of increased frequency of IH
episodes (Mitchell et al 1997). Yet when usedwith a prediction threshold of 0.8, this approach showed low
specificity, leading to the conclusion that elevated P2/P1 ratio alone is not a reliable indicator of increases in
mean ICP as it was also present in the comparison data (Fan et al 2008). It should be noted, however, that the
proposed threshold appears to have been chosen arbitrarily and possibly inappropriately. A P2/P1 ratio of 0.8
(equivalent to P1/P2 of 1.2) corresponds to awaveformwith dominating peak P1 and slightly lower P2, which in
turn corresponds to normal ICP; P2 can only be clearly said to dominate when the P2/P1 ratio exceeds 1.
Accordingly, in themore recent studies on the P1/P2 ratio inNPH (Kazimierska et al 2021a, Ziółkowski et al
2021) almost all patients exhibited P1/P2 ratio < 1.2 (i.e P2/P1> 0.8) at baseline and a reduction down to
approx. 0.5 in the plateau phase. On the one hand,NPHandTBI are different clinical entities and patients in
both groupsmay exhibit different pattern of changes in cerebrospinal compliance due to different underlying
pathologies. On the other hand, one could argue that the apparent failure of the peak ratiomethod as a tool for
IHprediction could be rectified by amore in-depth investigation of what constitutes an appropriate prediction
threshold.

Nevertheless, while it has been confirmed that the ICP pulsewaveform contains information about
cerebrospinal compliance encoded in the height ratio of localmaxima, accurate peak detection is a complex task
due to the variety of pulse shapes observed in the clinical setting both in different patients and in the same patient
over time (including also distortedwaveforms that should be considered as artefacts but are not easily
distinguished fromvalid pulses). A number of studies aimed to refinemorphological analysis techniques in
order to replace visual assessment of thewaveformwith reliable, repetitive automated tools. Hu et al (Hu et al
2009, but also Scalzo et al (2009, 2010), Asgari et al (2009)) developed an algorithm calledMorphological
Clustering andAnalysis of Continuous Intracranial Pressure (MOCAIP) capable of assessing different pulse
shapemetrics, including peak height, latency, and curvature. Proposed as a generalizedmethod of ICP pulse
waveform analysis,MOCAIP-derivedmetrics have been used in a variety of scenarios, including prediction of
ICP elevation (Hamilton et al 2009,Hu et al 2010) and identification of artefactual pulses (Megjhani et al 2019).
In a small group of patients with slit ventricle syndrome,MOCAIP-based P2/P1 ratiowas shown to correlate
with enlargement of the lateral ventricles (Hu et al2008). Various other attempts to solve the task of peak
designation have also been reported (Calisto et al 2013, Elixmann et al 2012, Scalzo et al 2012, Lee et al 2016).
Still, analysis of ICP peak configuration is yet to transition beyond the realmof research into theNCCU. The ICP
signal is intricate and highly variable, and the computational algorithms proposed to date demonstrate varying
levels of accuracy.Moreover, their technical complexity leads to limited understanding and acceptance in the
medical community.

5.5. ICPpulse classification
In order tomitigate the drawbacks of the peak detectionmethod, a different approach based onmachine
learningwas presentedwhere peak identification is substitutedwith easy to interpret visual criteria for overall
pulse waveformmorphology. The concept has been presented in 1993 by Li et al (1993)whodescribed 11
distinct types of ICP pulses in various pathological states and noted that changing configuration of characteristic
peaks is associatedwith the progressive increase inmean ICP. In 2016,Nucci et al (2016) revived this concept by
isolating four classes of ICP pulse shapes inNPHpatients and proposing an artificial neural network capable of
classifying thewaveforms. The categories ranged fromnormalwaveformswith three peaks arranged in a
descending saw-tooth pattern to fully rounded pathological waveformswith only one definedmaximum.Using
the proposed classificationmethod, the authors compared the dominant ICP pulse waveform class with other
parameters describingCSF circulation during constant rate infusion offluid. The results showed that
pathologically altered pulsewaveformmorphology at baseline is indicative of disturbances in intracranial
elastance revealed by the infusion test.

Recently, thismethodwas adapted for application in continuousmonitoring in brain injured patients using
deep neural networks to classify ICP pulse shapes (Mataczyński et al 2022a). In this approach, the full long-term
(i.e. spanning several days) high-resolution ICP recording is presented to the algorithmwhichfirst identifies
individual pulse waveforms and then assigns each of them to one of the four classes proposed byNucci et al
(2016) ormarks the pulse as an artifact and excludes it from further analyses (figure 6). The incorporation of
pulse detection and artifact removal steps allows for the raw ICP recording to be processed in near real-time
withoutmanual inspection, potentially enabling continuous assessment of cerebrospinal compensatory reserve
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that could complement ICPmeasurement. Results of initial studies showed that TBI patients with unfavorable
outcome present pathologically altered pulse shapesmore often than thosewith good outcome (Kazimierska
et al 2021b,Mataczyński et al 2022a) and taking into account the combination of increasedmean ICP and
pathologically altered ICP pulse shape enablesmore accuratemortality prediction in TBI patients than just
elevatedmean ICP (Mataczyński et al 2022b).

However, straightforward use of the classification results at single pulse level requires simultaneous tracking
of the occurrence of each of the four validwaveform types. Therefore, it is not easy to interpret by clinicians and
leads to a loss of information on pulse shape variability over time. In order to present a simple, continuous index
of compliance, a summarymeasure called pulse shape index (PSI)was proposed. PSI is calculated as the
weighted average of class numbers and the percentage of pulses assigned to given class in amoving 5 min
window. It is presented on a linear scale from1 (onlywaveforms of class 1, indicating normal compliance) to 4
(only pathologically alteredwaveforms of class 4 associatedwith reduced compliance), and the removal of
artifacts prior to analysis potentially improves the reliability of the calculations. Studies in a large,multi-center
cohort of patients from theCENTER-TBI project showed that PSI is significantly elevated in patients who died
after TBI even at relatively lowmean ICP levels (below 15 mmHg) (Uryga et al 2022)while in patients who
survived increases in PSI are only observed asmean ICP rises, in accordance with the P–V curve (unpublished
data). Furthermore, elevated PSIwas observed in patients withmidline shift>5mmandmass lesions>25 cm3

visible in computed tomography scans, indicating that this index reflects the volume imbalance in the
intracranial space.

5.6. Relationshipwith other pulsatile signals
As described in the systems analysis approach (Chopp and Portnoy 1980, Takizawa et al 1987), pulsatile changes
in ICP are believed to originate in arterial pulsations transmitted throughout cerebral vasculature. Due to the
constraints of the skull boundary enclosing the intracranial space, directmeasurement of ABP at the level of the
brain is not routinely performed in humans for practical and ethical reasons, andABPmonitored peripherally
differs significantly from the pressure registered centrally (O’Rourke 2009). However, transcranial Doppler
(TCD) ultrasonography allows for noninvasivemeasurement of cerebral bloodflowvelocity (CBFV) in large
cerebral arteries, primarily themiddle cerebral artery, i.e. relatively close to the site of the ICP sensor, and
therefore allows for the ICP signal to be investigated in relation to a different pulsatile component of the system.

A study byKim et al (2015) inNPHpatients analyzed spectral phase shift betweenCBFV and ICP recorded
during the infusion test. The authors noted that at baseline, phase shift between the pulses was negative, with ICP
trailing behindCBFV. Phase shift decreased further asmean ICP increased, indicating an increase in the time
delay between the signals whichmay be attributed to progressive rounding of the ICPwaveform. In the time
domain, the relationship between the pulses was investigated using the ratio of pulse slopes (RPS), defined as the
ratio of the inclinations frompulse onset to pulsemaximumofCBFV and ICP (Ziółkowski et al 2021). It was
shown that RPS decreases with increasingmean ICP, which corresponds to relatively small changes in the
position of the systolic peak of CBFVbut a substantial right-shift in the position of themaximumof the ICP
pulse. Furthermore, both spectral phase shift andRPS at baseline exhibited significant negative correlationwith
elasticity revealed through analysis of the entire infusion test recording (Kim et al 2015, Ziółkowski et al 2021).
This approach could therefore constitute a screening tool for reduced compliance that eliminates the need for
volumemanipulation. However, althoughTCDmeasurements are relatively widespread in the clinical setting,
also in theNCCU, they require a trained operator and are difficult to performover long periods, which limits the

Figure 6. Illustrative examples of four characteristic types of intracranial pressure pulsewaveform shapes representing progressive
reduction of compliance identified byNucci et al (2016) and the additional artifact class introduced inMataczyński et al (2022a). Peaks
P1, P2, and P3 aremarked by red dots and the dicrotic notch (N) ismarked by blue dots. Class 1: P1 dominating over P2 and P3, class
2: increased prominence of P2with P1 exceeding or equal to P3, class 3: P2 dominating over P1 and P3with P3 exceeding P1, class 4:
rounded or triangular waveformwith only one identifiable peak.
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applicability of these indices inmonitoring of acute brain injury patients inwhomcontinuous compliance
assessmentwould be ofmost benefit.

TheCBFV signal has also been used to study relative changes in cerebral compartmental compliances:
compliance of the cerebrospinal space (Ci) and compliance of the cerebral arterial bed (Ca) (Kim et al
2009b, 2012).Ci is calculated as the ratio of pulse amplitudes of changes in cerebral arterial blood bolume
(CaBV) to ICP andCa as the ratio of pulse amplitudes of CaBV toABP,where CaBV is estimated fromCBFV
with amodel of cerebral circulation (Avezaat and van Eijndhoven 1984, Kim et al 2009b). Due to the unknown
cross-sectional area of the artery insonated to obtainCBFV, neither parameter can be calibrated to enable
comparison between patients, and the observations are limited to relative changes over time.Nevertheless, it has
been shown that thismethod accurately identifies the trend of decreasingCi and increasingCa during ICP
plateauwaves in brain injury patients (Kim et al 2009b, 2012) and decrease in bothCi andCa during refractory
IH (Kim et al 2012). Furthermore, changes inCi during infusion test inNPHpatients were strongly correlated
with the ‘gold standard’ compliance estimated using theMarmaroumodel of CSF circulation (Kazimierska et al
2021a).

5.7. Noninvasive ICPpulsewaveform estimation
In theNCCU, invasivemeasurement of ICP using ventricular catheters or intraparenchymalmicrosensors
remains the current standard (Evensen andEide 2020). Nevertheless, the requirement for surgical intervention
to place the sensor intracranially and the risk of complications such as infection or hemorrhage limit the use of
ICPmeasurements to severe conditions. Over the years there have been numerous attempts to introduce
noninvasive ICP (nICP) estimates to clinical practice and thereforemake thismodality applicable to awider
population of patients. Some of thosemethods, such asmagnetic resonance or computed tomography imaging
andmeasurements of optic nerve sheath diameter, have the inherent disadvantage of only being suited to one-
off assessment,making them a tool for triage rather than continuousmonitoring. Various pulsatile signals that
can be recorded continuously and noninvasively have been considered as potential sources of nICP: ABP, TCD-
basedCBFV recordings, diffusion correlation spectroscopy (DCS)measures of cerebral bloodflow, near-
infrared spectroscopymeasures of hemoglobin concentration and oxygentation, and tympanicmembrane
displacement. TCD-derived pulsatility indexwas among the earlymeasures correlated with ICP (Bellner et al
2004), but later studies did not confirm its utility (Behrens et al 2010, Figaji et al 2009).More recently, DCS has
been proposed as a valid alternative to TCD in estimation of critical closing pressure, a parameter directly related
to ICP (Farzam et al 2017,Wu et al 2021). Detailed description of all of those approaches is beyond the scope of
this review asmost of themproduce only steady-state values rather than reflect the dynamic cardiac-induced
changes; we refer the reader to existing reviews on the subject of ICPmeasurement (e.g. Robba et al 2016,
Evensen and Eide 2020) andwill focus only on themethods that allow for continuous estimation of nICP pulse
waveform.

Among themodeling approaches, there have been attempts to estimate nICP from a combination of pulse
ABP andTCDcharacteristics with a ‘black box’model (i.e. amodel using a set ofmathematical transfer
functions rather than a description of underlying physiology) (Schmidt et al 2000), a physiologicalmodel of
cerebrovascular dynamics (Kashif et al 2012), and a simplifiedmodel using only estimated central aortic pressure
waveform as input (Evensen et al 2018a). However, while the first two studies (aswell as a different investigation
comparing the two approaches (Cardim et al 2016)) asserted that themodel generates full nICPwaveforms, only
beat-averaged results were presented, leaving the question of the accuracy of nICP pulse-derived indices
unanswered. In themodel using central aortic pressure without additional TCD-basedmetrics both the nICP
waveform and derived parameters were shown to be too inaccurate to aid patientmanagement (Evensen et al
2018a). Studies on nICP estimation from amodel of ultrasound pulsewave propagation through the human
head (Petkus et al 2002, Ragauskas et al 2003) showed good agreement between invasive and noninvasive traces
of ICPwaveforms, but did not attempt to derive quantitativemetrics.

Using a different approach that estimates pulse nICP from themeasurement of tympanicmembrane (TM)
pressure, based on the assumption that ICP is transmitted to themembrane through the inner ear via infrasonic
waves, Lang et al (2003) observed that noninvasiveHFC is equivalent to that obtained by invasive
intraparenchymalmonitoring. However, a later study by Evensen et al (2018b) reported that the cochlear
aqueduct appears to act as a low-pass filter, resulting in substantial differences in time domainmetrics. Similarly,
Dhar et al (2021) showed a substantial discrepancy between the TMpulsation and expected ICP pulse shape in
illustrative examples.

Of themost recent studies, two approaches deserve particular attention.Monitoring of nICP via a
mechanical sensor placed in contact with cranial skin that detects beat-to-beatmicrometric deformations of the
skull has been shown to produce pulsemorphologymetrics (specifically, peak height ratio and peak latency) in
good agreement with the ‘gold standard’ ventricular sensors (Brasil et al 2021b, deMoraes et al 2022,
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Brasil et al 2023). This novel approachwas studied in various pathological conditions; in acute brain injury, the
authors demonstrated that noninvasively obtained P2/P1 ratio over 1.2 is predictive of IH in patients with
preserved skull integrity (Brasil et al 2021b). Furthermore, they showed that patients after decompressive
craniectomy present significantly higher nICP P2/P1 ratio (i.e.more impaired cerebrospinal compensatory
reserve) than thosewith intact skull (Brasil et al 2021a), suggesting that theirmethod is capable of detecting
disturbed intracranial volume–pressure relationships. On the other hand, a different group reported that nICP
features obtainedwith this technique do not reliably predict IH inTBI patients (Ballestero et al 2023), pointing to
the need formore detailed investigations.

Concurrently, Spiegelberg et al (2023) developed a device for noninvasive capacitivemeasurement of the
head’s dielectric properties from electrodes placed on the scalp. Amodeling study confirmed that changes in the
dielectric properties of the head correlate to the cardiac and respiratory cycles associatedwith changes in the
volumes of cerebral blood andCSF (Karimi et al 2023). The signal provided by the device, denotedW,was shown
through experimental hyperventilation studies to be, at least partially, of intracranial origin (Spiegelberg et al
2023) and the amplitude of its cardiac-related oscillations was demonstrated to change during head-up and
head-down tilt testing in away that reflects the alterations in blood andCSF volume induced by changes in body
position (Boraschi et al 2023). The authors concluded thatWmay therefore containmeaningful information on
craniospinal compliance; however, they have not yet reported comparative analyses between invasive and
noninvasivemethods of compliance assessment. Due to the limited signal-to-noise ratio and the undetermined
influence of extracranial factors they have also not attempted to describe thewaveform shape quantitatively (e.g.
through the P1/P2 ratio).

Nevertheless, the techniques that enable noninvasive ICP pulse waveformmonitoring are a relatively recent
development and larger prospective studies proving their reliability are likely still forthcoming.

6.Missing links and future directions

Continuousmonitoring ofmean ICPhas been an essential part of neurocritical care formore than half a
century, and the advent of novel signal processingmethods andmachine learning techniques allowed for the
concept of ICP pulsemorphology as ameasure of cerebrospinal compliance to be revisited in recent years.
However, despite renewed interest in the ICP pulsewaveform, a number of questions remain unanswered. Some
earlier literature, notably (Czosnyka andCiterio 2012), expressed the view that compliance is strictly dependent
onmean ICP and its estimation adds little information beyond themeasuredmean value.While that is true at
elevatedmean ICP, where the compensatory reservemay be considered diminished on account of high ICP
alone,more recent works (Mataczyński et al 2022a,Uryga et al 2022) demonstrated that pathologically altered
ICP pulsewaveformsmay appear in the absence of substantial ICP elevation. This suggests the possibility of
identifying in advance patients with reduced volume compensation. Still, further investigation of the temporal
evolution of ICP pulsemorphology in relation tomean ICPhas to be conducted to assess if the former can be
reliably used as an indicator of imminent IH episodes. Awell-performingmodel for early prediction of ICP
elevation remains one of themissing, and potentially crucial, elements of neurocritical care in acute injury. In
order for ICP pulsewaveform analysis to become a valuable clinical tool, its utility for improving patients’
management needs to be conclusively proven in prospective trials as the investigations so farwere nearly
exclusively retrospective. Another important factor to consider is the inclusion of artifact removal in the analysis
pipelines. During the course of continuousmonitoring, often spanning several days ormore, the ICP recording
is subject to various disturbances related to e.g. administration ofmedicine, additional diagnostic tests, or
nursing care. Invalid waveforms have to be carefullymarked and removed from the signal prior to derivation of
secondary indices in order to reduce the number of false positive alarms. Clinical adoption of any automated
ICP pulsewaveform analysis tool would therefore depend heavily on the artifactmanagement solutions
employed to reduce the burden on clinicianswho already need to follownumerous different sources of
information on the patient’s condition.

Furthermore, the precise origin of the ICP pulse waveform and its relationship with changes in blood
pressure and cerebral blood volume are largely unexplored. The cerebrospinal system can be—to a certain
extent—regarded as a system converting blood pressure pulsations to pulsatile blood flow and further to
fluctuations in ICP.While evidence exists from spectral analysis that pulse transmission fromABP to ICP is
altered by increases inmean ICP (Chopp andPortnoy 1980, Takizawa et al 1987), the association between the
morphology of pulsatile ABP, short-termoscillations in cerebral blood volume, and the ICP pulsewaveformhas
not been investigated in detail; one study inNPHpatients reported that ICPmore closely resembles estimated
central aortic pressure than radial ABP (Kim et al 2016).

Moreover, while intracranial and lumbarmeasurement of pressure in the cerebrospinal compartment are
bothwidely used in clinical practice, there is considerable doubt as to how similar the two pulse waveforms are.
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In order to avoid the influence of gravity on a lumbar/spinalmeasurement, the patient has to be placed on their
side in a recumbent positionwith the head leveledwith the puncture site. This limits the applicability of lumbar
measurements as a tool for routine continuous ICPmonitoring. Existing studies on pulse shape in
hydrocephalus were based on intracranial recordings obtained via shunt pre-chamber rather than lumbar
puncture. To the best of our knowledge, there are no papers comparing ICP pulsemorphology between
measurement sites. Although it has been demonstrated that themean value and pulse amplitude arewell
correlated (Eide andBrean 2006b), translation offindings frommorphological analysis to a different source of
the ICP signal requires that the similarity of the signals is verified.

Finally, it remains to be studiedwhether the progressive changes in peak configuration and visibility that are
associatedwith decreasing capacity for volume compensation follow the same pattern in patients with different
intracranial pathologies. The study byNucci et al (2016) identified four classes of ICP pulsewaveforms that were
characterized by progressive increase in the prominence of both P2 and P3. As the deterioration of CSF
circulation inNPHdevelops gradually over years, it is plausible that the shapes observed in acute injury do not
strictly correspond to those exhibited in chronic conditions. Our preliminary investigations in TBI patients
(unpublished data) indicate the existence of ICP pulse classes that are not represented in the classification from
(Nucci et al 2016,Mataczyński et al 2022a). Specifically, the relative changes in the second and third peak appear
less correlated, as we have observed, for instance, waveformswith P3 dominating over P2 but not P1 (perhaps
suggesting normal compliance, as the P1/P2 ratio exceeds 1, but a larger degree of disturbance in the vascular
systemwithwhich P3 is sometimes linked).We hypothesize that the different nature of these conditions requires
careful consideration of themorphological types described as normal versus pathologically altered.

7. Conclusions

The interest in using the features of the ICP pulse waveform as a source of additional information on the
condition of patients with intracranial pathologies, particularly the cerebrospinal pressure–volume
compensation, began not long after the first introduction of continuous ICPmonitoring to the clinical setting.
In the last half a century a number of different techniques have been proposed. Some, like AmpICP or spectral
centroidsHFC andHHC, are not difficult to obtain but rely on numerous assumptions and their interpretation
presents various challenges for the clinician.Others, such as description of peak configuration or the overall
waveform shape, potentially offermore benefit in terms of ease of interpretation, but existing calculation and
feature detectionmethods have not proven efficient enough to allow for routine use in patientmanagement. In
recent years, ICP pulsewaveform analysis started receivingmore attention from the scientific andmedical
community. Thismay eventually lead to a solution to the knownbut so far unresolved task of accurate
continuousmonitoring of cerebrospinal compliance in brain injured patients, which could only be adopted in
clinical practice if an assessment approach that is reliable, easy to use and easy to interpret for clinicians becomes
available.
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